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Background: In the present study, the tumor-specific, pH-responsive peptide H K(R,), -modified,
theranostic liposome-containing paclitaxel (PTX) and superparamagnetic iron oxide nanoparticles
(SPIO NPs), PTX/SPIO-SSL-H K(R,),, was prepared by using H K(R,), as the targeting
ligand, SPIO NPs as the magnetic resonance imaging (MRI) agent, PTX as antitumor drug.
Methods: The PTX/SPIO-SSL-H K(R,), was prepared by a thin film hydration method. The
characteristics of PTX/SPIO-SSL-H_K(R,), were evaluated. The targeting effect, MRI, and
antitumor activity of PTX/SPIO-SSL-H K(R,), were investigated detail in vitro and in vivo in
human breast carcinoma MDA-MB-231 cell models.

Results: Our results of in vitro flow cytometry, in vivo imaging, and in vivo MR imaging
confirmed the pH-responsive characteristic of H K(R,), in MDA-MB-231 cell line in vitro and
in vivo. The results of in vivo MRI and in vivo antitumor activity confirmed the theranostic
effect of PTX/SPIO-SSL-H_K(R,), in MDA-MB-231 tumor-bearing model.

Conclusion: Considering all our in vitro and in vivo results, we conclude that we developed tar-
geting modified theranostic liposome which could achieve both role of antitumor and MRI.
Keywords: tumor-specific pH-responsive peptide, paclitaxel, superparamagnetic iron oxide
nanoparticles, liposome, theranostic efficiency

Introduction

Theranostic nanomedicines possess diagnostic and therapeutic functions in one inte-
grated system, having diagnosis, therapy, and monitoring of therapeutic response at
the same time."? They can be used for various applications, such as chemotherapy,
photodynamic therapy, siRNA therapy and photothermal therapy, pathologic progress
monitoring, and prediction of therapeutic efficacy.!

Theranosis requires noninvasive imaging modalities including optical imaging, magnetic
resonance imaging (MRI), computed tomography, and positron emission tomography.?
Among them, MRI is one of most commonly used techniques. It involves no exposure to
ionizing radiation, enables imaging with high spatial resolution, and provides high contrast in
the soft tissue.* Many nanoparticles (NPs), including superparamagnetic iron oxide (SPIO),
gold, silver, and other metals, are currently being investigated and used as contrast agents.

SPIO NPs are contrast agents that have a variety of applications in molecular and
cellular MRIL.*®

Many efforts have been made to combine SPIO NPs and antitumor drugs within a
single delivery system to achieve theranostic strategy.” !> SPIO NP-loaded liposomes
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have gained much attention for their use in hyperthermia,
MRI, magnetic targeting, and theranostic strategy.'>-18

It is well known that solid tumor tissues are more acidic
(pH 6.0—7.0) compared to the neutral surroundings of normal
organs (pH 7.4). This acidic pH characteristic in the tumor
tissues could be used as the targeting site.!*? It has been
reported that many cell penetrating peptides (CPPs) respond
to tumor acidic microenvironments, producing targeting
activity.?'2* In our previous study, we designed a tumor-
specific, pH-responsive H K(R,),, which could respond to
the acidic pH in the tumor tissues.”*?* This tumor-specific,
pH-responsive H.K(R,), could produce CPP characteristics
at a low pH in tumor tissues and non-CPP characteristics at
a normal pH in normal tissues.

Considering the effect of H.K(R,), and SPIO NPs, in this
study, H K(R,), was selected as the targeting ligand, SPIO NP as
an MRI agent, and paclitaxel (PTX) as the antitumor drug to pre-
pare the target modified theranostic PTX/SPIO-SSL-H.K(R,),.
The targeting effect, MRI, and antitumor activity of PTX/SPIO-
SSL-H K(R,), were investigated in detail in vitro and in vivo.

Materials and methods

Materials

Egg phosphatidylcholine was supplied by Lipoid GmbH
(Ludwigshafen, Germany). DSPE-PEG,, (DSPE-PEG) and
DSPE-PEG,,,,-NHS (DSPE-PEG-NHS) were obtained from
NOF Corporation (Tokyo, Japan). Coumarin-6, cholesterol,
sulforhodamine B, and tris base were bought from Sigma-
Aldrich (St Louis, MO, USA). The Ac-RRK(HHHHHHH)
RR-NH, peptide (H,K(R,),) was synthesized by Beijing
Scilight Biotechnology Co., Ltd. (Beijing, China). DSPE-
PEG-H_K(R,), was synthesized by our laboratory according
to a previously reported method.??* PTX was obtained from
Mei-Lian Co., Ltd. (Chongging, China). Near-infrared lipo-
philic carbocyanine dye 1,10-dioctadecyltetramethyl indo-
tricarbocyanine iodide (DiR) and coumarin-6 were supplied
by Biotium, Inc. (Hayward, CA, USA).

SPIO NPs were synthesized by our lab according to the
reported reference.?

The human breast carcinoma MDA-MB-231 cell line was
obtained from the Chinese Academy of Sciences Cell Bank
(Shanghai, China). This cell line was cultured according to
the recommended instructions.

Animals

Female BALB/c nude mice (18-20 g) were supplied by the
Experimental Animal Center of Peking University (Beijing,
China). Animals were acclimatized for 7 days prior to the

experiment and were allowed free access to a standard diet and
water. The temperature and relative humidity were maintained
at 25°C and 50%, respectively. This study was performed
following the National Institutes of Health guidelines for the
use of experimental animals; all care and handling of animals
were performed with the approval of the Experimental Animal
Center of Peking University Health Science Center.

Preparation of H K(R,),-modified, PTX/

SPIO-loaded liposomes

The H.K(R,),-modified, liposome-containing PTX and SP1O
(PTX/SPIO-SSL-H. K(R,),) was prepared according to our
previously reported method.?® Briefly, a mixture of PTX, egg
phosphatidylcholine, cholesterol, DSPE-PEG, and DSPE-
PEG-H_K(R,), was dissolved in chloroform and evaporated
using an RE52 rotary evaporator (Shanghai Yarong Biochem-
istry Instrument Company, Shanghai, China) to obtain a
solid film. To remove any traces of chloroform, this film was
flushed with nitrogen gas and stored overnight in a desiccator.
After that, the thin film was hydrated in a 5% glucose solu-
tion containing SPIO NPs by sonication in a water bath to
obtain a suspension of liposomes. The liposome suspension
was extruded 10 times through a polycarbonate membrane
(EMD Millipore, Billerica, MA, USA) with a pore size of
100 nm. The free PTX and SPIO NPs were then separated
on a Sephadex G-50 column by eluting with 5% glucose
solution.

H_K(R,),-modified, liposome-containing PTX (PTX-
SSL-H.K(R,),) was prepared by a similar procedure,
except that 5% glucose solution was used as the hydration
medium.

PTX/SPIO-loaded liposome (PTX/SPIO-SSL) was pre-
pared by an identical procedure, except that an equivalent
molar of DSPE-PEG-H_K(R,), was replaced by DSPE-PEG.

Sterically stabilized liposome-containing PTX (PTX-
SSL) was prepared by a similar procedure, except that the
DSPE-PEG-H.K(R,), replaced by DSPE-PEG and 5% glu-
cose solution was used as the hydration medium.

The preparation of liposome loaded with coumarin-6 or
DiR (coumarin-6-SSL, coumarin-6/SPIO-SSL, coumarin-6/
SPIO-SSL-H_K(R,),; or DiR/SPIO-SSL, DiR/SPIO-SSL-
H.K(R,),) was carried out by a similar procedure, except that
the PTX was replaced by coumarin-6 or DiR.

Characterization of PTX/SPIO-SSL-
H_K(R,),

The particle size and zeta potential of PTX/SPIO-SSL-
H_K(R,), were measured using a Malvern Zeta Sizer
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Nano-ZS (Malvern Instruments, Malvern, UK) at 25°C.
The encapsulation efficiency of PTX was estimated from the
following formula:

Encapsulation efficiency of PTX

PTX tration in the filtered li
concentration in the filtered liposomes _ 0,

~ PTX concentration in the unfiltered liposomes

In vitro release of PTX from PTX/SPIO-
SSL-H.K(R,),

The release of PTX from PTX/SPIO-SSL-H_K(R,), was eval-
uated according to our previously reported mothed.? Briefly,
a sample of PTX/SPIO-SSL-H_K(R,), (0.4 mL, 0.5 mg/mL)
was placed in a dialysis bag (MWCO 8,000-14,000 Da)
and tightly sealed. Then, the dialysis bag was immersed in
200 mL release medium (PBS containing 0.1% [v/v] Tween
80) and incubated in an orbital shaker for 48 h at 37°C.
Samples (0.2 mL) were taken at predetermined time intervals
from the release medium over a period of 48 h, and these
were replaced by a similar volume of fresh medium. The
concentration of PTX was determined by high-performance
liquid chromatography.?’

Flow cytometry

The pH-responsive activity was evaluated in MDA-MB-231
cell line at pH 6.8 and pH 7.4 by using coumarin-6/SPIO-
SSL-H._K(R,), as a tracer. Briefly, MDA-MB-231 cells were
seeded at a density of 3x10° cells/well in six-well plates and
incubated at 37°C for 24 h to allow cell attachment. After 24 h,
the medium was replaced with cell culture medium (pH 6.8
or pH 7.4) containing coumarin-6 solution or coumarin-
6—loaded liposomes (the concentration of coumarin-6
was 100 ng/mL). After incubation for 2 h, the cells were
washed three times with PBS solution. The cells were then
harvested by trypsinization and centrifuged at 1,000 rpm for
5 min, resuspended in 500 mL PBS medium, and examined
by flow cytometry using a FACScan instrument (Becton
Dickinson, San Jose, CA, USA). Cell-associated coumarin-6
was excited with an argon laser (430 nm) and fluorescence
was detected at 485 nm.*

In vitro cytotoxicity of PTX/SPIO-SSL-
H,K(R,),

The in vitro antitumor activity of PTX/SPIO-SSL-H.K(R,),
was evaluated in MDA-MB-231 cell line following our previ-
ously reported method.?>?*2¢-3! Briefly, MDA-MB-231 cells
(1x10* cells/well) were seeded in 96-well plates and incubated

for 24 h. Then, the cells were treated with cell culture medium
(pH 6.8 or pH 7.4) containing different amounts of PTX-
loaded liposomes and incubated for 48 h at 37°C. The cell
viability was determined by sulforhodamine B assay.
Absorbance was measured at 540 nm using a 96-well plate
reader (model 680; Bio-Rad Laboratories, Hercules, CA,
USA). The survival percentages were calculated using the
nm for the treated cells/A_, nm

540 540
for the control cells) xX100%, where A, nm is the absorbance

formula: survival % = (A

value. Each assay was carried out in triplicate. The IC,,
values were calculated according to the dose—effect curves.

In vivo imaging in mice

The MDA-MB-231 tumor-bearing nude mice model was
established by subcutaneous injection of 0.2 mL MDA-
MB-231 cell suspension (5x10° cells) with 20% basement
membrane matrix into the right leg of each female BALB/c
nude mouse. Once the tumor masses reached ~200-300 mm?*
in volume, the mice received intravenous (i.v.) injection, via
the tail vein, of 5% glucose, DiR/SPIO-SSL, or DiR/SPIO-
SSL-H_K(R,), at a dose of 800 ng/mouse. The mice were
anesthetized by isoflurane (1.5%) and scanned at 2, 4, 6, 8,
24, and 48 h after administration using an IVIS® Spectrum
in vivo imaging system (Xenogen, Inc., Alameda, CA, USA)
with an excitation bandpass filter at 730 nm and an emission
filter at 790 nm. The fluorescent signal intensities in the
tumor-bearing mice were analyzed using Living Image 4.3
software (Caliper Life Sciences).

In vivo MRI in mice

The in vivo MR image of PTX/SPIO-SSL-H K(R,), was
investigated in the MDA-MB-231 tumor-bearing nude
mice. The MDA-MB-231 tumor-bearing nude mice model
was established by subcutaneous injection of 0.2 mL MDA-
MB-231 cell suspension (5x10° cells) with 20% basement
membrane matrix into the right leg of each female BALB/c
nude mouse. Once the tumor masses reached ~200-300 mm®
in volume, the mice received i.v. injection, via the tail vein,
of PTX/SPIO-SSL or PTX/SPIO-SSL-H.K(R,), at a dose
of 15 mg/kg PTX. After injection, MRI was conducted on
a Bruker Biospec 70/20 scanner (Bruker BioSpin MRI,
Ettlingen, Germany).

In vivo antitumor activity

The antitumor activity of PTX/SPIO-SSL-H K(R)), was
investigated in the MDA-MB-231 tumor-bearing nude mice
compared with PTX/SPIO-SSL and PTX-SSL. The MDA-
MB-231 tumor-bearing nude mice model was established by
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subcutaneous injection of 0.2 mL MDA-MB-231 cell suspen-
sion (5x10° cells) with 20% basement membrane matrix into
the right leg of each female BALB/c nude mouse.*! Once the
tumor masses reached ~200-300 mm? in volume, the mice
were randomly assigned to four groups (six animals per
group): group I was given a 5% glucose solution, group II
was given PTX-SSL (15 mg/kg, i.v., twice a day for 4 days
[g4d]), group III was given PTX/SPIO-SSL (15 mg/kg, i.v.,
q4d), and group IV was given PTX/SPIO-SSL-H.K(R,),
(15 mg/kg, i.v., g4d). For all administrations, the formula-
tions were given via the tail vein. The total dose of PTX in
all treatment groups was 60 mg/kg. Throughout the study,
mice were weighed and tumors were measured with calipers
every 2 days. Tumor volumes were calculated from the for-
mula: V = length (cm) x width? (cm?) x0.5236. On day 21
after tumor inoculation, one or two mice in each group were
executed and the tumors were collected for the preparation
of histologic sections. Terminal deoxynucleotidyl transferase
dUTP nick end labeling staining of the frozen tissue sections
was performed according to the standard protocols provided
by the manufacturers.

Statistical analysis

Data are presented as the mean = SD. One-way analysis of
variance was used to determine significance among groups,
after which post hoc tests with the Bonferroni correction were
used for comparison between individual groups. Statistical
significance was established at p<<0.05.

Results

Preparation and characteristics of PTX/
SPIO-SSL-H K(R ),

The schematic diagram for preparation of PTX-SSL,
PTX-SSL-H K(R,),, PTX/SPIO-SSL, and PTX/SPIO-SSL-
H.K(R,), is illustrated in Figure 1. The particle size of PTX/
SPIO-SSL-H_K(R,), was 168.30%+2.80 nm with a polydisper-
sity of 0.19720.015. The zeta potential of PTX/SPIO-SSL-
H.K(R,), was —10.50+0.44 mV, as shown in Table 1. The
entrapment efficiency of PTX in PTX/SPIO-SSL-H K(R,),
was >90%.

In vitro release of PTX from PTX/SPIO-
SSL-H.K(R)),

The in vitro release of PTX from PTX-SSL, PTX/SPIO-SSL,
and PTX/SPIO-SSL-H_K(R,), in both pH 6.8 and 7.4 buffer
solutions was investigated. As shown in Figure 2, the released
PTX from PTX/SPIO-SSL-H,K(R,), in both buffer solutions
of pH 6.8 and 7.4 was almost identical (Figure 2C). Similar

results were also observed in PTX-SSL and PTX/SPIO-SSL
(Figure 2A and B).

Flow cytometry analysis

The in vitro targeting effect of H K(R,),-modified coumarin-6
liposomes was investigated in MDA-MB-231 cells. The
total coumarin-6 uptake by MDA-MB-231 cells from the
coumarin-6 formulations was quantified by using flow cytom-
etry. As shown in Figure 3, the level of cellular coumarin-6
for coumarin-6-SSL and coumarin-6/SPIO-SSL at pH 6.8
and 7.4 was almost similar. In addition, at pH 7.4, the intense
fluorescence of coumarin-6 for coumarin-6-SSL, coumarin-6/
SPIO-SSL, and coumarin-6/SPIO-SSL-H_K(R,), was also
almost identical. However, at pH 6.8, the cellular coumarin-6
level for coumarin-6/SPIO-SSL-H_K(R,), was about 1.5-fold
higher than that at pH 7.4.

In vitro cytotoxicity of PTX-SSL-H K(R,),
The in vitro cytotoxicity of PTX-SSL-H_K(R)), in MDA-
MB-231 cell line was investigated. The IC, values of PTX-
SSL-H_K(R,), and PTX-SSL groups were almost identical
at pH 7.4 (Table 2). However, the IC, value of the PTX-
SSL-H.K(R,), group at pH 6.8 (7.24£0.57 uM), unlike the
PTX-SSL group, was significantly reduced, compared with
that at pH 7.4 (31.9714.94 uM).

In vivo imaging in MDA-MB-23 1

tumor model

The in vivo targeting effect of H.K(R,),-modified DiR
liposomes was evaluated in MDA-MB-231 tumor-bearing
mice. The tumor distribution of fluorescent DiR in MDA-
MB-231 tumor-bearing mice is shown in Figure 4A. Our
results indicated that the DiR fluorescence signal at the tumor
site for the mice treated with DiR/SPIO-SSL-H_K(R,), was
stronger than in those treated with DiR/SPIO-SSL at all
observed time points.

In vivo MRI in MDA-MB-231

tumor model

The in vivo targeting effect of PTX/SPIO-SSL-H K(R,),
was also investigated in MDA-MB-231 tumor-bearing
mice by MRI. MRI was performed on the MDA-MB-231
tumor-bearing mice before and after i.v. injection of PTX/
SPIO-SSL and PTX/SPIO-SSL-H_K(R,),. Figure 4B shows a
coronal view of tumor slices, where the tumor appears white
on T -weighted images before injection of liposomes. A sig-
nal decrease of tumor along with time was observed in the
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Figure | The schematic diagram for preparation of PTX-SSL, PTX-SSL-H K(R,),, PTX/SPIO-SSL, and PTX/SPIO-SSL-H K(R,),.

Abbreviations: CHOL, cholesterol; EPC, egg phosphatidylcholine; PEG, polyethylene glycol; PTX, paclitaxel; PTX/SPIO-SSL, PTX/SPIO-loaded liposome; PTX/SPIO-
SSL-H,K(R,),, H,K(R,),-modified liposome containing PTX and SPIO; PTX-SSL, sterically stabilized liposome containing PTX; SSL, sterically stabilized liposome; SPIO,
superparamagnetic iron oxide.

mice treated with PTX/SPIO-SSL-H_K(R,),. But there was  the greatest T, value decrease of PTX/SPIO-SSL group was
no significant change of signal in the tumor of mice treated  only 13%=*12% observed at 0.5 h, while 28%+6% decrease
with PTX/SPIO-SSL. The quantitative analysis of T, values  of PTX/SPIO-SSL-H_K(R,), group was observed at the
of the tumors was also performed. Our results indicated that ~ same time (Figure 4C). The greatest T, value decrease of
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Table | The characterization of PTX/SPIO-SSL-H_K(R,), (n=3)

Formulations Size (hnm) PDI Zeta

potential (mV)
PTX-SSL 159.20+2.03 0.132+0.006 —13.47+0.61
PTX/SPIO-SSL 167.07£0.95 0.218+0.006 —11.33£0.75
PTX/SPIO-SSL-H K(R,), 168.30+2.80 0.197+0.015 -10.50+0.44

Abbreviations: PDI, polydispersity index; PTX, paclitaxel; PTX/SPIO-SSL, PTX/
SPIO-loaded liposome; PTX/SPIO-SSL-H K(R,),, H,K(R,),-modified liposome
containing PTX and SPIO; PTX-SSL, sterically stabilized liposome containing PTX;
SSL, sterically stabilized liposome; SPIO, superparamagnetic iron oxide.

PTX/SPIO-SSL-H K(R,), group at 1.5 h was 30%+3%.
These results indicated that the in vivo MR image of PTX/
SPIO-SSL-H.K(R,), group was significantly superior to that
of PTX/SPIO-SSL.
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In vivo antitumor activity

The antitumor effect of PTX/SPIO-SSL-H K(R,), was
evaluated in MDA-MB-231 tumor-bearing mice. The tumor
growth was significantly inhibited in all treatment groups
compared with the control group given 5% glucose solution
(p<<0.01), but the effect varied (Figure 5A). The antitumor
activities of PTX-SSL and PTX/SPIO-SSL had no significant
statistical differences. PTX/SPIO-SSL-H_K(R,), significantly
inhibited the growth of MDA-MB-231 tumors compared with
that in the PTX-SSL and PTX/SPIO-SSL treatment groups
(»<<0.01). The mean tumor size at day 31 after implantation
in the PTX-SSL, PTX/SPIO-SSL, and PTX/SPIO-SSL-
H_K(R,), groups was 531£128, 493+154, and 177485 mm’,

= pH =74
-=- pH =6.8

30 36 42 48

Time (h)

pH =7.4
—— pH =6.8

30 36 42 48

Time (h)

pH=7.4
— pH =6.8

24 30 36 42 48

Time (h)

Figure 2 In vitro release of PTX from PTX-SSL, PTX/SPIO-SSL, and PTX/SPIO-SSL-H,K(R,), at 37°C in pH 6.8 and 7.4 PBS buffer medium, respectively.

Notes: Data represent the mean + SD (n=3). (A) PTX-SSL; (B) PTX/SPIO-SSL; (C) PTX/SPIO-SSL-H K(R,),.

Abbreviations: PTX, paclitaxel; PTX/SPIO-SSL, PTX/SPIO-loaded liposome; PTX/SPIO-SSL-H K(R,),, H,K(R,),-modified liposome containing PTX and SPIO; PTX-SSL,
sterically stabilized liposome containing PTX; SSL, sterically stabilized liposome; SPIO, superparamagnetic iron oxide.
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o
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D
o
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N B
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Figure 3 The flow cytometric measurement.

Notes: Flow cytometric measurement of coumarin-6 uptake from coumarin-6-SSL,
coumarin-6/SPIO-SSL, or coumarin-6/SPIO-SSL-H K(R,), by MDA-MB-231 cells
(n=3). **p<<0.01 versus that at pH 7.4.

Abbreviations: SPIO, superparamagnetic iron oxide; SSL, sterically stabilized
liposome.

respectively, compared with 1,768+614 mm? in the control
group. The corresponding tumor growth inhibition in the
PTX-SSL-, PTX/SPIO-SSL-, and PTX/ SPIO-SSL-H.K(R,),-
treated groups was about 70%, 70%, and 90%, respectively.
The antitumor activity of Taxol in MDA-MB-231 tumor-
bearing nude mice was also investigated in this research.
Our results indicated that the tumor growth inhibited in
Taxol treatment group was similar to that in PTX/SPIO-SSL-
H_K(R,), treatment group (data not shown).

The effect of tumor cell apoptosis was also evaluated
by terminal deoxynucleotidyl transferase dUTP nick end
labeling analysis staining of tumor tissue sections. Tumors of
the PTX/SPIO-SSL-H.K(R,),-treated group exhibited more
advanced cell apoptosis compared with the groups treated
with 5% glucose solution, PTX-SSL, and PTX/SPIO-SSL
(p<0.01), as shown in Figure 5B and C.

Discussion

Here, we selected H K(R,), as the targeting ligand, SPIO NP
as the MRI agent, and PTX as the anticancer drug to prepare
the target modified theranostic PTX/SPIO-SSL-H K(R,),.

Table 2 The IC,; values of PTX-SSL-H K(R,), in MDA-MB-231
cells (n=3)

PTX IC,, (uM)

formulations pH 7.4 pH 6.8
Taxol 6.07+0.07 5.22+0.05
PTX-SSL 31.92+4.08 36.78+3.48
PTX-SSL-H K(R,), 31.97+4.94 7.2440.57%*

Note: **p<<0.01 versus that at pH 7.4.
Abbreviations: PTX, paclitaxel; PTX/SPIO-SSL-H K(R,),, H,K(R,),-modified lipo-
some containing PTX and SPIO; PTX-SSL, sterically stabilized liposome containing
PTX; SSL, sterically stabilized liposome.

The targeting effect, MRI, and antitumor activity of PTX/
SPIO-SSL-H, K(R,), were investigated in detail in vitro and
in vivo.

It has been reported that many conjugated ligands have
been used for modifying theranostic nanomedicines for
targeting tumor overexpressed receptor.’? Here, we selected
H.K(R,),, a tumor-specific, pH-responsive peptide, as the
targeting ligand which could respond at an acidic tumor
microenvironment by exhibiting CPP characteristics.
We previously proved that H.K(R ), could respond to acidic
pH in MCF-7, C6, and U87 MG cell lines.?>** In this research,
the tumor-specific, pH-responsive characteristic of H K(R,),
was also confirmed in MDA-MB-231 cell line in vitro
(Figure 3) and in vivo (Figure 4), showing its extensive
targeting effect for responsive tumor acidic microenviron-
ment. The PTX/SPIO-SSL-H K(R,), could only respond
to acidic pH and produce targeting effect in tumor acidic
microenvironment, not depending on the tumor cell over-
expressed receptor, and showing a wide range of targeting
effects. Our in vitro release results (Figure 2) indicated that
the H.K(R,), on the liposome surface does not destabilize
the liposomal bilayer structure at an acidic pH, similar to
our previous report.>*

SPIO NPs were prepared by alkaline co-precipitation
method following our previously described method.? Our
previous results indicated that the prepared SPIO NPs exhib-
ited superparamagnetic characteristics and had desirable
features for MRI. Therefore, in this research, we used SPIO
NPs as the MRI diagnostic agent to prepare theranostic PTX/
SPIO-SSL-H,K(R,),.

PTX, one of the most successful anticancer drugs in
clinical use, exhibits high antitumor activity against a wide
range of tumors, including breast cancer.* Here, we selected
PTX as the therapeutic drug to prepare the theranostic PTX/
SPIO-SSL-H,K(R,),. The antitumor activity of PTX/SPIO-
SSL-H.K(R,), on human breast carcinoma MDA-MB-231
was confirmed in vitro and in vivo.

It is well known that liposome has been developed as
a nanocarrier for theranostic application.'* Liposome, the
most clinically established nanometer-scale system, could
entrap both lipophilic and hydrophobic compounds in a
lipid membrane and aqueous core. Liposome surface can
be easily conjugated with targeting molecules. Liposome
could accumulate in the tumor tissues by passive targeting,
or by active targeting of cancer cell or angiogenic marker
specifically (liposome surface could be easily modified with
targeting molecules).>* Many theranostic liposomes have
been reported for therapy and diagnosis, such as topotecan-
loaded liposome-containing quantum dots (L-QD-TPT)*
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Figure 4 Tissue distribution and in vivo MRI of magnetoliposomes in MDA-MB-23| tumor-bearing mice.

Notes: (A) Tissue distribution of DiR-loaded liposomes in tumor-bearing mice. In vivo imaging of MDA-MB-23| tumor-bearing mice after 5% glucose solution (as control),
DiR/SPIO-SSL, and DiR/SPlO-SSL-H7K(R2)2 administration at 2, 4, 6, 8, 24, and 48 h, respectively. (B) In vivo MRl of MDA-MB-23| tumor model. In vivo MRI of MDA-MB-23
tumor-bearing mice after PTX/SPIO-SSL and PTX/SPIO-SSL-H,K(R,), administration at 0, 0.5, I, and 1.5 h, respectively. (C) Quantitative T, measurements in in vivo MRI
of MDA-MB-231 tumor model. Quantitative T, measurements showed ~30%+3% decrease of PTX/SPIO-SSL-H K(R,), group at 0.5, I, and 1.5 h. *p<C0.01 versus that of
preinjection of liposomes (0 h time point) as control.

Abbreviations: DiR, |,10-dioctadecyltetramethyl indotricarbocyanine iodide; MRI, magnetic resonance imaging; PTX, paclitaxel; PTX/SPIO-SSL, PTX/SPIO-loaded liposome;

PTX/SPIO-SSL-H K(R,),, H,K(R,),-modified liposome containing PTX and SPIO; SPIO, superparamagnetic iron oxide; SSL, sterically stabilized liposome.

and SPIO NPs coated with liposome-containing indocyanine
green modified with a tumor-targeted agent RGD (SPIO@
Liposome-ICG-RGD).*¢ In our prepared theranostic PTX/
SPIO-SSL-H.K(R,),, PTX was encapsulated in lipid bilayer,
SPIO NPs were encapsulated in liposomal aqueous core,
and H.K(R,), as the targeting molecule was on the liposome
surface.

Considering the results of in vivo MRI and in vivo anti-
tumor activity of PTX/SPIO-SSL-H.K(R,),, we conclude
that we have developed targeting modified theranostic
liposomes which contain both the antitumor agent PTX and
the MRI diagnostic agent SPIO NPs for antitumor therapy
and MRI.

Conclusion

The tumor-specific, pH-responsive, peptide-modified,
theranostic liposome-containing PTX and SPIO NPs, PTX/
SPIO-SSL-H K(R,),, was developed for the co-delivery of
MRI agent SPIO NPs and therapeutic agent PTX. Both SPIO
NPs and PTX were encapsulated into liposome by thin film
hydration. The targeting effect, MRI, and antitumor activity
of PTX/SPIO-SSL-H._K(R,), were confirmed in in vitro and
in vivo experiments. Considering all our in vitro and in vivo
results, we conclude that we developed targeting modified
theranostic liposomes which could achieve both antitumor
activity and MRIL.
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Figure 5 In vivo antitumor activity of PTX/SPIO-SSL-H K(R,),.
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Notes: BALB/C nude mice were inoculated s.c. with MDA-MB-231 cells and treated with 5% glucose solution, PTX-SSL (15 mg/kg, i.v., q4d), PTX/SPIO-SSL (15 mg/kg, i.v.,
q4d), and PTX/SPIO-SSL-H K(R,), (15 mg/kg, i.v., g4d), respectively. For each administration, formulations were given to mice via the tail vein. (A) Tumor growth inhibition.
(B) TUNEL staining of the tumor tissue sections was performed according to the standard protocols provided by the manufacturers. The apoptotic cells were detected by
TUNEL. DNA strand breaks were labeled green, and the nuclei were stained with Hoechst 332589 (blue). Apoptotic cells exhibited a turquoise color as a result of color
merging of these two labels. (C) The fluorescence area of each group was used for the statistical analysis of apoptosis activity. **p<<0.01 versus the 5% glucose solution
treatment group as a control; ¥p<<0.01 versus the PTX-SSL treatment group; #p<0.01 versus the PTX/SPIO-SSL treatment group.

Abbreviations: i.v., intravenous; PTX, paclitaxel; PTX/SPIO-SSL, PTX/SPIO-loaded liposome; PTX/SPIO-SSL-H K(R,),, H,K(R,),-modified liposome containing PTX and
SPIO; PTX-SSL, sterically stabilized liposome containing PTX; q4d, twice a day for 4 days; s.c., subcutaneously; SPIO, superparamagnetic iron oxide; TUNEL, terminal

deoxynucleotidyl transferase dUTP nick end labeling.
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