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ABSTRACT

In this study, arsenic trioxide (ATO) was encapsulated in liposomes via copper acetate
(Cu(OAc),) gradients and high entrapment efficiency of over 80% was obtained. The average
particle size and the zeta-potential of the liposomes were detected to be 115.1+£29.1nm
and —21.97 £ 0.6 mV, respectively. The TEM images showed rod-like precipitates in the inner
aqueous phase, which was supposed be due to the formation of insoluble ATO-Cu complex.
The in vitro drug release of ATO-Cu liposomes exhibited a sustained release over 72h, and
the release rates decreased with the increase of the pH of release media. Pharmacokinetic
and tissue distribution studies of ATO liposomes showed significantly reduced plasma
clearance rate, increased AUCq-1, and Ty, and improved tumor distribution of As compared
to iv administration of ATO solution. The anti-tumor effect of ATO loaded liposomes to
5180 tumor-bearing mice was significantly improved with a tumor inhibition rate of 61.2%,
meanwhile the toxicity of encapsulated ATO was greatly decreased. In conclusion, ATO
can be effectively encapsulated into liposomes by remote loading method via Cu(OAc),
gradients; the co-administration of ATO and Cu(Il) via liposomal formulation may find wide
applications in the treatment of various tumors.
© 2018 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction promyelocytic leukemia [1,2]. Preclinical studies have also
shown the antitumor activity of ATO in murine solid tumor
Arsenic trioxide (As;O3, ATO) is a successfully developed models, including breast, brain, liver, renal, and bladder

therapeutic agent wused for

the treatment of acute  cancers [3,4]. Unfortunately, little or even no antitumor
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efficacy has been observed in clinical trials for the treatment
of solid tumors with ATO [5]. Two factors seem to be the
limitation for the applications of ATO in clinical practice, i.e.
rapid renal clearance that greatly limits tumor uptake of ATO,
and dose-limiting toxicity [6,7]. Dose of more than 0.20mg
ATO/kg/d may cause severe side effect, including flaccid
paralysis and renal failure [8].

Liposomal carriers have been intensively investigated
to deliver active drugs to tumor, maintain drug stability,
and prolong blood circulation period, thus improve
antitumor efficiency and reduce unexpected side effects
of the therapeutic agents [9,10]. Encapsulation of ATO in
liposomes may alter its tissue distribution in a beneficial
way. However, previous attempts demonstrated that ATO
liposomes were unstable due to the rapid diffusion of As(OH)3
through liposomal lipid bilayer [11]. In fact, many liposomal
formulations showed the drawback of rapid drug release,
such as ciprofloxacin and vincristine liposomes [12,13], and
different strategies were introduced to solute this problems
depending on the properties of encapsulated agents.

The precipitation of drug with the transitional metal
ion (Cu?*, Ni%?*, Mn?*, etc) in the preformed liposomes
was proved to be effective in retaining drug molecular
inside liposomes during blood circulation [14-16]. ATO was
effectively loaded into liposome by precipitating with nickel
(IT) inside the inner aqueous phase, which showed therapeutic
potential to solid tumors in animal models [17-19].Different
to nickel, copper (Cu) is an essential trace element in
human body, which plays important roles in regulating the
physiological functions of circulation, excretion, respiration,
digestion and nerve system.In addition, recent studies also
found unique role of copper in the treatment of various
tumors. Wang et al. reported that Cu(ll) liposomes exhibit
low toxicity but high tumor inhibition rate to prostate
cancer [20]. Combined administration of disulfiram and
Cu(ll) resulted in significant therapeutic effects to prostate
cancer and glioblastoma cancer [21,22]. In another study,
Cu(Il) coordination complexes were reported to inhibit DNA
synthesis and induce cell death of multiple cancer cell
types with reduced toxicity to normal cells, which was
expected to be the potential anticancer agents in replacement
of platinum [23]. Recently, Zhou [24] et al. reported that
poly(metal) containing As (III) and Cu (II) significantly induced
the apoptosis and autophagy of K562 leukemia cells and
HepG2 cells.

In this study, ATO and Cu(ll) was co-loaded into
liposomes using a remote loading method through copper-
acetate (Cu(OAC),) gradient aiming to obtain higher ATO
encapsulation efficiency and better antitumor activity. The in
vitro drug release, pharmacokinetics and tissue distribution
properties of the liposomes were evaluated, and the antitumor
efficacy was studied in S180 tumor-bearing mouse model.

2. Materials and methods

2.1. Materials, cell line, and animals

Sodium  arsenite  (purity>98.0%) was  purchased
from Xiya Reagent (Chengdu, China). Hydrogenated
soy  phosphatidylcholine  (HSPC) and  N-(carbonyl

methoxypolyethyleneglycol 2000)-1,2-distearoyl-sn-glycero-
3-phosphoethanolamine (mPEG2000-DSPE) were purchased
from Avanti Polar Lipid, Inc. (Alabama, USA). Cholesterol (CH)
was obtained from China National Medicines Corporation
Ltd (Shanghai, China). Sephadex G-50 was obtained from
Sigma-Aldrich (German). All other chemicals used were of
analytical or chromatographic grade.

Murine sarcoma S180 cell line was purchased from the
Cell Bank of the Chinese Academy of Sciences (Shanghai,
China).

Wistar rats weighing 180-220g (7-8 weeks) and male
Kunming mice weighing 18-22g (6-7 weeks) were obtained
from the Experimental Animal Center of Shenyang
Pharmaceutical University (Shenyang, China). All animal
care and experiments were carried out in accordance with
the Guidelines of the Animal Welfare Committee of Shenyang
Pharmaceutical University.

2.2.  Preparation of ATO liposomes

Three loading procedures were introduced to encapsulate ATO
into liposomes, i.e., modified ethanol injection method, pH
gradient method and Cu(OAc), gradient method, as described
below.

Modified ethanol injection method: HSPC, CH, and DSPE-
PEG2000 (3/1/1, w/w) were dissolved in absolute ethanol,
after the large portion of ethanol was removed at 65 °C, ATO
aqueous solution (200mM, pH 7.4) was added to hydrate
the lipid mixture. The resulting liposomal suspension was
ultrasonicated with a JY92-2D Vibra-cell probe-sonicator
(Scientz Biotechnology Co, Ltd., Ningbo, China) and then
extruded through polycarbonate membrane of 0.2 pm pore
size to yield unilamellar ATO liposomes.

pH gradient method: HSPC, CH, and DSPE-PEG2000 (3/1/1,
w/w) were dissolved in absolute ethanol, after the large
portion of ethanol was removed at 65 °C, citric acid buffer
(300mM, pH 4.3) was added to hydrate the lipid mixture. The
resulted blank liposomal suspension was ultrasonicated and
extruded through polycarbonate membrane of 0.2 um pore
size to yield unilamellar blank liposomes. Sodium phosphate
solution (500 mM) was added to adjust the pH of the external
solution to 7.4 and generate transmembrane pH gradient.
The gradient liposomal suspension was then mixed with ATO
aqueous solution (100 mM, pH 7.4) with a volume ratio of 1:1,
and incubated at 60 °C for 10 min for drug loading.

Cu(OAc), gradient method: HSPC, CH, and DSPE-PEG2000
(3/1/1, w/w) were dissolved in absolute ethanol, after the large
portion of ethanol was removed at 65 °C, Cu(OAc), aqueous
solution was added to hydrate the lipid mixture. The resulted
blank liposomal suspension was ultrasonicated and extruded
through polycarbonate membrane of 0.2 um pore size to
yield unilamellar Cu(OAc), liposomes. The Cu(OAc), gradient
liposomes (Cu-L) were formed by passing through a micro
column packed with cation-exchange fiber or Sephadex G-
50 micro-column, and then the pH of the external aqueous
phase was adjusted to different pH with NazPO,4 solution
(300 mM). The gradient liposomal suspension was mixed with
ATO aqueous solution (100 mM, pH 7.4) with a volume ratio of
1:1, and incubated at 60 °C for 10 min for drug loading.

Un-encapsulated ATO was removed by passing the
liposomal suspension through the column packed with
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Sephadex G-50. The amount of ATO encapsulated in the
liposomes was then measured with an ICPE-9000 inductively
coupled plasma optical emission spectrometer (ICP-OES,
Shimadzu, Japan). The encapsulation efficiency (EE) was then
calculated as EE% = (actual amount of the drug encapsulated
in liposomes) / (initial amount of the drug added) x 100.

2.3. Characterization to the liposomes

Particle size and zeta potential of the liposomes were
determined using a NICOMP 380 HPL Submicron Particle
Analyzer (Particle Sizing System, CA) after the dilution of
liposomes with deionized water.

The TEM images of the liposomes were captured using
a JM-1200EX transmission electron microscopy (TEM, JEOL
Ltd., Japan). Briefly, a diluted suspension of liposomes was
dropped on formvar-coated copper grids and stained with
phosphotungstic acid solution (2%, w/v). The stained sample
was allowed to dry in air before observation.

2.4.  Invitro drug release

ATO liposomes (ATO-Cu-L, 2 ml) prepared by Cu(OAc),
gradient method or ATO solution (ATO-S) was transferred into
dialysis tubes (Cut-off MW: 8000-12 000, Millipore, USA), which
were immersed into 100 ml of PBS (0.05M) of pH 5.0, 6.5 and
7.4 at 37 °C with constant stirring. At specific time intervals,
S5ml of release media was withdrawn and replaced with
fresh media. The ATO concentrations were determined by
ICP-OES.

2.5. Pharmacokinetics

Six Wistar rats were randomly divided into two groups (n=3),
each group received single intravenous administration of
ATO-Cu-L or ATO-S via the tail vein. Blood samples were
collected into heperinzied tubes from the retro-orbital sinus
at 0.017h, 0.083h, 0.25h, 0.5h, 1h, 2h, 4h, 8h and 12h,
respectively. The blood samples were centrifuged (4000 r/min,
5min), and 0.25ml plasma was collected into the PTFE tubes.
Then 5ml nitric acid and 2 ml hydrogen peroxide were added.
Samples were digested by the microwave reaction system
(CEM Mars 6, USA). Then the digested solutions were kept
at 130 °C to remove acidic solution. The residual solution
was re-dissolved by 2% nitric acid solution for ICP-EOS
analysis. The pharmacokinetic parameters were calculated
using DAS 2.0 software (the net for drug evaluation of
China).

2.6. Tissue distribution

Xenografted S180 tumor bearing mice were used to evaluate
the tissue distribution of elemental As after i.v. administration
of ATO-Cu-L and ATO-S. Tumors were xenografted by injecting
S180 cells (1.8 x 107 cells per mouse) subcutaneously into the
right axillary flank of male Kunming mice. Nine days after
inoculation, the mice received single administration of either
ATO-Cu-L or ATO-S via tail vein at a dose of 3mg As/kg body
weight. At predetermined intervals, mice were sacrificed at
0.083h, 0.5h, 1h, 6h and 12h after treatment. The livers,

Table 1 — The encapsulation efficiency of ATO liposomes

prepared with different drug loading methods.

Loading methods Cu(OAc),(mmol/l) EE (%)
Passive loading Ethanol injection 213+14
Remote loading pH gradients 28.4+1.5
Cu(OAc), gradients®* 100 56.84+1.2
Cu(OAc), gradients®* 200 82.0+1.8
Cu(OAc), gradients®* 300 83.5+0.7
Cu(OAc), gradients?* 200 83.1+1.6

1 Cu(OAc), gradient was generated via passing through cation
exchange fiber;

2 Cu(OAc), gradient was generated via passing through Sephadex
G-50 micro-column;

* The pH of the external aqueous phase was adjusted to 7.

lungs, kidneys and tumors were collected and treated as
described in 2.5. Pharmacokinetics for ICP-OES analysis of As
levels.

2.7.  Antitumor efficacy and toxicity of liposomes

The antitumor activities of ATO-Cu-L to tumor bearing mouse
model were evaluated. After tumor inoculation, the mice were
randomly divided into four groups (n=6) and intravenously
treated with normal saline (0.9% NaCl, control), Cu(OAc),
solution (Cu-S, 3.5 mg Cu/kg), Cu-L (3.5 mg Cu/kg), ATO-S (3mg
As/kg), and ATO-Cu-L (3 mg As/kg, 3.5 mg Cu/kg), respectively.
All mice were treated with different formulations through
the tail vein injection at the 3rd, 6th, 9th and 12th day
after inoculation. Mice were weighed on the day of tumor
inoculation, and their weights were recorded every two days.
Tumor sizes were measured with a caliper and calculated
as [(major axis) x (minor axis)?)/2. At day 14, the animals
were sacrificed, and the tumors were weighted and the mass
inhibition rate (%) was calculated with the equation: mass
inhibition rate (%)= [(W.-Wrt)/W,] x 100%, where W, is the
average tumor weight of control group, W; is the average
tumor weight of treated group. Kidneys were fixed with
4% formaldehyde, embedded in paraffin, and cut into slices
with a thickness of 6 um. The sections were stained with
hematoxylin and eosin (H&E), and observed under BA300 Pol.
Microscope (Motic Ins., Xiamen, China).

2.8.  Statistical analysis

All data were expressed as the mean+standard deviation
(SD). Statistical comparisons were analyzed by using a two-
tailed Student’s T-test for the two groups, in all cases, P < 0.05
was considered statistically significant.

3. Results and discussion
3.1.  Encapsulation of ATO into liposomes
Table 1 summarized the encapsulation efficiency (EE) of ATO

liposomes prepared with different drug loading methods.
Compared to the ethanol injection method (EE: 21.3% + 1.4%)
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Fig. 1 - Effect of drug/lipid ratio (A) pH of exterior aqueous phase (B) incubation temperature (C) and time (D) on the

encapsulation efficiency of ATO.

or the pH-gradient method (EE: 28.4%+1.5%), the trans-
liposomal Cu(OAc), gradients obviously assisted drug
encapsulation, and EE of 56.8% +1.2% was obtained at
the Cu(OAc), concentration of 100 mmol/L, even more than
80% was obtained at higher Cu(OAc), concentrations of
200 mmol/L and 300 mmol/L. As shown in Table 1, when the
Cu(OAc), gradientswere formed by passing liposomes through
cation exchange fiber or Sephadex G-50 micro-column, the EE
values of ATO liposomes have no difference (P> 0.1), which
were 82.0% =+ 1.8% and 83.1% =+ 1.6%, respectively.

The drug/lipid ratio, pH of external aqueous phase,
incubation temperature and time, might be the key factors
that affect the remote loading of ATO into liposomes. The
drug/lipid ratio is generally one of the most important
factors. Fig. 1A showed that the EE increased with the
decrease of drug/lipid ratio from 1:10 to 1:30, while further
decrease of the drug/lipid ratio did not affect the EE
obviously. The pH of external aqueous phase also had great
influence on the EE of ATO (Fig. 1B). At pH 5 and 6, the
EE was only about 30%, the maximum EE was achieved
to be 85.8% +2.3% at pH 7.0, and then decreased to about
74.2%+0.7% and 69.2% + 1.6% at higher pH of 8 and 9. The
present results also indicated certain temperature dependent
drug loading process. As shown in Fig. 1C, the highest
EE was obtained at incubation temperature of 55°C and
60°C (83.2%+1.3% and 84.0% +3.3%, respectively), higher
or lower temperatures both resulted into decreased drug
entrapment. According to Fig. 1D, the incubation time
had no obvious influence on drug entrapment. The EE
reached the maximum at 10min incubation, and extended
incubation time had no further benefit to drug loading,
the EEs even decreased slightly after incubation more than
60 min.

The ATO-Cu-L suspension was turbid liquid with
opalescence appearance and light green-blue color (Fig.
2A, right), which was different to the slight blue color
of Cu(OAc), gradient liposomes (Fig. 2A, left). This result
indicated the possibility of new form ATO-Cu complex in the
inner aqueous phase instead of the soluble Cu(ll) form in the
Cu(OAc), gradient liposomes. Under the transmission electron
microscope, the prepared liposomes were sphere-like, small
unilamellar vesicles with a diameter of about 100 nm (Fig. 2B),
which was in accordance with that determined by NICOMP
380 HPL Submicron Particle Analyzer (115.1+29.1nm, Fig.
2C) . Meanwhile, rodlike precipitates inside the inner phase

was observed, which was believed to be of insoluble ATO-Cu
complex formed in inner aqueous phase during the remote
loading process. The zeta-potential of ATO-Cu-L was also
detected to be —21.97 0.6 mV (Fig. 2D).

Due to the rapid clearance of ATO, low tumor targeting
efficiency, poor therapeutic efficacy at low doses and
severe systemic toxicity at high dose, ATO gained less
success in clinical practice in cancer therapy except for
acute promyelocytic leukemia (APL) [25]. Encapsulation of
chemotherapeutic agents in liposomes has got great success
in modifying the in vivo fates of drugs, thus improving their
antitumor efficacy and decreasing the side effects, such
as doxorubicin liposomes (Doxil®), irinotecan liposomes
(Onivyde®), etc. [26]. As a small inorganic molecular
substance, the ATO loaded liposomes prepared by passive
loading method showed a very low encapsulation efficiency
and poor stability [11]. For instance, in this study, the EE value
of only about 20% was obtained by the modified ethanol
injection method. In order to increase the EE of ATO, a remote
loading method via transmembrane Cu(OAc), gradients was
introduced, and high EE value of over 80% was obtained.

For the increased encapsulation of ATO, two factors are
believed to play important roles, one is the formation of
insoluble ATO-Cu complex, and the second is the formation
of transmembrane OAc~ gradient. As illustrated in Fig. 3,
at neutral pH, the predominant portion of ATO (As(OH)s,
pKaj; =9.3) was electro-neutral, which is readily to permeate
across the liposomal bilayers [27]. After entering the inner
aqueous phase containing Cu(OAc),, the insoluble ATO-Cu
complex may precipitate and reside inside the inner aqueous
phase of the liposomes, at the same time the liberated
proton associates with OAc to form HOAc which will
tend to diffuse out of the liposomes. In this study,the
cation exchange fiber and Sephadex G-50 micro-column
were used to form the transmembrane gradient separately
depending on their different separation mechanisms.After
passing liposomes through Sephadex G-50 micro-column,
both Cu?* gradients and OAc~ gradients were formed at
the same time. On the contrary, after passing the liposomes
through the cation exchange fiber, OAc~ was still remained
in the extraliposomal medium, and only Cu®* gradient was
established. An interesting finding was that there was no
difference on the EE values of ATO liposomes, irrespectively
to the methods used to form the gradient (Table 1). This
result indicated that OAc~ gradient was not the key driving
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force for the encapsulation of ATO, while the formation
of insoluble ATO-Cu complex (Fig. 2B) may be the main
reason for high ATO encapsulation (Fig. 3). Furthermore, good
stability of ATO in liposome could also be attributed to such
ATO-Cu complex formation, and due to the same reason the
liberation of ATO from liposomes was obviously delayed as
shown in Fig. 4.

3.2. In vitro release
Retention of active drugs in liposomes was the prerequisite

for prolonged in vivo circulation and effective antitumor
efficacy. In vitro release test of the liposomal formulations was

—v— ATO-S, pH7.4

0 10 20 30 40 50 60 70 80

Time (h)

Fig. 4 - In vitro release profiles of ATO-Cu -L and ATO-S in
PBS.

performed in PBS of different pH to evaluate the retention
ability of ATO inside liposomes. As shown in Fig. 4, free ATO
completely diffused out of the dialysis tube within 1h. On the
contrary, only 13% of the ATO released from the ATO-Cu-L
at the first 1h, followed by slow release lasted over 72h. The
drug release of ATO-Cu-L also showed obvious pH-dependent
pattern, the release rates decreased with the increasing of
medium pH, which indicated that the ATO-Cu complex that
embedded inside liposomal interior aqueous phase could
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Table 2 - The tumor inhibition rates of various formulations (n =3-6).

Treatment group Number of death Weight of tumor (g) Inhibition ratio(%) P1 P, P5 Py
Saline 1 5.23+0.54 / / / / /
Cu-S 0 4.35+0.23 16.5 <0.05 / / /
Cu-L 0 3.55+0.17 321 <0.05 <0.05 / /
ATO-S 3 3.31+0.15 36.7 <0.05 / /

ATO-Cu-L 0 2.02+0.08 61.2 <0.05 <0.05 <0.05 <0.05

P;: compared to normal saline group; P,: compared to Cu-S group; Ps: compared to Cu-L group; P4: compared to ATO-S group.
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Fig. 5 - Plasma As concentration-time curves after iv
administration of ATO-Cu-L and ATO-S (n=3).

slowly dissolve under neutral conditions, but readily dissolve
in acidic medium.

3.3. Phamacokinetics

Fig. 5 showed the plasma levels of elemental As versus time
curves after i.v. administration of ATO-Cu-L and ATO-S to
rats. Compared to ATO-S, encapsulation of ATO in liposomes
resulted in dramatically altered plasma concentration
versus time profile characterized by greatly prolonged
blood circulation period. According to Table 2, the plasma
half-life (T;,) of ATO-Cu-L extended from 3.08+0.66h
to 7.01+£0.77h (P<0.05), and the AUCO0-12h increased
from 15093.66+1565.20 pugh/l to 248538.53+16069.90
ugh/1(P <0.05), when compared to ATO-S.

The prolonged circulation period of liposomal ATO as
shown in Fig. 5 could be attributed to the firm encapsulation
of ATO, as well as the pegylated surface of ATO-Cu-L. As
one of the main lipid bilayer ingredients, the incorporation
of mPEG2000-DSPE greatly improved the steric stability of
the liposomes, and the PEG chains that stretched out on the
surface of liposomes was intensively reported to be able to
prolong the blood circulation of nano-sized drug carriers [28].
Meanwhile, with the increased exposure time in circulation,
the liposomes tend to accumulate in tumor due to the
enhanced permeability and retention (EPR) effect [29,30].

3.4. Tissue distribution

The tissue distribution of As were evaluated after i.v.
administration of ATO-Cu-L and ATO-S to tumor-bearing

mice. Fig. 6 indicated that the accumulation of As in tumors
was obviously enhanced after i.v. administration of ATO-Cu-L
to mice, which was about 2 times higher than that of ATO-
S group (Fig. 6). Meanwhile, ATO-Cu-L showed delayed peak
time of As from 5min (ATO-S) to 30 min, as well as decreased
accumulation of As in liver and kidney.

The distribution of As after i.v. administration of ATO-Cu-L
(about 110 nm) was significantly enriched in tumor compared
to that of ATO-S (Fig. 6), and thus improved the tumor
inhibition rate (Table 2).

3.5.  Antitumor activity

The in vivo antitumor efficacy of ATO-Cu-Lwas evaluated
in a xenografted S180 tumor bearing mouse model. The
tumor growth profiles (Fig. 7A) demonstrated that both ATO
formulations and Cu(ll) formulations showed inhibition to
tumor growth of different extent compared to the control
group (Normal saline). It is worth to notice that the tumor
growth of the mice treated with ATO-Cu-L was almost
completely inhibited and the tumor volumes remained at
about 700 mm? with no further increase after 8 days of
inoculation. At day 14, the animals were sacrificed, the tumors
were weighted. The number of mice dead, the tumor weight
and tumor inhibition rate(%) were listed in Table 2, and
the morphologies of tumors were shown in Fig. 7B. In this
study, Cu(lI) alone also displayed certain antitumor activity,
with an inhibition rate of 16.5% +4.3% and 32.1% +7.6% for
Cu-S and Cu-L, respectively. ATO-S showed similar tumor
inhibition rate to that of Cu-L (P > 0.1), the inhibition rate of
ATO was increased to 62.1% +1.6% (P <0.05), when ATO and
Cu(Il) were co-administrated via the liposomal formulation
(ATO-Cu-L).

3.6.  Toxicity evaluation

Weight loss of mice was usually used to reflect the toxicity
of the chemotherapeutic treatment to animals [31]. In this
study, no obvious decrease of mice body weight of all groups
was observed, also there was no obvious differences of body
weight between drug treated and control group was found
(Fig. 8A). However, 3 mice of ATO-S group died during the
treatment process, which proved the higher toxicity of free
ATO as reported in literature [8].

The low toxicity of liposomal formulation could be
attributed to the changed in vivo fate of ATO-Cu-L including
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Fig. 7 - Tumor growth curves of S-180 bearing mice intravenously injected with ATO-Cu-L, ATO-S, Cu-L, Cu-S and normal
saline (A) and the photographs of tumors of different experiment groups at day 14 after inoculation (B). Results presented as
mean x SD (n=3-6).
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Fig. 8 - Primary evaluation of the toxicity of ATO-Cu-L. (A)Body weight changes of S180 tumor bearing mice injected with

ATO-Cu-L, ATO-S, Cu-L, Cu-S and normal saline (n =3-6). (B) The renal histopathology stained with hematoxylin and eosin
(H&E) of tumor bearing mice treated with normal saline, ATO-S, and ATO-Cu-L. Scale bar =50 pm.

less distribution of As in liver and kidney. Due to its
predominant renal clearance mechanism and possible renal
failure caused by ATO, the renal histopathology of mice was
studied after the treatment with normal saline, ATO-S, and
ATO-Cu-L. As shown in Fig. 8B, the renal histopathology
of ATO-S group exhibited atrophied glomeruli, while no
damage to renal histopathology was found in ATO-Cu-L group,
although the same dose regime of As was administrated to
both groups.

4, Conclusion

In conclusion, Cu(OAc), gradient mediated loading method
was successfully used to encapsulate ATO into liposomes
with high encapsulation efficiency. The ATO loaded liposomes
showed sustained and pH-dependent in vitro release
properties. Pharmacokinetic and tissue distribution studies of
liposomes indicated significantly reduced plasma clearance
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rate, increased AUCy.15;, and half-life, and improved tumor
distribution of As compared to iv. administration of ATO
solution. More importantly, the ATO loaded liposomes
improved the anti-tumor effect and decreased the toxicity
in S180 tumor bearing mice. It is worth to mention that the
formation of Cu(ll) and ATO complex inside the liposomal
inner aqueous phase in the loading process provided the
main basis for high drug encapsulation, and extended in
vivo circulation of encapsulated ATO. On the other hand, the
Cu(OAc), gradient based remote loading method provided
a feasible strategy for co-administration of ATO and Cu(II)
for improving antitumor efficacy of ATO, which may find
potential applications in the treatment of various tumors.
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