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The complexes of the type [PtCl(L2)(ACRAMTU)](NO3)> (ACRAMTU = 1-[2-(acridin-9-ylamino)ethyl]-1,3-di-
methylthiourea) were synthesized: PT-ACRAMTU (1), L2 = ethane-1,2-diamine (en); PT(dach)-ACRAMTU (2),
L2 = (1R,2R)-1,2-diaminocyclohexane (dach); PT(pda-OH)-ACRAMTU (3), L2 = 2-hydroxy-1,3-propanedia-
mine (pda-OH). The complexes containing diverse diamines exhibit different DNA binding capacity and cyto-
toxicity. Complex 3 shows excellent capability not only on the strongest non-cisplatin-type DNA damage, but
also superior anticancer activity in NCI-H460 cells (ICso = 0.23 = 0.05 uM). For overcoming water insolubly
and side effects, we encapsulated complex 3 into liposomes. PT@NPs were characterized in terms of particle size,
morphology, drug loading capacity (DLC), encapsulation efficiency (EE) and stability. In vitro triggered release
showed that the release of the platinum drug was steerable and the release rate was fast under low pH (< 7.0)
and high temperature (> T, = 41 °C). PT@NPs showed significant inhibitory effect in NCI-H460 cells. Flow
cytometry analysis indicates GO/G1 phase arrest of cells treated with complex 3, whereas cells treated with
cisplatin progress to G2/M of the cell cycle. The mechanistic differences validate that complex 3 is a potent
anticancer agent superior than current clinical platinum-based therapies. PT@NPs have the potential in drug

delivery systems (DDS) for non-small cell lung cancer (NSCLC) therapy.

1. Introduction

Cisplatin is a drug widely used in a variety of cancer treatment, but
its application is limited for the side effects such as resistance, dose-
dependent nephrotoxicity, neurotoxicity and emetogensis [1]. To solve
these disadvantages of cisplatin, numerous analogues have been de-
veloped and evaluated to search for novel active agents [2].

DNA is the ultimate target of platinum drugs and DNA binding mode
is a critical factor of platinum cytotoxicity [3]. Platinum compounds
exert anticancer activity through the formation Pt-DNA adducts, re-
sulting in DNA structural changes and activation of the cell death
pathways such as apoptosis [4,5]. However, cellular resistance to pla-
tinum-based agents is a common feature in mammalian cells [6,7].
Resistance mechanisms are multifaceted and may involve low cellular
uptake of drugs, and/or enhancement of DNA repair systems, or in-
activation by high levels of cellular thiol containing molecules, such as
glutathione or metallothioneine [7,8]. Therefore, one aim at developing
new cancer therapeutics is making DNA structure change that is not
recognized or repaired by DNA repair machinery, thus inducing cell
apoptosis.

We have synthesized a series of acricine derivatives, and some of
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which exhibited excellent anticancer activity [9,10]. Platinum-acridine
agents are derived from the prototypical complex PT-ACRAMTU, which
target DNA through a dual binding mode involving intercalation and
monofunctional platination of nucleobase nitrogen [11,12]. The for-
mation rates of the hybrid adducts are significantly higher and DNA
damages are more serious than the classical cross-links [13]. In addi-
tion, the hybrid adducts are significantly more potent inhibitors of RNA
polymerase II than the cross-links [14]. The cumulative effects lead to
cell cycle arrest in G1/S phase and efficiently trigger apoptosis of
NSCLC models [15]. In the most sensitive cell lines, PT-ACRAMTU
proved to be more active than cisplatin, and enhanced cytotoxicity was
typically observed for the platinum-acridines compared to the pla-
tinum-free acridines [13]. The Pt—S linkage is resistant to nucleophilic
attack by nucleobase nitrogen, causing ACRAMTU a typical non-leaving
group. PT-ACRAMTU shows activity in a number of cancers including
cisplatin sensitivity and resistant cancers, such as ovarian, colon, leu-
kemic, nonsmall cell lung, and pancreatic cell lines [16-18].
Nanocarriers have attracted worldwide attention for use as carriers
of chemotherapeutical drugs [19-24]. Nanocarriers have many super-
iorities, including enhanced endocytosis, prolonged circulation time,
controlled drug release and so on [25-30]. Many studies showed that
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nanocarriers can significantly enhance the anticancer effect of the drugs
in tumor tissues, for the accurate transportation [31-39]. Liposomes
can effectively and controllably release drugs, for their good bio-
compatibility and brief surface functionalization [40,41].

To delineate structure-activity relationships within a series of pla-
tinum-acridine complexes, we synthesized a novel platinum-acridine
agent 3,and we used 1 and 2 to describe structure-activity relationships.
The results demonstrate that the nature of diamines is a critical factor
for the DNA binding and biological activity of these complexes, and
complex 3 is an active anticancer agent. Then we selected an active
complex 3 to build polymeric nanoparticles, using liposomes as the
nanocarrier, and cyclic (Arg-Gly-Asp-p-Phe-Lys) (cRGD) peptide as a
targeted ligand, which exhibited a high affinity for a,f3 integrins, an
overexpressed protein in tumor cells. The results demonstrated that the
targeted PT@NPs had a well-controllable drug release, and the poten-
tial for drug delivery system (DDS) for non-small cell lung cancer
(NSCLC) therapy.

2. Material and methods
2.1. Synthesis of platinum-acridine compounds

All reagents were obtained from common vendors and used as ob-
tained. The platinum precursors [Pt(L2)Cl,] were prepared following
the method described by Dhara [42,43]. [PtCI(L2)(ACRAMTU)](NOs3),
were generated according to the procedures published earlier [16,44].
(Scheme 1).

2.2. Preparation of PT(pda-OH)-ACRAMTU loaded liposomes (PT@NPs)

The cRGD-PEG-PCL was synthesized according to our previous work
[45]. Liposomes encapsulating were formulated using a film hydration
method, according to the literature [46,47]. Briefly, SP (45 mg), cRGD-
PEG-PCL (3 mg), and PT(pda-OH)-ACRAMTU (20 mg) were dissolved in
acetonitrile, and a thin film was formed through reduced pressure
distillation. The acetonitrile was completely removed in a vacuum
drying oven. The film was added deionized water and ultrasonicated for
5min. The suspension was shaken for 30 min at 30 °C to ensure well
dispersed. The formation was centrifuged at 3000 rpm for 15 min, then
filtered using a 0.22 um filter (Millipore) and lyophilized.
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2.3. Characterization of PT@NPs

The particle size distribution was measured using dynamic light
scattering (DLS) at 25°C, the samples were gradually squeezed out
through 0.22pm membrances after ultrasonic vibration for 5min.
Samples were diluted 2 fold with ultrapure water, then measured in
triplicate. The particle size distribution data was generated using DTS
Nano software. The liposome size polydispersity was indicated by the
polydispersity index (PDI). The shape and surface morphology of the
particle was visualized with a JEM-100CXII transmission electron mi-
croscope.

2.4. Drug loading capacity (DLC) and encapsulation efficiency (EE) of
PT@NPs

The complex 3 was extracted from the dried drug-loaded liposomes
with methanol, and the mass of PT@NPs was calculated using a high
performance liquid chromatograph (HPLC) at 212 nm (comparing with
complex 3 calibration curve, see Fig. S5). The drug loading capacity and
encapsulation efficiency were calculated according to the following
equations:

EE(%) = Welght of drug in NPs % 100%
Weight of total drug @
DLC(%) = Welg.ht of drug in NPs % 100%
Weight of PT@NPs 2

2.5. Stability of the liposomes

The stability of the prepared PT@NPs was evaluated within four
weeks. The changes of particle size and PDI were analyzed using DLS.
Liposomal samples were centrifuged at 1500 rpm for 10 min to ensure
that impurities were sedimented. 3 mL aliquot taken from the supernate
was measured using HPLC. Each sample was measured three times.

2.6. In vitro triggered release of liposomes

The PT(pda-OH)-ACRAMTU released from PT@NPs was measured
through testing the platinum drug released from the liposomes [48]. We
detected the pH (7.4, 7.2, 7.0, 6.8, 6.5 and 6.0) and the temperature
(25, 37, 40, 42 and 45 °C) triggered release of liposomes. The solution
was centrifuged at 1500 rpm for 15min to make sure that the free
PT(pda-OH)-ACRAMTU was sedimented. The supernate was collected,
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Scheme 1. Reagents and conditions: a) (i) KI, dark, rt.; (ii) L2; (iii) AgNO3; (v) NaCl; b) (i) NaOCgHs, reflux; (ii) THF, reflux; (iii) HCl, CH3;COOH, rt.; (iv) 2 M NHs,

rt.; (v) MeNCS, EtOH, reflux; (vi) AgNO3, DMF, dark, rt.
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and filtered using a 0.22 um filter in the dark, PT(pda-OH)-ACRAMTU
mass loaded in the liposomes was calculated using HPLC at 212 nm.

To investigate the pH triggered releasing efficiency, three aliquots
of PT@NPs were immersed in 2 mL of buffer solution at 25 °C of dif-
ferent pH values (7.4, 7.2, 7.0, 6.8, 6.5 and 6.0), which were shaken at a
certain time interval. After centrifugation, the supernatant was added
an equal volume of fresh medium to measure the absorption. Through
comparing the absorption curve of pure PT(pda-OH)-ACRAMTU in
different pH solutions, the amount of released PT(pda-OH)-ACRAMTU
can be calculated.

The procedure for investigation the thermally stimulated release
efficiency was quite same as that for pH triggered release investigation.
We set different temperatures (25, 37, 40, 42 and 45 °C).

2.7. Gel electrophoresis

Gel electropboresis used Tris-HCl buffer (50 mM Tris/50 mM NacCl,
pH7.4) to treat the samples. The plasmid pUC18 DNA was treated by
cisplatin and three complexes 1-3 with different concentrations. After
the samples were incubated at 37 °C for 2 h, a loading buffer containing
25% bromophenol blue was added and electrophoresis was performed
at 80V for 0.5 h in TBE buffer using 1% agarose gel containing 1.0 ug/
mL GelRed. Bands were visualized by UV light and photographed on a
capturing system.

2.8. Circular dichroism (CD)

Circular dichroism (CD) was performed in Tris-HCI buffer (5 mM
Tris/50 mM NaCl, pH 7.4). Solutions of calf thymus DNA (ctDNA) gave
a ratio of UV absorbance at 260 and 280 nm of 1.8, indicating that the
DNA was sufficiently free of protein. The concentration of ctDNA was
determined spectrophotometrically using the molar absorption coeffi-
cient 6600 M~ ' em ™! at 260 nm. The stock solution was stored at 4 °C
and used in 4 days. The CD spectras of ctDNA were recorded as follows.
Each samples of ctDNA with different concentrations of the complexes
1-3 were incubated at 37 °C for 12h in the dark and were scanned in
the wavelength range of 220-320 nm, the buffer background was sub-
tracted.

2.9. Cell culture

Breast cancer cell line MCF-7, human hepatocarcinoma cell line
HepG2 and human non-small-cell lung carcinoma cell line NCI-H460
were purchased from the Type Culture Collection of the Chinese
Academy of Sciences, Shanghai, China. With 10% (v/v) fetal bovine
serum and antibiotics at 37 °C in an atmosphere of 5% CO,, MCF-7 and
HepG2 cells were cultured in DMEM, while NCI-H460 cells were cul-
tured in RPMI-1640.

2.10. Cell viability assay

The viability of cells was measured with MTT assay according to the
standard protocol with minor modifications [49]. Cell suspension was
dispensed into 96-well plate (5 x 10® cells/well) and we pre-incubated
the plate for 24 h, followed by treatment with various concentrations of
the complexes 1-3 and PT@NPs for 48 h, with cisplatin as control.
Next, 50 pL. MTT in PBS was added to each well of the plate and then
incubated at 37 °C for 2-3 h. The absorbance of each well at 590 nm was
measured under a multimode plate reader (PerkinElmer, EnVision,
USA). The results representing the average of 3 parallel samples were
expressed as the relative percentage of cell growth inhibition.

2.11. Apoptosis induction

Phosphatidylserine externalization was measured using Annexin V-
FITC/PI apoptosis detection kit (BD Pharmingen, San Jose, CA, USA)
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following the manufacturer's instructions. Briefly, NCI-H460 cells were
seeded in 6-well plates, treated with complex 3, PT@NPs and cisplatin
at a concentration of 5uM and incubated for 24 h. Cells treated with
blank liposomes were used as control. Cells were washed with cold PBS
and resuspended in 100 pL binding buffer and incubated with 5 pL
Annexin-FITC and 10 pL PI in the dark for 15 min. Samples were tested
using flow cytometry.

2.12. Cell cycle assay

NCI-H460 cells were treated for 24 h with complex 3. Briefly, cells
were collected and washed twice in PBS and then resuspended in
0.5 mL of staining buffer of propidium iodide (PI) in the dark for 30 min
at room temperature. Nuclear PI fluorescence signal was recorded on
the FL2-A channel of a FACS scan flow cytometer. The number of cells
in G1, S and G2 phases was expressed as percentages of total events.

3. Results
3.1. Design and chemistry

Complexes 1-3 were synthesized according to the procedures pub-
lished earlier [16,44]. The dach was introduced to alter flexibility and
steric bulk in the ligand periphery. The pda-OH was chosen for its po-
tential to be a donor or an acceptor for hydrogen bond, which could
play an important part in binding the active part of platinum complexes
with DNA of cancer cells. The complexes 1-3 were generated from the
corresponding diaminedichloroplatinum(II) precursors after abstraction
of one chloro using AgNO; followed by reaction with 1 equiv. of
ACRAMTUHNOs;. All complexes were isolated as the water-soluble ni-
trate salts and characterized by 'H NMR spectroscopy and Time of
Flight Mass Spectrometry (Fig. S1 and S2).

3.2. Preparation and characterization of liposomes

Liposomes were prepared used the thin-film hydration method de-
scribed in the previous literature. The schematic diagram of the pro-
cedure is presented in Fig. 1. In order to prepare liposomes with sui-
table particle size and good morphology, a series of experiments with
different reactant ratios were carried out. Finally, we obtained lipo-
somes with good sizes, which suitable for in vivo delivery. The prepared
liposomes have a uniform spherical shape, with a mean size of around
97 nm, as shown in Fig. 2. The addition of phospholipids enhanced the
stability of the prepared liposomes. The TEM image showed that the
surface of the prepared liposomes was smooth.

The reactant formulas and the test results are listed in Table S1. The
results exhibited the property of the liposomes, such as mean particle
size, EE, DLC and PDI. The liposomes displayed well morphology
homogeneity, with PDIs were below 0.3. The mean diameters increased
from 75.12 to 116.57 nm with the increasing ratio of phospholipids.

3.3. DNA binding study

The DNA unwinding was measured on pUC18 supercoiled plasmid
DNA by agarose gel electrophoresis. Intrastrand cross-links formed by
cisplatin cause unwinding of DNA duplex by 13° at each platination site
[50]. Incubation of pUC18 with various amounts of platinum-acridine
hybrid agents are shown in Fig. S3. Three complexes show the differ-
ences in the relative degrees of the DNA unwinding compared to cis-
platin. Complex 3 produces the most intense DNA damage, whereas the
relaxed form produced by 2 results in less intense band on the gel
compared to 1.

The CD spectra of the series of complexes with 4 X 10~>M B-form
ctDNA showed positive bands at 275 nm due to base stacking and ne-
gative bands at 245 nm due to DNA right-handed helicity. (Fig. S4) The
intensity of negative bands increased and slight red shifts were
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Fig. 1. (A) Pure phosphatide liposomes; (B) PT@NPs; (C) cRGD-PEG-PCL; (D) Complex 3.

observed with increasing concentration of complexes. The intensity of
positive bands at 275nm also increased with no significant red shift
when the concentration of complexes increased. The above enhance-
ment of molar ellipticity at 275 nm indicated that the complexes in-
teract with ctDNA, by intercalation or external binding. Slight red shifts
suggest retention of the B-form conformation. The differences in en-
hancement of the bands at 275nm are pronounced, indicating a dif-
ference in the extent of intercalation by the complexes. The order of
increasing intercalation is 2 < 1 < 3. Thus, the CD analysis revealed
that the changing type of diamine nonleaving groups in PT-ACRAMTU
analogues affect their binding interaction with DNA.

3.4. The stability of the liposomes

The stability of the liposomes was estimated on 0, 3, 7, 14, 21 and
28 days. At each time point, the PT@NPs was centrifuged at 1500 rpm
for 10 min to make sure that the leaked PT(pda-OH)-ACRAMTU was
precipitated. The supernatant was extracted and mixed with methanol
separately, and centrifuged, and the PT(pda-OH)-ACRAMTU was cal-
culated for each time point in triplicate using HPLC at 212 nm, com-
paring with the PT(pda-OH)-ACRAMTU calibration curve (Fig. S5). The
results indicated that a large part of liposomes retained PT(pda-OH)-
ACRAMTU without obvious leakage, and showed good stability as show
in Fig. 3. The particle size and the EE showed slightly change. The re-
sults exhibited that the PT@NPs can show excellent stability for a
certain period.

3.5. In vitro pH and temperature triggered release of liposomes

To investigate the pH-dependent release efficiency, the lipsome
solution was divided into six aliquots and adjusted pH to 7.4, 7.2, 7.0,
6.8, 6.5 and 6.0. The solution was vibrated at certain time intervals.

A

100 4
80+
60

40

Percentage (%)

H 3
s 3
H 3
H 3
N 2
H 3
N °
H 3
s >
N ]
s °
s v

20 §
< 9

X
° °

& °

T
100
Diameter (nm)

After centrifugation, the supernatant was added an equal volume of
fresh medium, and taken out to measure the PT(pda-OH)-ACRAMTU
content. By comparing with the absorption values from the PT(pda-
OH)-ACRAMTU calibration curve, the amount of released PT(pda-OH)-
ACRAMTU was calculated.

The results indicated that the liposomes exhibit pH-sensitive trig-
gered release, as shown in Fig. 4A. The release process of PT(pda-OH)-
ACRAMTU was monitored at certain time intervals over 24 h at 25 °C.
The amounts of released PT(pda-OH)-ACRAMTU increased while the
pH value reduced. At 24 h, 35.6% of PT(pda-OH)-ACRAMTU was re-
leased at pH = 7.4, while 84.5% of PT(pda-OH)-ACRAMTU was re-
leased at pH = 6.8, and the release amount of PT(pda-OH)-ACRAMTU
obviously increased to 91.5% at pH = 5.0. This may be due to the
addition of PEG-PCL to the lipid bilayer structure of phospholipids,
which showed a tightly arranged state under neutral pH and changed to
hydrophilic chain structure when the pH value was reduced.

To investigate the temperature triggered release of liposomes, we
set different temperatures of 25, 37, 40, 42 and 45 °C in buffer solution
at pH = 7.4. As shown in Fig. 4B, the release curves at different tem-
peratures were obtained. The phase transition temperature (Ty,) of our
prepared liposomes is around 41 °C. After 24 h, the release efficiencies
of PT(pda-OH)-ACRAMTU at 42 °C and 45 °C were 85.5% and 91.5%,
much higher than which at 25°C (39.6%). The liposomes sustained
stable bilayer structure and the PT(pda-OH)-ACRAMTU leaked from the
gaps of the lipid bilayer when the temperature was below T,,,. However,
when the temperature was reached and higher than T,,, the phospho-
lipid structure began to depolymerize, which accelerated the release of
PT(pda-OH)-ACRAMTU from the liposomes. The results showed that
the release of PT@NPs is pH- and thermo-controllable.

Fig. 2. (A) Statistical analysis of the sizes of PT@NPs measured from TEM images. (B) TEM image of PT@NPs.
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Fig. 3. The stability of the PT@NPs in 4 weeks: (A) the change of the mean particle size; (B) the change of the encapsulation efficiency.

3.6. Cell viability

The cytotoxic effect of the complexes 1-3 and PT@NPs were tested
against HepG2, MCF-7 and NCI-H460 cells, cisplatin was used as po-
sitive control. The corresponding ICso values are showed in Table 1,
complexes 1 and 3 show a moderate enhancement of activity compared
to cisplatin in HepG2 cells. However, complex 2 shows low cytotoxicity
with ICso (14.08 = 1.43uM) even higher than cisplatin
(12.1 = 0.9uM) in MCF-7 cells. All complexes show pronounced en-
hanced cytotoxicity in NCI-H460 cells, an even more dramatic effect is
observed for complex 3. The new derivative 3 proves to be the potent
antitumor drug.

To further investigate whether the cancer cells can be efficiently
inhibited by the complexes, we incubated the complexes with HepG2,
MCF-7 and NCI-H460 cells for 24 h at 37 °C, and the cytotoxicity of the
complexes towards cancer cells was investigated with standard MTT
assays (Fig. 5). For HepG2 and MCF-7 cells, the cytotoxicity of the
complexes slightly increased compared with cisplatin. However, sig-
nificant cytotoxicity was observed in NCI-H460 cells when the con-
centration of the complexes increased.

The liposome encapsulated complex 3 reduced the cytotoxicity of
the complex 3, the inhibitory effect of the PT@NPs was obviously lower
than the free PT(pda-OH)-ACRAMTU. However, the PT@NPs showed
excellent cytotoxicity in NCI-H460 cells, this may be for the reason that
the NCI-H460 cells can absorb more amount of PT@NPs.

3.7. Apoptosis induction

To further investigate the induced apoptosis effects of the complex 3
and PT@NPs, Annexin V-FITC/PI assay was performed in NCI-H460
cells. As shown in Fig. 6, blank-liposome did not induce obvious cell
apoptosis, with apoptosis rate of 9.1%. Compared with blank-liposome,
NCI-H460 cells treated with cisplatin, complex 3 and PT@NPs resulted
in 41.5%, 69.7% and 55.8% cells apoptosis. The PT@NPs mediated
apoptosis was remarkable, only slightly lower than complex 3.

A —=—pH=6
—e—pH=6.5
100 4
80
£
g
2 60
£
3
2
ERT
S
&
204

T T
0 5 10 15 20 25
Time (h)

Table 1

Summary of cytotoxicity datas (ICsqg) for Platinum-Acridines and Cisplatin in
Human Solid Tumor Cell Lines. ICs, values are mean + SD from at least three
independent experiments.

Compound Cytotoxicity in different cell lines (ICso = SD, pM)

HepG2 MCEF-7 NCI-H460
Cisplatin 19.2 + 1.6 121 + 0.9 253 = 1.8
Complex 1 4.32 £ 0.21 2.54 = 0.34 0.83 + 0.11
Complex 2 9.75 + 0.84 14.08 + 1.43 2.42 £ 0.25
Complex 3 3.68 = 0.36 5.75 = 0.65 0.23 = 0.05
PT@NPs 12.39 + 1.03 14.63 + 0.89 3.13 + 0.34

* p < 0.05 compared to control.
3.8. Cell cycle

NCI-H460 cell death was induced more efficiently by complex 3
than cisplatin [17]. Thus, the effect of complex 3 on cell cycle progress
was analyzed by flow cytometry. NCI-H460 cells were incubated with
5uM complex 3 for 24h along with untreated cells. Cisplatin-DNA
adducts typically inhibit DNA replication to an extent that slow cell
cycle progression through the S phase but allow cells to accumulate in
the G2/M phase [51], as shown in Fig. 7B. Flow cytometry analysis of
the complex 3 shows an accumulation of cells in the G1 phase but not in
the G2 phase (Fig. 7C). The result shows a GO/G1 phase arrest of NCI-
H460 cells treated with 3, whereas cells treated with cisplatin progress
to G2/M of the cell cycle [15].

4. Discussion

In this paper, we designed PT-ACRAMTU analogues as DNA-tar-
geted agents structurally and functionally differ from cisplatin. PT-
ACRAMTU-type compounds are believed to delay DNA processing en-
zymes by lengthening and unwinding DNA [52]. We evaluated the ef-
fects of variations on the diamine nonleaving groups in PT-ACRAMTU
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Fig. 4. (A) The pH-dependent release of PT@NPs at 25 °C; (B) The thermo-dependent release of PT@NPs at pH 7.4.
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Fig. 5. Relative cell viabilities of HepG2 (A), MCF-7 (B) and NCI-H460 (C) cells after incubation with complexes for 24 h.

analogues, which affected DNA damage and anticancer activity. Bier-
bach et al. [16,17,44] have demonstrated that inactive derivatives can
become lethal cytotoxins through simple chemical modification. The
results showed that the diamine ligands in these PT-ACRAMTU analo-
gues were indeed critical modulators of biological activity. Minor
structural modifications of the diamine in PT-ACRAMTU derivatives
may lead to a changed DNA damage profile and cytotoxicity. The hy-
brid agents produce more severe DNA damage than cisplatin. The
complexes could induce HepG2, MCF-7 and NCI-H460 cells death, and
showed the best growth inhibitory activity against NCI-H460 cells. In
particular, replacing the en chelate of PT-ACRAMTU by a pda-OH
group, resulted in the most active complex 3, which exhibited higher
anticancer activity by affecting cell proliferation and cell cycle

distribution. The limited SAR suggested the importance of hydroxyl
functionality for the cytotoxicity in the PT-ACRAMTU analogues.
Intercalations show moderate cytotoxicity, such as platinum-free
acridines [9,10,17,44]. In our previous work, the acridine compounds
show a good inhibitory activity on breast cancer cells, with ICs, values
in the micromolar concentration [9,10]. PT-ACRAMTU and some of its
derivatives show promising anticancer activity in a broad spectrum of
cancer cells, with ICsg values in the low-micromolar and submicromolar
concentration [11,13,16,53]. In the most sensitive cell line, most of the
PT-ACRAMTU type complexes show stronger cytotoxicity than cisplatin
and platinum-free acridines [16]. Complex 3 is remarkably cytotoxic in
NCI-H460 cells. BBR3464, a trinuclear platinum complex in clinical
trials, is a platinum-based complex which inhibits NCI-H460 cell
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Fig. 7. (A) Cell cycle analysis of untreated NCI-H460 cells, (B) NCI-H460 cells treated with 5pM cisplatin and (C) NCI-H460 cells treated with 5pM complex 3 for

24 h. The percentages given are average values of three incubations.

proliferation with similar potency [54].

The active complex 3 was encapsulated into liposomes for delivery
in cancer therapy. The PT@NPs showed the appropriate size of around
97 nm and spherical morphology. The EE and DLC of PT@NPs were
73.97% and 32.43%. The PT@NPs showed excellent stability, with
slight change in the particle size and EE in four weeks. The pH and
temperature triggered release of the liposomes showed that the release
of the Pt drug was steerable, the release rate was fast under low pH and
high temperature. Thus, the prepared liposomes can release slowly in
normal tissues, and release rapidly in tumor tissue. In MTT assay, the
PT@NPs also showed excellent cytotoxicity in NCI-H460 cells.

In conclusion, a noncross-linking agent based on platinum is able to
generate a significant cell death compared to cisplatin in NCI-H460
cells, which is mediated by weakened DNA repair mechanism. Thus,
PT-ACRAMTU derivatives may be effective chemotherapy anticancer
agents in the treatment of some cancers, and they are potential to
overcome tumor resistance to cisplatin. For overcoming the water in-
solubly and side effects, we encapsulated complex 3 into liposome. The
features presented by PT@NPs in our work demonstrate that they have
the potiential in drug delivery systems (DDS) for non-small cell lung
cancer (NSCLC) therapy.
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