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A B S T R A C T   

Upregulation of platelet-derived growth factor receptor β (PDGFR-β) has been found to be associated with 
development of various types of cancers, which has become an attractive target for anti-tumor treatment. Pre
viously, we have synthesized and studied an acridone derivative B19, which can selectively bind to and stabilize 
oncogene c-myc promoter i-motif, resulting in down-regulation of c-myc transcription and translation, however 
its effect on tumor cells apoptosis requires improvement. In the present study, we synthesized a variety of B19 
derivatives containing a known anti-cancer fluorescent chromophore naphthalimide for the purpose of 
enhancing anti-cancer activity. After screening, we found that acridone-naphthalimide derivative WZZ02 could 
selectively stabilize PDGFR-β promoter G-quadruplex and destabilize its corresponding i-motif structure, without 
significant interaction to other oncogenes promoter G-quadruplex and i-motif. WZZ02 down-regulated PDGFR-β 
gene transcription and translation in a dose-dependent manner, possibly due to above interactions. WZZ02 could 
significantly inhibit cancer cell proliferation, and induce cell apoptosis and cycle arrest. WZZ02 exhibited tumor 
growth inhibition activity in MCF-7 xenograft tumor model, which could be due to its binding interactions with 
PDGFR-β promoter G-quadruplex and i-motif. Our results suggested that WZZ02 as a dual G-quadruplex/i-motif 
binder could be effective on both oncogene replication and transcription, which could become a promising lead 
compound for further development with improved potency and selectivity. The wide properties for the de
rivatives of 1,8-naphthalimide could facilitate further in-depth mechanistic studies of WZZ02 through various 
fluorescent physical and chemical methods, which could help to further understand the function of PDGFR-β 
gene promoter G-quadruplex and i-motif.   

1. Introduction 

The platelet-derived growth factor receptor β (PDGFR-β) signaling 
pathway is a key regulator of cell proliferation and migration, and its 
overexpression can result in various diseases including cancer, vascular 
and fibrotic disorders.1–5 Current strategies for targeting PDGFR-β 
signaling pathway usually include inhibition of protein PDGFR-β re
ceptor.6 Modulation of PDGFR-β at the transcriptional level provides an 
alternative approach of targeting the PDGFR-β signaling pathway for 
treatment of relevant diseases.7 It has been shown that a highly GC-rich 
region (− 165 to − 139) in human PDGFR-β promoter is an important 
regulatory element for PDGFR-β transcription.8 Traditional researches 
for regulating oncogene transcriptions usually focus on promoter DNA 
G-quadruplexes in oncogenes, such as c-myc,9,10 vegf,11 HIF-1α,12 bcl- 

2,13,14 k-ras,15 Rb,16 c-kit,17,18 RET,19 hTERT,20 which have been veri
fied as transcriptional regulators21–23 formed in the proximal location of 
promoters under transcriptionally induced supercoiling. Their comple
mentary C-rich sequences could form i-motif structures with interca
lated hemiprotonated cytosine+–cytosine (C+–C) base pairs,24,25 

however, biological roles of these i-motif structures have not been well 
studies so far. The formation of i-motifs varies over the cell cycle, with 
the highest level of formation occurring during late G1 phase, which is 
characterized by high levels of transcription and cellular growth. This is 
significantly different from G-quadruplex formation, which occurs pre
dominately during the DNA replication S phase, suggesting that the 
occurrence of i-motifs and G-quadruplexes are generally independent, 
and the i-motifs regulation in cell cycle might be more important than 
the G-quadruplexes regulation.26 
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It has been previously believed that i-motifs are stable only under 
acidic conditions in vitro,25,27–30 while in recent years it has been shown 
that some genomic C-rich sequences can form stable i-motif structures 
under neutral conditions in vitro.31 Besides, molecular crowding condi
tions can also help to stabilize i-motif structures at physiological pH.32 In 
addition, metal ions such as Ag+ can also stabilize i-motif structures 
formed in the telomere at pH of 7.4.33 Recent studies have indicated that 
i-motif might play important roles in gene regulation, suggesting i-motif 
as an attractive target for anticancer drug development and gene regu
lation processes.32,34,35 Some i-motifs in oncogenes promoters have been 
characterized to date,34,36–39 including c-myc, bcl2, PDGFR-β, VEGF, and 
n-myc, and several small molecules have been shown to interact with 
these i-motif structures as shown in Fig. 1. Ellipticine analog GSA1129 
and benzothiophene-2-carboxamide (NSC309874) have been found to 
interact with either G-quadruplex or i-motif in PDGFR-β promoter, 
resulting in down-regulation of PDGFR-β gene transcription and cancer 
cells apoptosis.37,39 

Previously, we have synthesized and studied an acridone derivative 
B19, which can selectively bind to and stabilize oncogene c-myc pro
moter i-motif, resulting in down-regulation of c-myc transcription and 
translation, however its effect on tumor cells apoptosis requires 
improvement.40 In the present study, we synthesized a variety of B19 
derivatives containing a known anti-cancer fluorescent chromophore 
naphthalimide for the purpose of enhancing anti-cancer activity. It has 
been known that naphthalimide chromophore can form stacking in
teractions with DNA adenine bases41 with strong anti-cancer proper
ties.42–44 Besides, N-methylpiperazine group has been shown to interact 
with G-quadruplex with high affinity in cells,45 which was also incor
porated into final product. After screening followed with evaluation, we 
found that acridone-naphthalimide derivative WZZ02 could bind to 
both G-quadruplex and i-motif resulting in down-regulation of PDGFR-β 
gene transcription selectively, with potent anti-cancer activity. WZZ02 
exhibited tumor growth inhibition activity in MCF-7 xenograft tumor 
model. Our results suggested that WZZ02 as a dual G-quadruplex/i- 
motif binder could be effective on both oncogene replication and tran
scription, and become a promising lead compound for further develop
ment with improved potency and selectivity. The wide properties for the 
derivatives of 1,8-naphthalimide could facilitate further in-depth 
mechanistic studies of WZZ02 through various fluorescent physical 
and chemical methods, which could help to further understand the 
function of PDGFR-β promoter G-quadruplex and i-motif. 

2. Materials and methods 

2.1. General method for synthesis 

All chemicals were purchased from commercial sources, which were 
analytical grade without further purification unless otherwise specified. 
All synthesized compounds were structurally determined by using 1H, 
13C NMR spectra and HRMS spectrometry. 1H and 13C NMR spectra were 
recorded using TMS as the internal standard in CDCl3 with a Bruker 
BioSpin GmbH spectrometer at 400 and 100 MHz, respectively. High 
resolution mass spectra (HRMS) were recorded on Shimadzu LCMS-IT- 
TOF of MAT95XP mass spectrometer (Thermo Fisher Scientific, USA). 
The synthetic pathway for methylacridin-9(10H)-one derivatives was 
shown in Scheme 1. 

2.1.1. General procedure for the preparation of compounds L1-L14 
To a solution of 4-substituted-1,8-naphthalic anhydride (1.0 mmol) 

in ethanol (30 mL) was added various alkylamine (3.0 mmol). The re
action mixture was heated under reflux for 20–60 min, and cooled down 
to room temperature. The solution was concentrated in rotary evapo
rator and washed with diethyl ether, to give crude yellow solids L1-L14. 
The residue was purified by using chromatograph on silica gel with 
DCM/MeOH (50/1–30/1) to give desire compounds. 

2-(2-aminoethyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (L1). A 
yellow solid was obtained with a yield of 88%. 1H NMR (400 MHz, 
CDCl3) δ 8.50 (d, J = 7.3 Hz, 2H), 8.14 (d, J = 8.2 Hz, 2H), 7.67 (t, J =
7.8 Hz, 2H), 4.21 (t, J = 6.6 Hz, 2H), 3.00 (t, J = 6.5 Hz, 2H), 2.42 (s, 
2H). 13C NMR (101 MHz, CDCl3) δ 164.49, 134.06, 131.51, 131.28, 
128.07, 126.90, 122.36, 42.87, 40.24. ESI-MS m/z: 241.45 [M+H]+. 

2-(3-aminopropyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (L2). A 
yellow solid was obtained with a yield of 82%. 1H NMR (400 MHz, 
CDCl3) δ 8.55 (dd, J = 7.3, 0.9 Hz, 2H), 8.17 (dd, J = 8.3, 0.8 Hz, 2H), 
7.80–7.62 (m, 2H), 4.25 (t, J = 6.9 Hz, 2H), 2.75 (t, J = 6.6 Hz, 2H), 
1.96–1.81 (m, 2H), 1.49 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 164.26, 
133.89, 131.53, 131.20, 128.09, 126.89, 122.55, 39.42, 37.72, 32.12. 
ESI-MS m/z: 255.45 [M+H]+. 

2-(4-aminobutyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (L3). A 
yellow solid was obtained with a yield of 80%. 1H NMR (400 MHz, 
CDCl3) δ 8.54 (dd, J = 7.3, 1.0 Hz, 2H), 8.15 (dd, J = 8.3, 0.9 Hz, 2H), 
7.70 (dd, J = 11.0, 4.5 Hz, 2H), 4.32–4.05 (m, 2H), 2.74 (t, J = 7.0 Hz, 
2H), 1.84–1.70 (m, 2H), 1.56 (dd, J = 14.9, 7.3 Hz, 2H), 1.48 (s, 2H). 13C 
NMR (101 MHz, CDCl3) δ 164.15, 133.87, 131.53, 131.16, 128.08, 
126.90, 122.62, 41.84, 40.08, 31.12, 25.39. ESI-MS m/z: 269.45 

Fig. 1. Structures of TMPYP4, BisA, cholestane (IMC-48), Mitoxantron, Nitidine, Benzcarboxamide, Phenanthroline, and B19.  
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[M+H]+. 
2-(5-aminopentyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (L4). A 

yellow solid was obtained with a yield of 85%. 1H NMR (400 MHz, 
CDCl3) δ 8.58 (d, J = 7.3 Hz, 2H), 8.19 (d, J = 8.3 Hz, 2H), 7.73 (t, J =
7.8 Hz, 2H), 4.23–4.12 (m, 2H), 2.70 (t, J = 6.8 Hz, 2H), 1.74 (dd, J =
14.9, 7.4 Hz, 2H), 1.53 (dd, J = 11.5, 4.7 Hz, 2H), 1.48 (s, 2H), 1.43 (dd, 
J = 9.1, 4.6 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 164.23, 133.91, 
131.57, 131.22, 128.14, 126.94, 122.68, 42.09, 40.35, 33.51, 27.97, 
24.42. ESI-MS m/z: 283.45 [M+H]+. 

2-(6-aminohexyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (L5). A 
yellow solid was obtained with a yield of 78%. 1H NMR (400 MHz, 
CDCl3) δ 8.62–8.50 (m, 2H), 8.16 (d, J = 5.7 Hz, 2H), 7.79–7.67 (m, 2H), 

4.21–4.08 (m, 2H), 2.65 (d, J = 6.8 Hz, 2H), 1.72 (s, 2H), 1.50–1.38 (m, 
6H), 1.36 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 164.18, 133.85, 131.56, 
131.16, 128.12, 126.91, 122.71, 42.14, 40.34, 33.71, 28.06, 26.93, 
26.56. ESI-MS m/z: 297.50 [M+H]+. 

2-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-1H-benzo[de]isoquinoline- 
1,3(2H)-dione (L6). A yellow solid was obtained with a yield of 72%. 1H 
NMR (400 MHz, CDCl3) δ 8.54 (dd, J = 7.3, 0.9 Hz, 2H), 8.16 (dd, J =
8.3, 0.8 Hz, 2H), 7.75–7.67 (m, 2H), 4.41 (t, J = 6.1 Hz, 2H), 3.81 (t, J =
6.1 Hz, 2H), 3.67 (dd, J = 5.6, 3.6 Hz, 2H), 3.56 (dd, J = 5.7, 3.6 Hz, 
2H), 3.42 (t, J = 5.2 Hz, 2H), 2.75 (s, 2H), 1.80 (s, 2H). 13C NMR (101 
MHz, CDCl3) δ 164.21, 134.04, 131.53, 131.24, 128.12, 126.92, 122.52, 
73.23, 70.31, 70.08, 67.96, 41.67, 39.08. ESI-MS m/z: 329.45 [M+H]+. 

Scheme 1. (a) Cu, CuI, K2CO3, DMF, 120 ◦C, 24 h; (b) conc. H2SO4, 130 ◦C, 4 h; EtOH, 80 ◦C, 2 h (yield, 30% for three steps); (c) MeOH, 10% NaOH, 60 ◦C, 1 h (yield 
91%); (d) EtOH, refluxed, various alkylamine, 20 min-1 h; (e) DCM, EDCI, HOBt, r.t., 4 h; (f) DMF, NaO-t-Bu, 5% Pd/C, 1%mol DiCyJohnPhos, 80 ◦C, 10 h. 
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2-(3-((3-aminopropyl)amino)propyl)-1H-benzo[de]isoquinoline-1,3 
(2H)-dione (L7). A yellow solid was obtained with a yield of 68%. 1H 
NMR (400 MHz, CDCl3) δ 8.58 (dd, J = 7.3, 0.9 Hz, 2H), 8.25–8.16 (m, 
2H), 7.82–7.70 (m, 2H), 4.26 (t, J = 7.1 Hz, 2H), 2.78 (t, J = 6.8 Hz, 2H), 
2.70 (dd, J = 13.0, 6.7 Hz, 4H), 2.03–1.90 (m, 2H), 1.72 (s, 3H), 
1.70–1.60 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 164.26, 133.95, 
131.55, 131.23, 128.11, 126.93, 122.58, 47.65, 47.16, 40.47, 38.29, 
33.73, 28.34. ESI-MS m/z: 312.50 [M+H]+. 

2-(3-aminopropyl)-6-chloro-1H-benzo[de]isoquinoline-1,3(2H)- 
dione (L8). A yellow solid was obtained with a yield of 75%. 1H NMR 
(400 MHz, CDCl3) δ 8.48 (d, J = 7.0 Hz, 1H), 8.39 (d, J = 8.3 Hz, 1H), 
8.31 (d, J = 7.8 Hz, 1H), 7.74–7.60 (m, 2H), 4.16 (t, J = 6.9 Hz, 2H), 
2.70 (t, J = 6.5 Hz, 2H), 1.88–1.74 (m, 2H), 1.43 (s, 2H). 13C NMR (101 
MHz, CDCl3) δ 163.59, 163.33, 138.85, 131.85, 130.95, 130.41, 128.99, 
128.73, 127.71, 127.22, 122.75, 121.29, 39.40, 37.83, 32.02. ESI-MS 
m/z: 289.25 [M+H]+. 

2-(3-aminopropyl)-6-bromo-1H-benzo[de]isoquinoline-1,3(2H)- 
dione (L9). A yellow solid was obtained with a yield of 73%. 1H NMR 
(400 MHz, CDCl3) δ 8.68–8.61 (m, 1H), 8.55 (d, J = 8.5 Hz, 1H), 8.39 (d, 
J = 7.9 Hz, 1H), 8.02 (d, J = 7.9 Hz, 1H), 7.83 (dd, J = 8.4, 7.5 Hz, 1H), 
4.26 (t, J = 6.9 Hz, 2H), 2.77 (s, 2H), 1.99–1.80 (m, 2H), 1.49 (s, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.77, 163.74, 133.35, 132.12, 131.30, 
131.13, 130.63, 130.36, 128.99, 128.11, 122.99, 122.12, 39.38, 37.90, 
32.04. ESI-MS m/z: 334.30 [M+H]+. 

2-(4-aminobutyl)-6-chloro-1H-benzo[de]isoquinoline-1,3(2H)-dione 
(L10). A yellow solid was obtained with a yield of 63%. 1H NMR (400 
MHz, CDCl3) δ 8.59 (d, J = 7.2 Hz, 1H), 8.52 (d, J = 8.3 Hz, 1H), 8.43 (d, 
J = 7.9 Hz, 1H), 7.85–7.72 (m, 2H), 4.22–4.07 (m, 2H), 2.75 (t, J = 6.9 
Hz, 2H), 1.74 (dd, J = 15.2, 7.8 Hz, 4H), 1.56 (dd, J = 14.9, 7.3 Hz, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.68, 163.42, 139.00, 131.97, 131.08, 
130.59, 129.22, 128.96, 127.82, 127.34, 122.98, 121.48, 41.75, 40.20, 
31.02, 25.34. ESI-MS m/z: 303.95 [M+H]+. 

2-(5-aminopentyl)-6-chloro-1H-benzo[de]isoquinoline-1,3(2H)- 
dione (L11). A yellow solid was obtained with a yield of 65%. 1H NMR 
(400 MHz, CDCl3) δ 8.59 (d, J = 7.2 Hz, 1H), 8.50 (d, J = 8.5 Hz, 1H), 
8.35 (d, J = 7.9 Hz, 1H), 7.98 (d, J = 7.9 Hz, 1H), 7.80 (t, J = 7.9 Hz, 
1H), 4.19–4.07 (m, 2H), 2.70 (t, J = 6.8 Hz, 2H), 1.83 (s, 2H), 1.73 (dt, J 
= 14.9, 7.5 Hz, 2H), 1.57–1.48 (m, 2H), 1.48–1.38 (m, 2H). 13C NMR 
(101 MHz, CDCl3) δ 163.57 (s), 163.55 (s), 133.20 (s), 131.99 (s), 
131.17 (s), 131.06 (s), 130.54 (s), 130.21 (s), 128.90 (s), 128.05 (s), 
123.02 (s), 122.15 (s), 41.93 (s), 40.44 (s), 33.18 (s), 27.86 (s), 24.36 (s). 
ESI-MS m/z: 317.35 [M+H]+. 

2-(5-aminopentyl)-6-bromo-1H-benzo[de]isoquinoline-1,3(2H)- 
dione (L12). A yellow solid was obtained with a yield of 71%. 1H NMR 
(400 MHz, CDCl3) δ 8.59 (d, J = 7.2 Hz, 1H), 8.50 (d, J = 8.5 Hz, 1H), 
8.35 (d, J = 7.9 Hz, 1H), 7.98 (d, J = 7.9 Hz, 1H), 7.80 (t, J = 7.9 Hz, 
1H), 4.19–4.07 (m, 2H), 2.70 (t, J = 6.8 Hz, 2H), 1.73 (dt, J = 14.9, 7.5 
Hz, 2H), 1.57–1.48 (m, 2H), 1.48–1.38 (m, 2H). 13C NMR (101 MHz, 
CDCl3) δ 163.57, 163.55, 133.20, 131.99, 131.17, 131.06, 130.54, 
130.21, 128.90, 128.05, 41.93, 40.44, 33.18, 27.86, 24.36. ESI-MS m/z: 
362.35 [M+H]+. 

2-(3-((3-aminopropyl)(methyl)amino)propyl)-6-chloro-1H-benzo 
[de]isoquinoline-1,3(2H)-dione (L13). A yellow solid was obtained with 
a yield of 65%. 1H NMR (400 MHz, CDCl3) δ 8.60 (d, J = 7.2 Hz, 1H), 
8.52 (d, J = 8.5 Hz, 1H), 8.43 (d, J = 7.9 Hz, 1H), 7.79 (dd, J = 17.6, 8.0 
Hz, 2H), 4.24–4.12 (m, 2H), 3.16 (s, 2H), 2.96–2.82 (m, 2H), 2.46 (dd, J 
= 13.7, 6.8 Hz, 4H), 2.24 (s, 3H), 1.95–1.82 (m, 2H), 1.77–1.63 (m, 2H). 
13C NMR (101 MHz, CDCl3) δ 163.68, 163.43, 139.04, 132.02, 131.14, 
130.60, 129.21, 128.95, 127.82, 127.35, 122.94, 121.45, 55.98, 55.57, 
41.82, 40.73, 38.86, 28.38, 25.62.ESI-MS m/z: 360.10 [M+H]+. 

2-(3-((3-aminopropyl)(methyl)amino)propyl)-6-bromo-1H-benzo 
[de]isoquinoline-1,3(2H)-dione (L14). A yellow solid was obtained with 
a yield of 61%. 1H NMR (400 MHz, CDCl3) δ 8.63 (d, J = 7.2 Hz, 1H), 
8.54 (d, J = 8.5 Hz, 1H), 8.39 (d, J = 7.9 Hz, 1H), 8.02 (d, J = 7.9 Hz, 
1H), 7.83 (t, J = 7.9 Hz, 1H), 4.26–4.17 (m, 2H), 2.84 (t, J = 6.5 Hz, 2H), 
2.55 (s, 2H), 2.51–2.48 (m, 2H), 2.45 (t, J = 6.9 Hz, 2H), 2.26 (s, 3H), 

1.96–1.85 (m, 2H), 1.75–1.62 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 
163.48, 163.44, 133.16, 131.99, 131.16, 131.02, 130.36, 130.25, 
128.68, 128.01, 122.75, 121.89, 56.15, 55.55, 41.78, 40.80, 38.80, 
27.50, 25.54. ESI-MS m/z: 404.30 [M+H]+. 

2.1.2. General procedure for the preparation of compounds N1-N14 
To a solution of 10-(4-carboxyphenyl)-7-methyl-9-oxo-9,10-dihy

droacridine-2-carboxylic acid (5) (0.16 mmol) and L(1–14) (0.48 mmol) 
in anhydrous dichloromethane (15 mL) was added 1-(3-dimethylami
nopropyl)-3-ethylcarbodiimide hydrochloride (EDCI) (0.48 mmol), and 
then 1-hydroxybenzotriazole (HOBt) (0.48 mmol). The reaction mixture 
was stirred at room temperature under nitrogen atmosphere for 6 h. The 
reaction mixture was quenched with 10 mL ice water, and the filtrate 
was extracted with dichloromethane (3 × 10 mL). The combined organic 
layer was washed with brine, dried over anhydrous sodium sulfate, 
filtered, and then concentrated under reduced pressure to give crude 
yellow solids N(1–14). The residue was purified by using chromato
graph on silica gel with DCM/MeOH (50/1–10/1) to give desire 
compounds. 

N-(2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethyl)-10-(4-((2- 
(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethyl)carbamoyl) 
phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-carboxamide (N1). A 
yellow solid was obtained with a yield of 78%. 1H NMR (400 MHz, 
CDCl3) δ 8.68 (d, J = 2.0 Hz, 1H), 8.61–8.47 (m, 4H), 8.21–8.05 (m, 7H), 
7.84 (dd, J = 9.0, 2.1 Hz, 1H), 7.81–7.51 (m, 6H), 7.30 (d, J = 8.3 Hz, 
2H), 7.22 (dd, J = 8.8, 2.0 Hz, 1H), 6.51 (dd, J = 14.3, 8.8 Hz, 2H), 
4.68–4.37 (m, 4H), 4.12–3.78 (m, 4H), 2.37 (s, 3H). 13C NMR (101 MHz, 
CDCl3) δ 177.45, 166.69, 166.44, 165.11, 164.83, 143.92, 140.96, 
140.64, 136.00, 135.12, 134.33, 134.03, 132.48, 132.09, 131.54, 
131.46, 131.38, 130.06, 130.01, 128.08, 128.07, 127.28, 126.96, 
126.91, 126.40, 125.62, 122.30, 122.17, 121.45, 120.33, 116.76, 
100.00, 40.46, 39.81, 39.66, 20.67. HRMS (ESI; m/z). Calcd for 
C50H35N5O7, [M+H]+, 818.2609; found, 818.2608. 

N-(3-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propyl)-10-(4- 
((3-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propyl)carbamoyl) 
phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-carboxamide (N2). A 
yellow solid was obtained with a yield of 68%. 1H NMR (400 MHz, 
CDCl3) δ 9.12 (d, J = 2.1 Hz, 1H), 8.73–8.61 (m, 4H), 8.40 (d, J = 1.0 Hz, 
1H), 8.34 (d, J = 8.4 Hz, 2H), 8.29–8.20 (m, 4H), 8.15 (dd, J = 9.0, 2.2 
Hz, 1H), 7.78 (dd, J = 15.7, 8.3 Hz, 5H), 7.64 (t, J = 5.9 Hz, 1H), 7.53 (d, 
J = 8.4 Hz, 2H), 7.37 (dd, J = 8.8, 2.0 Hz, 1H), 6.84 (d, J = 9.0 Hz, 1H), 
6.71 (d, J = 8.7 Hz, 1H), 4.39 (dt, J = 15.4, 6.2 Hz, 4H), 3.55 (td, J =
11.8, 6.0 Hz, 4H), 2.48 (s, 3H), 2.21–2.06 (m, 4H). 13C NMR (101 MHz, 
CDCl3) δ 177.88, 166.25, 165.91, 165.01, 164.79, 144.30, 141.31, 
140.99, 136.30, 135.24, 134.55, 134.25, 132.63, 132.29, 131.76, 
131.65, 131.59, 130.34, 130.13, 128.22, 127.66, 127.14, 127.07, 
126.75, 125.76, 122.37, 122.24, 121.92, 120.87, 117.05, 116.95, 37.70, 
37.58, 36.68, 36.44, 27.97, 27.86, 20.76. HRMS (ESI; m/z). Calcd for 
C52H39N5O7, [M+H]+, 846.2922; found, 846.2925. 

N-(4-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)butyl)-10-(4-((4- 
(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)butyl)carbamoyl) 
phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-carboxamide (N3). A 
yellow solid was obtained with a yield of 58%. 1H NMR (400 MHz, 
CDCl3) δ 8.86 (s, 1H), 8.55 (dd, J = 14.0, 7.3 Hz, 4H), 8.23 (d, J = 9.9 Hz, 
2H), 8.19 (d, J = 5.0 Hz, 2H), 8.15 (d, J = 7.7 Hz, 3H), 8.02 (d, J = 8.8 
Hz, 1H), 7.70 (t, J = 7.7 Hz, 4H), 7.39 (d, J = 8.1 Hz, 2H), 7.29 (s, 1H), 
7.23 (s, 1H), 7.09 (s, 1H), 6.70 (d, J = 9.0 Hz, 1H), 6.60 (d, J = 8.7 Hz, 
1H), 4.23 (d, J = 7.0 Hz, 4H), 3.67 (d, J = 5.9 Hz, 2H), 3.58 (d, J = 6.0 
Hz, 2H), 2.41 (s, 3H), 1.93–1.76 (m, 8H). 13C NMR (101 MHz, CDCl3) δ 
177.82, 166.30, 164.41, 164.34, 144.19, 141.10, 140.92, 136.36, 
135.29, 134.23, 134.00, 132.94, 132.30, 131.60, 131.56, 131.46, 
131.35, 130.13, 128.16, 128.13, 127.48, 127.03, 126.97, 126.61, 
125.22, 122.58, 122.48, 121.77, 120.57, 117.02, 116.91, 39.65, 39.56, 
39.52, 26.77, 26.28, 25.58, 25.44, 20.72. HRMS (ESI; m/z). Calcd for 
C54H43N5O7, [M+H]+, 874.3235; found, 874.3239. 

N-(5-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)pentyl)-10-(4- 
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((5-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)pentyl)carbamoyl) 
phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-carboxamide (N4). A 
yellow solid was obtained with a yield of 53%. 1H NMR (400 MHz, 
CDCl3) δ 8.85 (s, 1H), 8.56 (d, J = 7.2 Hz, 4H), 8.32 (s, 1H), 8.19 (s, 1H), 
8.17 (s, 3H), 8.15 (s, 2H), 8.03 (s, 1H), 7.69 (t, J = 7.7 Hz, 4H), 7.41 (d, J 
= 8.2 Hz, 2H), 7.33 (d, J = 8.8 Hz, 1H), 6.73 (d, J = 8.8 Hz, 3H), 6.63 (d, 
J = 8.7 Hz, 1H), 4.24–4.15 (m, 4H), 3.55 (dd, J = 23.9, 6.0 Hz, 4H), 2.45 
(s, 3H), 1.87–1.74 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 177.79, 
166.41, 166.36, 164.44, 164.29, 144.15, 141.06, 140.90, 136.50, 
135.35, 134.11, 133.89, 132.92, 132.37, 131.58, 131.53, 131.27, 
130.14, 130.11, 128.12, 127.61, 126.96, 126.91, 126.65, 125.15, 
122.63, 122.55, 121.75, 120.55, 117.00, 116.89, 40.30, 40.13, 40.06, 
39.96, 29.20, 28.85, 27.79, 27.76, 24.46, 24.37, 20.73. HRMS (ESI; m/ 
z). Calcd for C56H47N5O7, [M+H]+, 902.3548; found, 902.3553. 

N-(6-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)hexyl)-10-(4- 
((6-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)hexyl)carbamoyl) 
phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-carboxamide (N5). A 
yellow solid was obtained with a yield of 62%. 1H NMR (400 MHz, 
CDCl3) δ 8.84 (s, 1H), 8.65–8.47 (m, 4H), 8.28 (s, 1H), 8.27–8.11 (m, 
6H), 8.05 (d, J = 7.3 Hz, 1H), 7.72 (t, J = 7.5 Hz, 4H), 7.42 (d, J = 6.5 
Hz, 2H), 7.30 (d, J = 8.3 Hz, 1H), 6.81 (s, 1H), 6.74 (s, 2H), 6.62 (d, J =
8.5 Hz, 1H), 4.18 (dd, J = 14.9, 7.9 Hz, 4H), 3.51 (d, J = 25.2 Hz, 4H), 
2.42 (s, 3H), 1.84–1.64 (m, 8H), 1.49 (s, 8H). 13C NMR (101 MHz, 
CDCl3) δ 177.77, 166.37, 166.32, 164.31, 164.23, 144.12, 141.04, 
140.87, 136.50, 135.28, 134.03, 133.87, 132.83, 132.27, 131.56, 
131.54, 131.21, 130.14, 130.11, 128.10, 127.62, 126.96, 126.92, 
126.57, 125.15, 122.65, 122.57, 121.72, 120.55, 117.02, 116.87, 40.11, 
40.01, 29.47, 29.28, 27.91, 27.83, 26.54, 26.50, 26.35, 26.27, 20.70. 
HRMS (ESI; m/z). Calcd for C58H51N5O7, [M+H]+, 930.3861; found, 
930.3863. 

N-(2-(2-(2-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethoxy) 
ethoxy)ethyl)-10-(4-((2-(2-(2-(1,3-dioxo-1H-benzo[de]isoquinolin-2 
(3H)-yl)ethoxy)ethoxy)ethyl)carbamoyl)phenyl)-7-methyl-9-oxo-9,10- 
dihydroacridine-2-carboxamide (N6). A yellow solid was obtained with 
a yield of 56%. 1H NMR (400 MHz, CDCl3) δ 8.85 (s, 1H), 8.46 (dd, J =
9.8, 7.5 Hz, 4H), 8.27–8.07 (m, 8H), 7.97 (d, J = 8.9 Hz, 1H), 7.64 (dd, J 
= 16.4, 8.2 Hz, 4H), 7.37 (d, J = 8.1 Hz, 3H), 7.28 (s, 1H), 6.68 (d, J =
9.0 Hz, 1H), 6.57 (d, J = 8.7 Hz, 1H), 4.45 (q, J = 5.6 Hz, 4H), 3.91 (t, J 
= 5.8 Hz, 2H), 3.86 (t, J = 6.0 Hz, 2H), 3.74 (d, J = 4.2 Hz, 4H), 3.66 (d, 
J = 13.6 Hz, 10H), 3.64–3.58 (m, 2H), 2.40 (s, 3H). 13C NMR (101 MHz, 
CDCl3) δ 177.61, 166.45, 166.22, 164.33, 164.29, 144.05, 141.13, 
140.80, 136.12, 135.11, 134.24, 133.83, 132.54, 132.11, 131.55, 
131.44, 131.30, 131.15, 130.18, 130.12, 128.08, 127.47, 126.96, 
126.81, 126.61, 125.74, 122.53, 122.32, 121.72, 120.59, 116.84, 
116.78, 70.52, 70.28, 70.17, 70.14, 69.78, 69.68, 68.30, 68.11, 40.06, 
39.97, 39.28, 39.22, 20.67. HRMS (ESI; m/z). Calcd for C58H51N5O11, 
[M+H]+, 994.3658; found, 994.3682. 

N-(3-((3-(1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)propyl) 
amino)propyl)-10-(4-((3-((3-(1,3-dioxo-1H-benzo[de]isoquinolin-2 
(3H)-yl)propyl)amino)propyl)carbamoyl)phenyl)-7-methyl-9-oxo-9,10- 
dihydroacridine-2-carboxamide (N7). A yellow solid was obtained with 
a yield of 66%. 1H NMR (400 MHz, CDCl3) δ 8.97 (s, 1H), 8.83 (d, J =
2.1 Hz, 1H), 8.46 (d, J = 7.1 Hz, 2H), 8.37 (t, J = 9.0 Hz, 3H), 8.18 (d, J 
= 8.3 Hz, 2H), 8.11 (d, J = 7.8 Hz, 4H), 8.00 (d, J = 9.2 Hz, 2H), 7.64 (t, 
J = 7.8 Hz, 2H), 7.56 (t, J = 7.7 Hz, 2H), 7.37 (d, J = 8.2 Hz, 2H), 7.16 
(d, J = 8.8 Hz, 1H), 6.70 (d, J = 9.0 Hz, 1H), 6.50 (d, J = 8.8 Hz, 1H), 
4.25 (t, J = 5.8 Hz, 5H), 3.74–3.57 (m, 5H), 2.94 (d, J = 5.7 Hz, 2H), 
2.87 (d, J = 6.0 Hz, 2H), 2.79 (q, J = 6.5 Hz, 4H), 2.27 (s, 3H), 2.11–2.02 
(m, 2H), 2.03–1.95 (m, 2H), 1.88 (d, J = 4.9 Hz, 4H). 13C NMR (101 
MHz, CDCl3) δ 177.61, 166.45, 166.22, 164.33, 164.29, 144.05, 141.13, 
140.80, 136.12, 135.11, 134.24, 133.83, 132.54, 132.11, 131.55, 
131.44, 131.30, 131.15, 130.18, 130.12, 128.08, 127.47, 126.96, 
126.81, 126.61, 125.74, 122.53, 122.32, 121.72, 120.59, 116.84, 
116.78, 70.52, 70.28, 70.17, 70.14, 69.78, 69.68, 68.30, 68.11, 40.06, 
39.97, 39.28, 39.22, 20.67. HRMS (ESI; m/z). Calcd for C58H53N7O7, 
[M+2H]2+, 480.7076; found, 480.7063. 

N-(3-(6-chloro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)pro
pyl)-10-(4-((3-(6-chloro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) 
propyl)carbamoyl)phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-car
boxamide (N8). A yellow solid was obtained with a yield of 62%. 1H 
NMR (400 MHz, CDCl3) δ 9.06 (d, J = 2.0 Hz, 1H), 8.71 (dd, J = 7.0, 4.6 
Hz, 2H), 8.63 (d, J = 8.3 Hz, 1H), 8.60–8.52 (m, 3H), 8.38–8.30 (m, 3H), 
8.12 (dd, J = 9.1, 2.0 Hz, 1H), 7.92–7.79 (m, 4H), 7.75 (t, J = 6.1 Hz, 
1H), 7.60 (t, J = 6.0 Hz, 1H), 7.54 (d, J = 8.3 Hz, 2H), 7.36 (dd, J = 8.8, 
2.0 Hz, 1H), 6.82 (d, J = 9.0 Hz, 1H), 6.69 (d, J = 8.7 Hz, 1H), 4.41–4.30 
(m, 4H), 3.59–3.49 (m, 4H), 2.47 (s, 3H), 2.12 (dd, J = 12.7, 6.2 Hz, 4H). 
13C NMR (101 MHz, CDCl3) δ 177.81, 166.23, 165.94, 164.51, 164.26, 
164.04, 144.26, 141.31, 140.96, 139.75, 139.39, 136.26, 135.26, 
132.64, 132.51, 132.31, 131.63, 131.24, 130.92, 130.35, 130.12, 
129.41, 129.29, 129.12, 129.09, 128.03, 127.96, 127.57, 127.54, 
127.49, 126.72, 125.63, 122.76, 122.64, 121.87, 121.25, 121.10, 
120.78, 117.02, 116.94, 37.89, 37.71, 36.79, 36.46, 27.91, 27.83, 
20.76. HRMS (ESI; m/z). Calcd for C52H37N5O7Cl2, [M+H]+, 
914.2143; found, 914.2163. 

N-(3-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)pro
pyl)-10-(4-((3-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) 
propyl)carbamoyl)phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-car
boxamide (N9). A yellow solid was obtained with a yield of 50%. 1H 
NMR (400 MHz, CDCl3) δ 9.03 (d, J = 1.8 Hz, 1H), 8.67 (t, J = 5.7 Hz, 
2H), 8.58 (dd, J = 8.0, 4.1 Hz, 1H), 8.52 (t, J = 6.8 Hz, 1H), 8.46–8.38 
(m, 2H), 8.33 (d, J = 8.1 Hz, 3H), 8.09 (d, J = 8.9 Hz, 1H), 8.06–7.96 (m, 
2H), 7.89–7.74 (m, 3H), 7.61 (s, 1H), 7.54 (d, J = 8.1 Hz, 2H), 7.35 (d, J 
= 8.7 Hz, 1H), 6.80 (d, J = 8.9 Hz, 1H), 6.68 (d, J = 8.7 Hz, 1H), 4.34 
(dd, J = 13.0, 6.3 Hz, 4H), 3.53 (s, 4H), 2.45 (s, 3H), 2.13 (d, J = 6.3 Hz, 
2H), 2.10 (d, J = 6.1 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 177.75, 
166.25, 165.96, 164.34, 164.11, 144.22, 141.28, 140.93, 136.25, 
135.25, 133.85, 133.51, 132.60, 132.49, 132.28, 131.66, 131.27, 
131.19, 130.98, 130.70, 130.61, 130.56, 130.34, 130.13, 129.00, 
128.96, 128.24, 128.17, 127.50, 126.67, 125.64, 122.74, 122.63, 
121.86, 121.81, 121.73, 120.72, 117.00, 116.94, 37.93, 37.75, 36.83, 
36.52, 27.91, 27.83, 20.76. HRMS (ESI; m/z). Calcd for 
C52H37N5O7Br2, [M+H]+, 1002.1132; found, 1002.1093. 

N-(4-(6-chloro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)butyl)- 
10-(4-((4-(6-chloro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)butyl) 
carbamoyl)phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-carbox
amide (N10). A yellow solid was obtained with a yield of 60%. 1H NMR 
(400 MHz, CDCl3) δ 8.90 (d, J = 2.0 Hz, 1H), 8.70 (d, J = 7.3 Hz, 1H), 
8.65 (d, J = 7.2 Hz, 1H), 8.63–8.53 (m, 3H), 8.49 (d, J = 7.9 Hz, 1H), 
8.34 (s, 1H), 8.19 (d, J = 8.3 Hz, 2H), 8.09 (dd, J = 9.0, 2.0 Hz, 1H), 7.84 
(dd, J = 16.3, 8.2 Hz, 4H), 7.43 (d, J = 8.3 Hz, 2H), 7.34 (d, J = 8.7 Hz, 
1H), 7.01–6.86 (m, 2H), 6.76 (d, J = 9.0 Hz, 1H), 6.64 (d, J = 8.7 Hz, 
1H), 4.26 (dd, J = 13.9, 6.5 Hz, 4H), 3.65 (dd, J = 30.4, 6.1 Hz, 4H), 
2.46 (s, 3H), 1.86 (ddd, J = 31.3, 16.6, 7.9 Hz, 8H). 13C NMR (101 MHz, 
CDCl3) δ 177.72, 166.31, 163.90, 163.83, 163.63, 163.58, 144.12, 
141.06, 140.85, 139.31, 139.07, 136.33, 135.29, 132.90, 132.30, 
132.21, 132.10, 131.34, 131.21, 130.85, 130.64, 130.12, 130.10, 
129.29, 129.23, 129.02, 129.00, 127.89, 127.85, 127.45, 127.42, 
127.38, 126.53, 125.18, 122.94, 122.86, 121.68, 121.45, 121.35, 
120.51, 116.97, 116.89, 39.76, 39.67, 39.60, 26.78, 26.47, 25.54, 
25.49, 20.72. HRMS (ESI; m/z). Calcd for C54H41N5O7Cl2, [M+H]+, 
942.2456; found, 942.2473. 

N-(5-(6-chloro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)pen
tyl)-10-(4-((5-(6-chloro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) 
pentyl)carbamoyl)phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-car
boxamide (N11). A yellow solid was obtained with a yield of 40%. 1H 
NMR (400 MHz, CDCl3) δ 8.72 (s, 1H), 8.49 (s, 2H), 8.44 (d, J = 8.2 Hz, 
1H), 8.39 (d, J = 7.9 Hz, 1H), 8.35–8.28 (m, 2H), 8.19–8.04 (m, 3H), 
7.92 (d, J = 6.4 Hz, 1H), 7.67 (ddd, J = 12.5, 10.7, 5.7 Hz, 4H), 7.32 (d, 
J = 5.7 Hz, 2H), 7.23 (s, 1H), 7.05 (d, J = 47.2 Hz, 2H), 6.61 (d, J = 6.7 
Hz, 1H), 6.52 (d, J = 7.9 Hz, 1H), 4.13 (d, J = 5.9 Hz, 4H), 3.65–3.41 (m, 
4H), 2.36 (s, 3H), 1.78 (s, 8H), 1.60–1.48 (m, 4H). 13C NMR (101 MHz, 
CDCl3) δ 177.53, 166.55, 166.35, 163.77, 163.69, 163.51, 163.44, 
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143.94, 140.90, 140.72, 139.00, 138.81, 136.42, 135.28, 132.73, 
132.22, 131.90, 131.01, 130.56, 130.37, 130.16, 129.99, 129.11, 
129.04, 128.85, 127.75, 127.70, 127.60, 127.26, 127.22, 126.41, 
125.24, 122.89, 122.85, 121.51, 121.40, 121.36, 120.38, 116.83, 40.20, 
40.12, 29.15, 29.10, 27.75, 24.46, 20.69. HRMS (ESI; m/z). Calcd for 
C56H45N5O7Cl2, [M+H]+, 970.2769; found, 970.2763. 

N-(5-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)pen
tyl)-10-(4-((5-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) 
pentyl)carbamoyl)phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-car
boxamide (N12). A yellow solid was obtained with a yield of 45%. 1H 
NMR (400 MHz, CDCl3) δ 8.79 (d, J = 2.1 Hz, 1H), 8.59 (dd, J = 6.8, 2.2 
Hz, 2H), 8.55–8.43 (m, 2H), 8.34 (dd, J = 7.8, 1.3 Hz, 2H), 8.25 (s, 1H), 
8.13 (d, J = 8.3 Hz, 2H), 8.06–7.98 (m, 1H), 7.94 (t, J = 7.5 Hz, 2H), 
7.76 (dd, J = 15.8, 7.4 Hz, 2H), 7.38 (d, J = 8.2 Hz, 2H), 7.31 (dd, J =
8.8, 2.0 Hz, 1H), 6.85–6.72 (m, 2H), 6.69 (d, J = 9.0 Hz, 1H), 6.60 (d, J 
= 8.7 Hz, 1H), 4.19 (dd, J = 14.2, 6.9 Hz, 4H), 3.61–3.45 (m, 4H), 2.44 
(s, 3H), 1.84–1.77 (m, 8H), 1.57 (dd, J = 15.6, 7.4 Hz, 4H). 13C NMR 
(101 MHz, CDCl3) δ 177.63, 166.51, 166.38, 163.73, 163.71, 163.64, 
163.63, 144.01, 140.94, 140.78, 136.45, 135.35, 133.28, 133.09, 
132.81, 132.31, 132.00, 131.19, 131.16, 131.03, 130.99, 130.51, 
130.43, 130.34, 130.13, 130.03, 128.84, 128.02, 127.98, 127.59, 
126.48, 125.18, 122.95, 122.91, 122.09, 122.04, 121.58, 120.42, 
116.90, 116.85, 40.21, 40.09, 29.14, 29.04, 27.73, 24.42, 20.72. HRMS 
(ESI; m/z). Calcd for C56H45N5O7Br2, [M+H]+, 1058.1758; found, 
1058.1685. 

N-(3-((3-(6-chloro-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) 
propyl)(methyl)amino)propyl)-10-(4-((3-((3-(6-chloro-1,3-dioxo-1H- 
benzo[de]isoquinolin-2(3H)-yl)propyl)(methyl)amino)propyl)carba
moyl)phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-carboxamide 
(N13). A yellow solid was obtained with a yield of 42%. 1H NMR (400 
MHz, CDCl3) δ 8.70 (d, J = 1.9 Hz, 1H), 8.69–8.57 (m, 2H), 8.47–8.39 
(m, 2H), 8.36 (d, J = 7.1 Hz, 1H), 8.29 (dd, J = 16.6, 8.1 Hz, 2H), 8.18 
(d, J = 7.8 Hz, 3H), 7.95 (dd, J = 8.8, 1.9 Hz, 1H), 7.63 (dd, J = 14.4, 7.3 
Hz, 4H), 7.56 (d, J = 7.9 Hz, 1H), 7.35 (d, J = 7.2 Hz, 2H), 7.08 (d, J =
8.8 Hz, 1H), 6.66 (d, J = 8.8 Hz, 1H), 6.43 (d, J = 8.5 Hz, 1H), 4.27–4.11 
(m, 4H), 3.75–3.59 (m, 4H), 2.67 (s, 8H), 2.43 (d, J = 11.9 Hz, 6H), 2.22 
(s, 3H), 2.06 (dd, J = 13.0, 5.5 Hz, 2H), 2.03–1.96 (m, 2H), 1.95–1.82 
(m, 4H). 13C NMR (101 MHz, CDCl3) δ 177.09, 166.52, 166.10, 163.68, 
163.60, 163.40, 163.33, 143.73, 140.88, 140.53, 139.23, 138.58, 
136.40, 134.77, 132.58, 131.87, 131.65, 131.04, 130.74, 130.10, 
130.04, 129.14, 128.96, 128.82, 128.76, 127.99, 127.74, 127.41, 
127.32, 126.96, 125.99, 125.51, 122.97, 122.59, 121.51, 121.10, 
120.39, 116.63, 116.49, 56.27, 55.97, 55.89, 41.93, 41.41, 40.26, 
39.86, 38.91, 38.79, 25.58, 25.41, 25.00, 20.54. HRMS (ESI; m/z). Calcd 
for C60H55N7O7Cl2, [M+2H]2+, 528.6843; found, 528.6847. 

N-(3-((3-(6-bromo-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl) 
propyl)(methyl)amino)propyl)-10-(4-((3-((3-(6-bromo-1,3-dioxo-1H- 
benzo[de]isoquinolin-2(3H)-yl)propyl)(methyl)amino)propyl)carba
moyl)phenyl)-7-methyl-9-oxo-9,10-dihydroacridine-2-carboxamide 
(N14). A yellow solid was obtained with a yield of 65%. 1H NMR (400 
MHz, CDCl3) δ 8.74–8.59 (m, 3H), 8.40 (d, J = 8.1 Hz, 2H), 8.38–8.33 
(m, 1H), 8.27 (d, J = 8.2 Hz, 1H), 8.18 (d, J = 7.5 Hz, 3H), 8.07 (d, J =
7.8 Hz, 1H), 7.95 (dd, J = 9.0, 2.0 Hz, 1H), 7.83 (d, J = 7.5 Hz, 1H), 7.76 
(d, J = 7.8 Hz, 1H), 7.62 (dd, J = 14.8, 7.1 Hz, 3H), 7.35 (d, J = 6.1 Hz, 
2H), 7.08 (d, J = 8.6 Hz, 1H), 6.66 (d, J = 9.0 Hz, 1H), 6.42 (d, J = 7.8 
Hz, 1H), 4.22–4.02 (m, 4H), 3.88–3.48 (m, 4H), 2.67 (d, J = 7.6 Hz, 8H), 
2.43 (d, J = 10.2 Hz, 6H), 2.22 (s, 3H), 2.11–2.04 (m, 2H), 2.01 (s, 2H), 
1.91 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 177.11, 166.59, 166.13, 
163.58, 163.54, 163.50, 163.46, 143.76, 140.88, 140.52, 136.37, 
134.83, 133.48, 133.45, 132.78, 132.59, 131.93, 131.69, 131.64, 
131.14, 131.06, 130.85, 130.67, 130.54, 130.46, 130.25, 130.10, 
130.06, 129.89, 128.73, 128.68, 127.99, 127.64, 125.98, 125.56, 
122.96, 122.60, 122.11, 121.73, 121.21, 120.38, 116.65, 116.51, 56.19, 
55.92, 55.85, 41.90, 41.37, 38.93, 38.79, 25.54, 25.37, 24.96, 20.61. 
HRMS (ESI; m/z). Calcd for C59H53Br2N7O7, [M+2H]2+, 572.6338; 
found, 572.6328. 

2.1.3. General procedure for the preparation of WZZ02 
To a solution of N14 (0.16 mmol) and 1-methylpiperazine (0.48 

mmol) in anhydrous N,N-dimethylformamide (10 mL) was added Pd/C 
(5% mol), NaO-t-Bu (0.224 mmol) and then dicyclohexyl-(2-phenyl
phenyl)phosphane (1% mol). The reaction mixture was stirred at 80 ◦C 
under nitrogen atmosphere for 10 h. The reaction mixture was quenched 
with 10 mL ice water, filtered, and the filtrate was extracted with 
dichloromethane (3 × 10 mL). The combined organic layer was washed 
with brine, dried over anhydrous sodium sulfate, filtered, and then 
concentrated under reduced pressure to give crude yellow solid WZZ02. 
The residue was purified by using chromatograph on silica gel with 
DCM/MeOH (30/1) to give the desire product. 

7-methyl-N-(3-(methyl(3-(6-(4-methylpiperazin-1-yl)-1,3-dioxo-1H- 
benzo[de]isoquinolin-2(3H)-yl)propyl)amino)propyl)-10-(4-((3- 
(methyl(3-(6-(4-methylpiperazin-1-yl)-1,3-dioxo-1H-benzo[de]iso
quinolin-2(3H)-yl)propyl)amino)propyl)carbamoyl)phenyl)-9-oxo- 
9,10-dihydroacridine-2-carboxamide (WZZ02). A yellow solid was ob
tained with a yield of 52%. 1H NMR (400 MHz, CDCl3) δ 8.82 (d, J = 1.6 
Hz, 1H), 8.73 (s, 1H), 8.59 (s, 1H), 8.37–8.32 (m, 2H), 8.26 (d, J = 8.0 
Hz, 4H), 8.17 (d, J = 8.2 Hz, 2H), 8.02–7.93 (m, 2H), 7.50 (dt, J = 22.6, 
7.9 Hz, 2H), 7.32 (d, J = 8.2 Hz, 2H), 7.12 (d, J = 8.8 Hz, 1H), 7.02 (d, J 
= 8.1 Hz, 1H), 6.96 (d, J = 8.1 Hz, 1H), 6.71 (d, J = 9.0 Hz, 1H), 6.48 (d, 
J = 8.7 Hz, 1H), 4.21–4.15 (m, 2H), 4.10 (dd, J = 7.4, 3.6 Hz, 2H), 3.68 
(d, J = 5.0 Hz, 2H), 3.62 (d, J = 5.6 Hz, 2H), 3.18 (s, 8H), 2.69 (s, 8H), 
2.59 (dd, J = 12.1, 5.8 Hz, 8H), 2.40 (t, J = 7.1 Hz, 9H), 2.33 (s, 3H), 
2.28 (s, 3H), 1.96 (dd, J = 15.1, 7.0 Hz, 4H), 1.90–1.80 (m, 4H). 13C 
NMR (101 MHz, CDCl3) δ 177.41, 166.51, 166.21, 164.45, 164.35, 
163.96, 163.85, 156.16, 155.69, 143.93, 140.86, 140.76, 136.46, 
134.80, 132.56, 132.48, 132.40, 131.68, 131.01, 130.91, 130.61, 
130.10, 129.69, 128.04, 126.36, 125.95, 125.93, 125.77, 125.50, 
125.42, 123.10, 122.78, 121.56, 120.63, 116.76, 116.63, 116.54, 
115.98, 114.78, 114.73, 56.69, 56.26, 56.13, 55.89, 55.11, 55.05, 
52.88, 52.83, 46.11, 46.09, 41.98, 41.75, 40.21, 39.99, 38.63, 38.60, 
31.93, 29.71, 25.91, 25.53, 25.20, 20.65. Purity was determined to be 
96.03% by using HPLC. HRMS (ESI; m/z). Calcd for C70H77N11O7, 
[M+3H]3+, 395.5409; found, 395.5410. 

2.2. DNA oligonucleotides 

DNA oligonucleotides were purchased from Sangon (China) and 
dissolved in double distilled deionized water. Their concentrations were 
calculated based on the Beer–Lambert law (A = εlc) from the absorbance 
at 260 nm using a Nano Drop 1000 Spectrophotometer (Thermo Fisher 
Scientific, USA). All oligonucleotides were single-stranded as shown in 
Table S1, which were diluted with relevant buffers to working 
concentrations. 

2.3. Surface plasmon resonance (SPR) experiment 

SPR experiment was performed on a ProteOn XPR36 Protein Interaction 
Array system (Bio-Rad Laboratories, Hercules, CA) with a Neutravidin- 
coated GLH sensor chip. For immobilization, all DNA samples were bio
tinylated and attached to a reptavidin-coated sensor chip. Oligomer Py41 
(5′-biotin-d[GCGTCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC]- 
3′) was diluted to 400 nM with running buffer 20 mM 2-(4-morpholino) 
ethanesulfonic acid, pH 5.5, 100 mM KCl, 0.05% Tween-20. Oligomer Pu41 
(5′-biotin-d[GCTGGGAGAAGGGGGGGCGGCGGGGCAGGGAGGGTGGAC 
GC]-3′) and duplex DNA (5′-biotin-d[TATAGCTATA-HEG-TATAGCTATA]- 
3′) were diluted to 400 nM with running buffer 50 mM Tris-HCl, pH 7.4, 
100 mM KCl. The DNA samples were then captured (1000 RU) in flow cells, 
and a blank cell was used as a control. Ligand solutions (at 0, 0.625, 1.25, 
2.5, 5, 10 μM) were prepared with the running buffer by serial dilutions 
from stock solutions (10 μM in DMSO). Samples of six concentrations were 
injected at a flow rate of 25 mL/min for 200 s of association phase, followed 
with 300 s of dissociation phase at 25 ◦C. Between consecutive measure
ments, the GLH sensor chip was regenerated with short injection of 50 mM 
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NaOH. The final graphs were obtained by subtracting blank sensorgrams 
from the i-motif, G-quadruplex or duplex sensorgrams. Langmuir model 
was used for fitting kinetic data, which was analyzed with ProteOn man
ager software. 

2.4. Microscale thermophoresis (MST) experiment 

The 5′-end FAM labeled Py41, Pu41 and Duplex DNA were pur
chased from Sangon (China). By using the NT.115 MST instrument 
(NanoTemper, Germany), the thermophoresis movements of the fluo
rescently labeled nucleic acids and compound complexes were detected 
by monitoring the fluorescence distributions inside the capillary. The 
concentration of DNA was held constant at 1 μM, and the compound was 
diluted at 3:4 from 10 μM for 12 times. The samples were loaded into 
standard-treated MST-grade glass capillaries. The intensities of the LED 
and laser were set as 20% and 20%, respectively. Data were analyzed 
using NT Analysis 1.4.23 software. 

2.5. CD and CD-melting experiments 

The oligomers Py41 and Pu41 at final concentration of 2 μM were 
diluted from stock with BPES buffer (pH 5.5). The samples were heated 
to 95 ◦C for 5 min, then gradually cooled to room temperature, and 
stored at 4 ◦C overnight. The CD spectra were recorded on a Chirascan 
(Applied Photo-physics, UK) spectrophotometer at 25 ◦C. A quartz 
cuvette with 1 mm path length was used for the spectra recorded over a 
wavelength range of 230–330 nm at 1 nm bandwidth, 1 nm step size, 
and 0.5 s per point. A buffer blank was subtracted for all spectra, and the 
spectra were averaged, smoothed, and baseline corrected to remove 
signal contribution from buffer. Final analysis of the data was carried 
out using graphpad 6.0. For CD melting experiments, samples were 
annealed at first, with i-motif and G-quadruplex formation induced. The 
molar ellipticity at 288 nm or 263 nm was measured over a temperature 
range of 25–95 ◦C, with the data calculated through graphpad 6.0. 

2.6. Fluorescence resonance energy transfer (FRET) experiment 

The oligonucleotides dual labeled fluorescently at 10 μM concen
tration were used as FRET probes. FPy41T (5′-FAM- 
GCGTCCACCCTCCCTGCCCCGCCGCCCCCCCTTCTCCCAGC-TAMRA-3′) 
was dissolved in 30 mM BPES buffer containing 1 mM EDTA and 100 
mM KCl at pH 5.5. FPu41T (5′-FAM-GCTGGGA
GAAGGGGGGGCGGCGGGGCAGGGAGGGTGGACGC-TAMRA-3′), and 
F10T (5′-FAM-dTATAGCTATA-HEG-TATAGCTATA-TAMRA-3′) with 
HEG linker of (-CH2-CH2-O-)6, were prepared as 10 μM solution in 10 
mM Tris-HCl buffer containing 10 mM KCl at pH 7.4. FAM is 6-carboxy
fluorescein as donor fluorophore, and TAMRA is 6-carboxytetramethylr
hodamine as acceptor fluorophore. These oligonucleotides were 
thermally annealed. For the concentration-dependent FRET assays, an 
equal volume of the compound was added to probes, and the fluores
cence intensity from 500 to 700 nm was measured by using LS-55 
luminescence spectrophotometer (Perkin-Elmer, USA). The data were 
corrected with the signal of compound in the same buffer to obtain 
relative fluorescence intensity. Final analysis of data was performed 
using graphpad 6.0. 

2.7. NMR experiment 

The DNA oligonucleotides were purchased from Sangon (China). The 
final NMR samples were prepared in 10%/90% D2O/H2O solution at pH 
5.5 or 6.8. The stock solution of compound was dissolved in d6-DMSO, 
and concentration of DNA sample was 1.0 mM. 1H NMR titration ex
periments were performed on Bruker DRX-600 MHz spectrometer at 
temperatures of 5 ◦C or 25 ◦C, with water signal suppressed in the 
experiment. 

2.8. Cell culture 

Human breast adenocarcinoma cell line MCF-7, human colon cancer 
cell line HCT116, human liver hepatocellular carcinoma cell line HepG2, 
human malignant melanoma cell line A375, human hepatocellular car
cinoma cell line Huh7, and human embryonic kidney cell line HEK293, 
were all purchased from China Center for Type Culture Collection in 
Wuhan. The cell lines were cultivated in RPMI-1640 or DMEM medium 
configurated with 10% fetal calf serum, 100 U/mL penicillium, and 100 
mg/mL Streptomycin at 37 ◦C in a humidified atmosphere with 5% CO2. 

2.9. MTT cytotoxicity assay 

Human breast adenocarcinoma cell line MCF-7, human colon cancer 
cell line HCT116, human liver hepatocellular carcinoma cell line HepG2, 
human malignant melanoma cell line A375, human hepatocellular car
cinoma cell line Huh7, and human embryonic kidney cell line HEK293, 
were seeded on 96-well plates (5.0 × 103 per well) with 100 μL of culture 
medium, and incubated for 12 h at 37 ◦C in a humidified atmosphere 
with 5% CO2, and then exposed to various concentrations of compounds. 
After 48 h of treatment at 37 ◦C in a humidified atmosphere of 5% CO2, 
20 μL of 2.5 mg/mL methyl thiazolyl tetrazolium (MTT) solution was 
added to each well, and the mixture was further incubated for 4 h. The 
cells in each well were then treated with dimethyl sulfoxide (DMSO) 
(200 μL for each well) and the culture medium was siphoned off, and the 
absorbance was recorded at 570 nm. All drug doses were parallel tested 
in triplicate, and the cytotoxicity was evaluated based on the percentage 
of cell survival in a dose-dependent manner regarding to the negative 
control. The final IC50 values were determined by using the Graph Pad 
Prism 6.0. 

2.10. Dual-Luciferase reporter assay 

In this assay, 200 ng of constructed psiCHECK2 luciferase plasmid 
(Promega, USA) containing PDGFR-β wild type promoter was trans
fected into MCF-7 cells by using Lipofectamine 2000 (Invitrogen, USA). 
After 4 h, compounds were added to the cells at different concentration. 
The cells were incubated for 48 h at 37 ◦C in a humidified atmosphere 
with 5% CO2, and the transfected cells were washed with ice-cold PBS to 
reduce the background signals from the medium. Luciferase assays were 
subsequently performed according to the manufacturer’s instructions 
using the dual-luciferase assay system (Promega, USA). After a 1500 ms 
delay, secreted luciferase signals were collected for 10 s using a micro
plate reader (Molecular Devices, Flex Station 3, USA). The quantifica
tion was performed using a multimode reader (Molecular Devices). The 
secreted Renilla luciferase activity was normalized to the firefly lucif
erase activity. 

2.11. RNA extraction and real time polymerase chain reaction (RT-PCR) 

MCF-7 breast cancer cells were plated in 6-well plate (2 × 105 cells/ 
well), and incubated for 12 h at 37 ◦C in a humidified atmosphere with 
5% CO2. Then WZZ02 was added at final concentrations of 20, 10, 5, 
2.5, 1.25 μM or with DMSO as control. After incubation for 12 h, cells 
were harvested, and the RNA was extracted according to the manufac
turer’s instructions. Total RNA was used as a template for reverse 
transcription using the following protocol: For the first step, each 10 μL 
reaction mixture containing 2.0 μL 5 × gDNA Eraser buffer, 1.0 μL gDNA 
Eraser, 1 μg of total RNA, was incubated at 42 ◦C for 2 min, and then 
immediately cooled to 4 ◦C. For the second step, 1.0 μL PrimeScript RT 
Enzyme Mix I, 4.0 μL RT Primer Mix, 4.0 μL 5 × PrimeScript Buffer 2 (for 
Real Time), RNase Free dH2O 1.0 μL, and the first step mixture 10 μL, 
total to 20 μL, were incubated at 37 ◦C for 15 min, then at 85 ◦C for 5 sec, 
last immediately cooled to 4 ◦C to obtain the cDNA, which was applied 
directly for further qPCR. The real-time PCR was performed on a real- 
time PCR apparatus (Roche LightCycler 480) according to the 
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manufacturer’s protocol. The total volume of 20 μL of quantitative re
action mixtures contained 10 μL of SYBR Premix Ex Taq II (Tli RNaseH 
Plus, 2×, Takara, Japan), 0.8 μL PCR Forward Primer (10 μM), 0.8 μL 
PCR Reverse Primer (10 μM), and 2 μL of cDNA. The PDGFR-β mRNA 
levels were normalized to β-actin mRNA level of each sample. Results of 
real-time PCR were analyzed using the 2-ΔCT method. 

2.12. Western blot 

MCF-7 cells were seeded on 6-well plate (2 × 105 cells/well) and 
incubated for 12 h at 37 ◦C in a humidified atmosphere with 5% CO2. 
After incubation with WZZ02 at final concentration of 10, 5, 2.5, 1.25, 
0.625 μM or with the same volume of DMSO as control for 24 h, cells 
were harvested from each well of culture plates, and lysed in 100 μL of 
protein extraction buffer for 10 min. The suspension was centrifuged at 
10,000 rpm at 4 ◦C for 15 min, and the protein content of supernatant 
was measured by using BCA assay. The same amount of protein for each 
sample was loaded onto 10% polyacrylamide gel at 100 V for 1.5 h, and 
then transferred to a microporous polyvinylidene difluoride (PVDF) 
membrane. Western blotting was performed by using anti-PDGFR-β and 
anti-β-actin (cell signaling technology) antibodies, as well as horseradish 
peroxidase-conjugated anti-rabbit secondary antibody. Protein bands 
were visualized by using chemiluminescence substrate. 

2.13. FITC Annexin V/PI cell apoptosis detection 

MCF-7 cells were seeded on 6-well plate (2 × 105 cells/well) and 
incubated for 12 h at 37 ◦C in a humidified atmosphere with 5% CO2. 
After incubation with WZZ02 at final concentrations of 10, 5, 2.5, 1.25, 
0.625 μM or with the same volume of DMSO as control for 24 h, the 
MCF-7 cells were digested by trypsin without EDTA. The suspension was 
centrifuged at 2000 rpm for 10 min, and the MCF-7 cells were then 
washed in PBS. FITC Annexin V/PI cell apoptosis detection was per
formed using the FITC Annexin V/PI Apoptosis Kit (Multi Sciences). The 
MCF-7 cells were resuspended in 500 μL binding buffer. FITC Annexin V 
(5 μL) and PI (10 μL) were added, and the cells were disturbed by gently 
vortexing the samples prior to incubation at room temperature (25 ◦C) 
for 15 min in the dark. Emitted fluorescence was quantitated by using 
Epics Elite flow cytometry (Beckman Coulter, USA). For each analysis, 
10,000 events were collected. 

2.14. Cell cycle analysis 

Cell cycle analysis for arrest detection was performed using the Cell 
Cycle Staining Kit (Multi Sciences). MCF-7 cells were seeded on 6-well 
plate (2 × 105 cells/well) and incubated for 12 h at 37 ◦C in a humidi
fied atmosphere with 5% CO2. After incubation with WZZ02 at final 
concentrations of 10, 5, 2.5, 1.25, 0.625 μM or with the same volume of 
DMSO as control for 24 h, MCF-7 cells were treated with trypsin, washed 
with PBS, fixed with 75% ethanol at − 20 ◦C overnight, and then 
centrifuged and resuspended in a staining solution (50 μg/mL PI, 75 KU/ 
mL RNase A in PBS) for 30 min at room temperature in dark. The cells 
were analyzed by using flow cytometry with an Epics Elite XL flow cy
tometer (Beckman Coulter). For each analysis, 10,000 events were 
collected. The cell cycle distribution was analyzed with EXPO32 ADC 
software. 

2.15. xCELLigence real time cellular analysis (RTCA) 

MCF-7 cells were seeded on E-Plate 16 PET and cultured for about 16 
h before treatment with increasing concentration of WZZ02 or DMSO as 
a control. The cells were sampled every minute for 15 min. The data 
were obtained by using Graph Pad Prism 6.0. 

2.16. Colony formation assays 

MCF-7 cells were seeded on 6-well plate (1,000 cells/well) and 
incubated for 24 h at 37 ◦C in a humidified atmosphere with 5% CO2, 
and then exposed to WZZ02 at final concentrations of 2.5, 1.25, 0.625, 
0.3125 μM and DMSO as a control for 7 days. At last, the cells were fixed 
with methyl alcohol and dyed with crystal violet. The pictures were 
taken by using cell imager. 

2.17. Cell scrape assay 

MCF-7 cells were seeded on 6-well plate (300,000 cells/well) and 
incubated for 24 h at 37 ◦C in a humidified atmosphere with 5% CO2. A 
cross-shaped scrape was made through the monolayer MCF-7 cells using 
a plastic pipet tip, and then the cells were exposed to WZZ02 at final 
concentrations of 5, 2.5, 1.25, 0.625, 0.3125 μM and DMSO as a control, 
respectively. Several wounded areas were observed and photographed 
using microscopy after scratching and then culturing for 0, 24 and 48 h. 
The edge of the cells was marked with a white line to observe obviously. 

2.18. Evaluation of in vivo antitumor activity 

BALB/c female nude mice (three weeks old) were purchased from 
and housed at the Experimental Animal Center of Sun Yat-sen University 
(Guangzhou, China) and maintained in pathogen-free conditions (12 h 
light–dark cycle at 24 ± 1 ◦C with 60–70% humidity and provided with 
food and water ad libitum). All procedures were approved by the Animal 
Care and Use Committee of Sun Yat-sen University and conformed to the 
legal mandates and national guidelines for the care and maintenance of 
laboratory animals. MCF-7 cells were harvested, pelleted through 
centrifugation at 800 rpm for 5 min, and resuspended in sterile serum- 
free medium without EDTA. The cells (1 × 106 in 100 μL) were then 
subcutaneously implanted into the underarm regions of 35 mice. Tumor 
sizes were determined through Vernier caliper measurements, and 
tumor volumes were calculated according to the formula: (shortest 
diameter)2 × (longest diameter)/2. When the tumor size reached 
approximately 100 mm3, the mice were randomly divided into five 
groups (seven mice per group) for intraperitoneal injection (ip) daily 
with either: the vehicle control group, 10 mg/kg WZZ02 treated group, 
5.0 mg/kg WZZ02 treated group, 2.5 mg/kg WZZ02 treated group, and 
Cisplatin 2.0 mg/kg treated group (five weeks). The tumor size and body 
weight of mice were measured once every 2 days after treatment, and 
growth curves were plotted using average tumor volume within each 
experimental group. At the end of the observation period, the animals 
were euthanized by cervical dislocation, and the tumors and organs 
were removed and weighed. The inhibition rate (IR) was calculated 
according to the formula: IR = (1 − Mean tumor weight of the experi
mental group/Mean tumor weight of the control group) × 100%. 

3. Results 

3.1. Chemistry 

In an early study, we have synthesized and studied an acridone de
rivative B19, which can selectively bind to and stabilize oncogene c-myc 
promoter i-motif, resulting in down-regulation of c-myc transcription 
and translation, however its effect on tumor cells apoptosis requires 
improvement.40 Therefore, we synthesized a variety of B19 derivatives 
containing a known anti-cancer fluorescent chromophore naph
thalimide for the purpose of enhancing anti-cancer activity. The syn
thetic pathway for acridone-naphthalimide derivatives was shown in 
Scheme 1. 2-Amino-5-methylbenzoic acid (1) and 4-iodobenzoic acid 
(2) were used as starting materials for three step reactions to give key 
intermediate 5 through Ullmann reaction, intra-Friedel-Crafts acylation, 
and hydrolysis reaction. Next, 4-substituted-1,8-naphthalic anhydride 
(6) was reacted with various types of amines (7) to produce compound 8 
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(L1-L14), which was then reacted with intermediate 5 to give compound 
9 (N1-N14). After initial screening through SPR experiment, compound 
N14 was found to have an optimal chain linker for selective binding with 
PDGFR-β gene promoter i-motif and G-quadruplex. It has been reported 
that N-methylpiperazine group can interact with G-quadruplex with 
high affinity in cells,45 which was therefore incorporated into compound 
N14 to produce compound WZZ02 for improved binding affinity, 
through reaction with 1-methylpiperazine catalyzed with Pd/C and 
dicyclohexyl-(2-phenylphenyl)phosphane. 

3.2. Interactive studies of acridone-naphthalimide derivative WZZ02 
with PDGFR-β gene promoter i-motif and G-quadruplex 

SPR experiment was performed to evaluate binding affinity of 
WZZ02 with various oncogene promoter i-motif and G-quadruplex, and 
we found that WZZ02 could selectively bind with PDGFR-β gene pro
moter i-motif and G-quadruplex (Table S2), with their KD values deter
mined to be 3.12 and 3.23 μM respectively (Fig. S1A&B). MST 
experiment was also performed to verify the result, with the binding 
affinity of WZZ02 to PDGFR-β promoter i-motif, G-quadruplex and 
duplex DNA determined to be 4.52 ± 0.49 μM, 6.11 ± 0.48 μM, and 529 
± 74 μM (Fig. S2A-C). This indicated that WZZ02 had good binding 
affinity with PDGFR-β promoter i-motif and G-quadruplex, without 
significant interaction to duplex DNA. For comparison, a well-known G- 
quadruplex binding ligand TMPyP4 was used as a control, with its 
binding affinity to PDGFR-β promoter i-motif, G-quadruplex and duplex 
DNA determined to be 463 ± 62 μM, 3.96 ± 0.35 μM, and 1,310 ± 78 μM 
through MST experiment (Fig. S2D-F). This indicated that TMPyP4 had 
good binding affinity with PDGFR-β promoter G-quadruplex without 
significant interaction to PDGFR-β promoter i-motif and duplex DNA. 

In order to know whether WZZ02 could affect stability of PDGFR-β 

promoter i-motif and G-quadruplex, we performed CD-melting experi
ment. Oligomer Py41 (2 μM) in BPES buffer at pH 5.5 with sequence of 
PDGFR-β promoter i-motif had melting temperature of 58.24 ◦C 
(Fig. S3), and addition of 10 μM WZZ02 could reduce its melting tem
perature to 41.51 ◦C, with ΔTm value of − 16.73 ◦C (Fig.  2A). On the 
other hand, oligomer Pu41 (2 μM) in Tris-HCl buffer at pH 7.4 with 
sequence of PDGFR-β promoter G-quadruplex had melting temperature 
of 77.41 ◦C (Fig. S3), and addition of 10 μM WZZ02 could increase its 
melting temperature to over 100 ◦C, with ΔTm value of > 20 ◦C (Fig. 
2B). Our results showed that WZZ02 could both destabilize PDGFR-β 
promoter i-motif and stabilize PDGFR-β promoter G-quadruplex signif
icantly. A well-known G-quadruplex binding ligand TMPyP4 was used 
as a control for comparative studies. For oligomer Py41 (2 μM) in BPES 
buffer at pH 5.5, addition of 10 μM TMPyP4 slightly increased its 
melting temperature to 58.35 ◦C, with ΔTm value of 0.11 ◦C (Fig.  2C). 
For oligomer Pu41 (2 μM) in Tris-HCl buffer at pH 7.4, addition of 10 μM 
TMPyP4 significantly increased its melting temperature to over 100 ◦C, 
with ΔTm value of > 20 ◦C (Fig.  2D). These results showed that TMPyP4 
could stabilize PDGFR-β promoter G-quadruplex without significant ef
fect on PDGFR-β promoter i-motif. 

In order to confirm binding interactions of WZZ02 to PDGFR-β gene 
promoter i-motif and G-quadruplex, we performed CD experiment. 
Oligomer Py41 showed a positive peak at 280–300 nm and a negative 
peak near 260 nm under acidic conditions (Fig. S3), which indicated the 
formation of i-motif structure.37,38 Upon addition of increasing con
centration of WZZ02, the positive peak at 280–300 nm was decreased 
significantly in a dose-dependent manner (Fig.  3A), indicating strong 
interaction of WZZ02 with PDGFR-β promoter i-motif. Oligomer Pu41 
showed a positive peak at 265 nm and a negative peak near 240 nm in 
Tris-HCl buffer at pH 7.4, which indicated the formation of parallel G- 
quadruplex structure. Upon addition of increasing concentration of 

Fig. 2. CD-melting experiment for effect of WZZ02 and TMPyP4 on stability of oligomer Py41 with sequence of PDGFR-β gene promoter i-motif and oligomer Pu41 
with sequence of PDGFR-β gene promoter G-quadruplex. (A) CD-melting experiment for effect of 10 μM WZZ02 on stability of 2 μM oligomer Py41 in BPES buffer at 
pH 5.5, measured at 288 nm. (B) CD-melting experiment for effect of 10 μM WZZ02 on stability of 2 μM oligomer Pu41 in Tris-HCl buffer at pH 7.4, measured at 263 
nm. (C) CD-melting experiment for effect of 10 μM TMPyP4 on stability of 2 μM oligomer Py41 in BPES buffer at pH 5.5, measured at 288 nm. (D) CD-melting 
experiment for effect of 10 μM TMPyP4 on stability of 2 μM oligomer Pu41 in Tris-HCl buffer at pH 7.4, measured at 263 nm. 
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WZZ02, the positive peak at 265 nm was also decreased in a dose- 
dependent manner (Fig.  3B), indicating interaction of WZZ02 with 
PDGFR-β promoter G-quadruplex. 

Fluorescence resonance energy transfer (FRET) experiment was also 
performed to further analyze binding interactions of WZZ02 to PDGFR-β 
gene promoter i-motif and G-quadruplex. Oligomer FPy41T with 
sequence of PDGFR-β promoter i-motif and oligomer FPu41T with 
sequence of PDGFR-β promoter G-quadruplex, were both dual labeled 
with FAM and TAMRA at 5́ and 3́-end. Oligomer FPy41T showed pH- 
dependent spectral change, indicating its pH-dependent conforma
tional change. I585/I518 ratio was determined to be 5.46 at pH 6.2, 
indicating formation of i-motif structure with two dyes at closer distance 
under relatively acidic condition. In comparison, I585/I518 ratio was 
determined to be 0.97 at pH 6.4, indicating unfolding of i-motif struc
ture with two dyes at longer distance under relatively basic condition 
(Fig. 4A). Upon addition of increasing concentration of WZZ02 to 
oligomer FPy41T, I585/I518 ratio was decreased in a dose-dependent 
manner, indicating its unfolding of i-motif structure (Fig. 4B). On the 
other hand, upon addition of increasing concentration of WZZ02 to 
oligomer FPu41T, I585/I518 ratio was increased in a dose-dependent 
manner, indicating its stabilization of G-quadruplex structure. These 
results showed that WZZ02 could unfold PDGFR-β promoter i-motif, and 
induce the formation of PDGFR-β promoter G-quadruplex, which are 
consistent with our CD-melting experimental results. 

For comparison, FRET experiment was also performed to analyze 
effect of TMPyP4 on conformational change of PDGFR-β gene promoter 
i-motif and G-quadruplex. As shown in Fig. S4A, I585/I518 ratio of 
oligomer FPy41T for PDGFR-β promoter i-motif was not affect upon 
addition of increasing concentration of TMPyP4. In contrast, I585/I518 
ratio of oligomer FPu41T for PDGFR-β promoter G-quadruplex was 
increased in a dose-dependent manner upon addition of increasing 
concentration of TMPyP4 (Fig. S4B). These results showed that TMPyP4 
could induce the formation of PDGFR-β promoter G-quadruplex without 
significant effect on PDGFR-β promoter i-motif, which are also consis
tent with our CD-melting experimental results. 

The interaction of WZZ02 with Py41 was further characterized by 

using NMR experiments. The characteristics for the formation of hemi- 
protonated C–C+ base pairs in i-motif structure were imino proton 
peaks at 15–16 ppm, which indicated the formation of PDGFR-β pro
moter i-motif38,39 (Fig. S5). The i-motif structure was relatively stable 
under acidic condition at pH 5.5, which was unfolded under neutral 
condition at pH 6.8. At pH 5.5, upon addition of increasing concentra
tion of WZZ02 to Py41, the imino proton peaks at 15–16 ppm were 
decreased in a dose-dependent manner (Fig. S5A-C), indicating that 
WZZ02 could unfold PDGFR-β promoter i-motif. This result is also 
consistent with above experimental data. 

3.3. WZZ02 down-regulated PDGFR-β gene transcription and translation 
in MCF-7 cells through interaction with its promoter G-quadruplex and i- 
motif 

In order to investigate effect of WZZ02 on PDGFR-β gene transcrip
tion and translation, several experiments were performed, including 
dual-luciferase reporter assay, reverse transcription-polymerase chain 
reaction (RT-PCR), and Western blot. Dual-luciferase reporter assay was 
performed with a psicheck2 plasmid carrying PDGFR-β gene promoter in 
front of the Renilla Firefly luciferase gene. After transfection, MCF-7 cells 
were incubated with WZZ02 at increasing concentration for 48 h. 
WZZ02 was found to significantly reduce the ratio of the Renilla/Firefly 
luciferase activity in a dose-dependent manner, as shown in Fig. S6. 

Then, reverse transcription-polymerase chain reaction (RT-PCR) was 
performed to determine effect of WZZ02 on regulation of PDGFR-β gene 
transcription in MCF-7 cells, through measurement of mRNA levels. As 
shown in Fig. 5A, WZZ02 significantly down-regulated PDGFR-β gene 
transcription in a dose-dependent manner measured through qRT-PCR, 
upon incubation of MCF-7 cells with increasing concentration of WZZ02 
for 12 h. In comparison with WZZ02, TMPyP4 showed relatively mild 
effect in down-regulating PDGFR-β gene transcription in a dose- 
dependent manner, as shown in Fig. 5B. Next, we studied effect of 
WZZ02 on PDGFR-β gene expression, as shown in Fig. 5C. WZZ02 
significantly down-regulated PDGFR-β gene expression in a dose- 
dependent manner measured through Western blot, upon incubation 
of MCF-7 cells with increasing concentration of WZZ02 for 24 h. As 
mentioned above, WZZ02 could bind to both PDGFR-β gene promoter G- 
quadruplex and i-motif. TMPyP4 could bind to PDGFR-β gene promoter 
G-quadruplex only without significant effect on i-motif, which was used 
for comparison. Our above results showed that WZZ02 could signifi
cantly down-regulate PDGFR-β gene transcription and translation in 
MCF-7 cells possibly through its binding to PDGFR-β gene promoter G- 
quadruplex and i-motif. Our present result indicated that effect of 
WZZ02 in destabilizing PDGFR-β promoter i-motif or their interactions 
could make further positive contribution in down-regulating PDGFR-β 
gene transcription. 

3.4. Effect of WZZ02 on MCF-7 cells proliferation, metastasis, apoptosis 
and cycle arrest 

MTT assay was employed to evaluate the activity of WZZ02 against 
human breast adenocarcinoma cell line MCF-7, human colon cancer cell 
line HCT116, human liver hepatocellular carcinoma cell line HepG2, 
human malignant melanoma cell line A375, and human hepatocellular 
carcinoma cell line Huh7. Treatment of MCF-7 cells with increasing 
concentration of WZZ02 led to a remarkable arrest of cell growth in a 
dose-dependent manner with IC50 value of 4.69 μM, comparing with its 
effect on human normal liver cell HEK293 with IC50 value of over 50 μM 
(Table S3). To further evaluate the effect of WZZ02, RTCA assays were 
carried out for MCF-7 cells incubated with increasing concentration of 
WZZ02 (0.625, 1.25, 2.5 μM) for 90 h. RTCA plots were obtained using 
RTCA software 1.1.2, as shown in Fig. S7. The effect of WZZ02 on 
growth arrest of MCF-7 cells was studied upon incubation of MCF-7 cells 
with increasing concentration of WZZ02 for 48 h. WZZ02 was found to 
have a significant effect with its IC50 value determined to be 2.74 ±

Fig. 3. CD experiments for effect of WZZ02 on oligomer Py41 with sequence of 
PDGFR-β gene promoter i-motif and oligomer Pu41 with sequence of PDGFR-β 
gene promoter G-quadruplex. (A) CD experiment for addition of increasing 
concentration of WZZ02 to oligomer Py41 in BPES buffer at pH 5.5. (B) CD 
experiment for addition of increasing concentration of WZZ02 to oligomer 
Pu41 in Tris-HCl buffer at pH 7.4. 
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0.43 μM (Fig. S7). Effect of WZZ02 on migration or invasion of MCF-7 
cells was also studied as shown in Fig. S8. WZZ02 could suppress the 
migration of MCF-7 cells in both dose-dependent and time-dependent 
manners in cell scrape experiment. 

Effect of WZZ02 on apoptosis of MCF-7 cells was also studied as 
shown in Fig. 6. MCF-7 cells were incubated with increasing concen
tration of WZZ02 (0, 1.25, 2.5, and 5 μM), followed with analysis for 
apoptosis using Annexin–FITC/PI double-staining flow cytometry. MCF- 
7 cell apoptosis was increased in a dose-dependent manner, upon in
cubation with increasing concentration of WZZ02. WZZ02 could induce 
significant increase of MCF-7 cells in the early apoptosis from 0.28% to 
33.5%, and remarkable increase of MCF-7 cells in the late apoptosis 
phase from 0.0% to 51.1%. Effect of WZZ02 on long-term (7 days) 
proliferation of MCF-7 cells was also examined through colony forma
tion experiment, as shown in Fig. 7. WZZ02 could apparently inhibit 
proliferation of MCF-7 cells in a dose-dependent manner. Cell cycle 
analysis of MCF-7 cells was also performed with flow cytometry upon 
incubation with WZZ02 for 48 h followed with propidium iodide (PI) 
staining. The percentage of cells was determined for each phase of the 
cell cycle. As shown in Fig. S9, after 48 h incubation with increasing 
concentration of WZZ02, MCF-7 cells in G2/M phase increased from 
15.8% to 31.5%, and MCF-7 cells in G0/G1 phase decreased from 75.7% 
to 48.1%. The effect of WZZ02 on cell cycle was found to be 

concentration dependent, which suggested that WZZ02 induced a cell 
cycle arrest in G2/M phase. 

3.5. Effect of WZZ02 on tumor growth in MCF-7 cervical xenograft 

Since above results showed that WZZ02 could down-regulate 
PDGFR-β gene transcription and inhibit tumor cells growth, its anti- 
tumor activity was further evaluated against a human cervical cancer 
xenograft (MCF-7) in athymic nude mice, as shown in Fig. 8. When the 
tumor size reached approximately 100 mm3, the mice were randomly 
divided into five groups (seven mice per group) for intraperitoneal in
jection (ip) once a day including: vehicle group, WZZ02 2.5 mg/kg 
treated group, WZZ02 5.0 mg/kg treated group, WZZ02 10 mg/kg 
treated group, and Cisplatin 2.0 mg/kg treated group. The tumors were 
collected after 34 days of treatment and analyzed. As shown in Fig. 8 and 
Fig. S10, compared with the vehicle group (mean of 1,511.1 mg), the 
treatment with compound WZZ02 at 2.5 mg/kg, 5.0 mg/kg, and 10 mg/ 
kg resulted in a statistically significant reduction of tumor weight in a 
dose-dependent manner, with a tumor growth inhibition ratio (IR) of 
34.9%, 47.6%, and 56.5%, respectively (tumor weight mean values of 
983.1 mg, 791.4 mg, and 657.8 mg). The wide-spectrum antitumor drug 
cisplatin was injected at dosage of 2 mg/kg as a positive control, to give 
a tumor growth inhibition ratio of 69.6%, with tumor weight mean 

Fig. 4. FRET experiment for effect of WZZ02 on oligomer FPy41T with sequence of PDGFR-β gene promoter i-motif and oligomer FPu41T with sequence of PDGFR-β 
gene promoter G-quadruplex, which were both dual labeled with FAM and TAMRA at 5́ and 3́-end. (A) Oligomer FPy41T showed pH-dependent spectral change, 
indicating its conformational change. I585/I518 ratio was determined to be 5.46 at pH 6.2, indicating formation of i-motif structure with two dyes at closer distance. 
In comparison, I585/I518 ratio was determined to be 0.97 at pH 6.4, indicating unfolding of i-motif structure with two dyes at longer distance. (B) FRET experiment 
for addition of increasing concentration of WZZ02 to oligomer FPy41T in BPES buffer at pH 6.2. I585/I518 ratio was decreased in a dose-dependent manner, 
indicating its unfolding of i-motif structure. (C) FRET experiment for addition of increasing concentration of WZZ02 to oligomer FPu41T in Tris-HCl buffer at pH 7.4. 
I585/I518 ratio was increased in a dose-dependent manner, indicating its stabilization of G-quadruplex structure. 
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value of 458.7 mg (Fig. 8B). Meanwhile, the results of tumor volume 
from each group were consistent with results of tumor weigh. The 
treatment with WZZ02 at dosage of 2.5 mg/kg, 5.0 mg/kg, and 10 mg/ 
kg resulted in significant decrease of the final tumor volume in a dose- 
dependent manner (mean values of 985.1 mm3, 780.0 mm3, and 
640.2 mm3 respectively), comparing with vehicle group (mean value of 
1,530.0 mm3, Fig. 8A). As shown in Fig. 8C, no significant differences in 
body weights were observed among vehicle group and WZZ02 treated 
groups. WZZ02 neither altered cellular morphology nor induced path
ological changes in the weight of mice and their heart, liver, spleen, and 
kidney (Fig. 8C&D), indicating that it was tolerated well at these doses. 
Although Cisplatin had a relatively strong effect on tumor, it also caused 
obviously systematic toxicity to organs. As shown in Fig. 8C&D, as the 
concentration of Cisplatin increase, the weight of mice and organs 
gradually declined, with apparent damage to the organs, as shown in 
Fig. S10B. Our above result showed that WZZ02 exhibited a good 
antitumor activity with the inhibition of MCF-7 cancer cell growth in 
MCF-7 xenografts of BALB/C-nu/nu mice possibly through down- 
regulating PDGFR-β gene transcription. 

4. Discussion 

The PDGFR-β signaling pathway is a validated and important target 
for the treatment of certain malignant and nonmalignant tumors.46–49 It 
has been demonstrated that down-regulation of PDGFR-β expression can 
diminish the PDGFR-β-driven tumor effectively,50 and therefore it is 
essential to develop new strategies targeting the PDGFR-β signaling 
pathway.46 Our results provided an effective method for regulating 
PDGFR-β signaling pathway by small molecule interacting with both G- 
quadruplex and i-motif of PDGFR-β gene promoter. Previous studies 
have been mainly focused on G-quadruplex only, and our present data 

indicated that G-quadruplex and i-motif in PDGFR-β gene promoter are 
both important in controlling PDGFR-β gene expression. 

TMPyP4 is a well-known G-quadruplex binding ligand, which could 
stabilize PDGFR-β gene promoter G-quadruplex without significant ef
fect on PDGFR-β gene promoter i-motif. Comparing with TMPyP4, 
WZZ02 could similarly stabilize PDGFR-β gene promoter G-quadruplex 
but significantly destabilize PDGFR-β gene promoter i-motif. Since 
WZZ02 showed more significant effect of downregulating PDGFR-β gene 
transcription, the destabilization of PDGFR-β gene promoter i-motif by 
WZZ02 or their interactions could make strong positive contribution in 
downregulating PDGFR-β gene transcription. The destabilization of 
PDGFR-β gene promoter i-motif by WZZ02 was strongly supported by 
our FRET assay and CD-melting experiment, which could be possibly 
due to binding interactions of WZZ02 to the i-motif. These binding in
teractions or destabilization of the i-motif could prevent its binding with 
activating transcription factor resulting in downregulation of PDGFR-β 
gene expression. Since PDGFR-β mRNA could also contain G-quadruplex 
or i-motif on its 5′UTR, it is necessary to know whether WZZ02 could 
affect stability of PDGFR-β mRNA. Actinomycin D is a known antibiotic 
inhibiting mRNA synthesis. Our incubation of MCF-7 cells with Acti
nomycin D in the presence and absence of WZZ02 showed almost the 
same degradation velocity of PDGFR-β mRNA, indicating that WZZ02 
had no significant effect on stability of PDGFR-β mRNA, and its effect on 
translational level decrease is solely due to the decrease in transcription. 

It has been previously reported that the stabilization of promoter i- 
motif by small molecule could upregulate BCL2 gene transcription.51 G- 
quadruplex and i-motif structures have been suggested to exist in a 
mutually exclusive fashion, and these two types of structures have been 
shown to mainly exist in different cell cycle stages.26 It is likely that their 
mutual exclusivity in cells is regulated by relevant expression levels of 
DNA binding proteins related with cell signaling pathways. G- 

Fig. 5. Effect of WZZ02 and TMPyP4 on PDGFR-β gene transcription and translation in MCF-7 cells. (A) WZZ02 down-regulated PDGFR-β gene transcription in a 
dose-dependent manner measured through qRT-PCR, upon incubation of MCF-7 cells with increasing concentration of WZZ02 for 12 h, with β-actin used as an 
internal standard. (B) TMPyP4 down-regulated PDGFR-β gene transcription in a dose-dependent manner measured through qRT-PCR, upon incubation of MCF-7 cells 
with increasing concentration of TMPyP4 for 12 h, with β-actin used as an internal standard. (C) WZZ02 down-regulated PDGFR-β gene expression in a dose- 
dependent manner measured through Western blot, upon incubation of MCF-7 cells with increasing concentration of WZZ02 for 24 h, with β-actin used as an in
ternal standard. 
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Fig. 6. MCF-7 cells were incubated with increasing concentration of WZZ02 (0, 1.25, 2.5, and 5.0 μM), followed with analysis for apoptosis using Annexin–FITC/PI 
double-staining flow cytometry. 

Control             1.25 M            2.5 M              5.0 M 

Fig. 7. Effect of WZZ02 on long-term (7 days) proliferation of MCF-7 cells.  
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quadruplexes largely act as transcriptional repressors, while i-motifs 
could possibly act as either transcriptional activators or repressors. Our 
present results indicated that stabilization of promoter i-motif could 
upregulate PDGFR-β gene transcription, and therefore PDGFR-β gene 
promoter i-motif could possibly act as a transcriptional activator. For in 
vitro studies, WZZ02 showed stabilization of PDGFR-β gene promoter G- 
quadruplex but destabilization of PDGFR-β gene promoter i-motif at 
molecular levels, which are possibly due to their different binding 
modes and could be further studied in the future by a research group 
expert in structural determination. 

Previously, we have synthesized and studied an acridone derivative 
B19, which can selectively bind to and stabilize oncogene c-myc pro
moter i-motif, however its effect on tumor cells apoptosis is not good 
enough.40 Therefore, a known anti-cancer fluorescent chromophore 
naphthalimide was introduced to derivative B19 for the purpose of 
enhancing anti-cancer activity. It has been shown that naphthalimide 
chromophore can form stacking interactions with DNA adenine bases41 

with strong anti-cancer activity.42–44 On the other hand, N-methyl
piperazine group has been shown to interact with G-quadruplex with 
high affinity in cells,45 which was also introduced to derivative B19 to 
give final product, acridone-naphthalimide derivative WZZ02. WZZ02 
had strong binding affinity to PDGFR-β promoter i-motif and G-quad
ruplex with its KD values determined to be 3.12 and 3.23 μM through 
SPR experiment, which was also confirmed through MST experiment. 
WZZ02 could bind to both G-quadruplex and i-motif resulting in sig
nificant down-regulation of PDGFR-β gene transcription selectively, 
with potent anti-cancer activity. In comparison, neither acridone nor 
naphthalimide alone had significant binding to PDGFR-β gene promoter 
G-quadruplex and i-motif, with their KD values determined to be all over 
50 μM. WZZ02 showed potent activity to various types of cancer cells 
including MCF-7, HCT116, HepG2, A375, and Huh7 cells with its IC50 
values determined to be 4.69, 3.08, 9.62, 3.09, and 3.52 μM. In com
parison, neither acridone nor naphthalimide alone had significant effect 
on these types of cancer cells, with their IC50 values determined to be all 
over 20 μM. Our results strongly indicated that WZZ02 targeted on both 
G-quadruplex and i-motif of PDGFR-β gene promoter in cells, resulting 
in down-regulation of PDGFR-β gene transcription selectively, leading to 
its potent anti-cancer activity. 

It should be noted that WZZ02 could have a variety of other potential 
medical applications because of its naphthalimide fluorescent chromo
phore. It has been reported that the derivatives of 1,8-naphthalimide 
have various photophysical and biological properties and possibly 
function as free radical scavengers,52 fluorescent labels,53 photoredox 
agents/photosensitizers,54 and imaging agents.55–58 The derivatives of 
1,8-naphthalimide are particularly attractive as fluorophores, because of 
their high quantum yields and photo-stability, with their fluorescence 
possibly tuned throughout a wide spectral range from blue to red.59 It 
has also been shown that the derivatives of 1,8-naphthalimide could 
possibly function as fluorescent pigments and dyes,60 fluorescent sensors 
for specific metal cations,61,62 pH sensors,63 optical switches,64 and 
organic luminescent devices.65–67 The wide properties for the de
rivatives of 1,8-naphthalimide could facilitate further in-depth mecha
nistic studies of WZZ02 through other fluorescent physical and chemical 
methods, which could help to further understand the function of PDGFR- 
β promoter G-quadruplex and i-motif. Our present results showed that 
WZZ02 could become a potential lead compound for further develop
ment for cancer treatment with improved potency and selectivity. 
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Fig. 8. Evaluation of the tumor growth inhibition by WZZ02 in MCF-7 xeno
graft model. WZZ02, Cisplatin, and saline (as vehicle) were administered 
through ip injection to athymic nude mice with human tumor xenografts 
established using MCF-7 cells. The mice were injected ip once a day for 34 days. 
Vehicle controls were injected with 100 μL of saline. The positive control group 
received Cisplatin through ip injection at a dose of 2.0 mg/kg, once a day. 
Compound WZZ02 was similarly administered to mice, once a day, at doses of 
2.5, 5.0 and 10 mg/kg, respectively. (A) The tumor sizes were measured and 
recorded every two days. The tumor volumes were calculated from sizes 
measured and recorded every day. The volume (mm3) = length (mm) × width 
(mm)2/2. (B) The tumor weight at the end of treatment. (C) The body weights 
were measured and recorded every two days. (D) Organ weights of the mice in 
each group at the end of observation period. 
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