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Amphiphilic copolymer and TPGS mixed magnetic
hybrid micelles for stepwise targeted co-delivery of

DOX/TPP-DOX and image-guided chemotherapy
with enhanced antitumor activity in liver cancert
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and Yulei Chang (2 *°

Recently, several targeted drug delivery systems have shown promising antitumor activity towards different

types of cancer. However, targeting the tumor microenvironment, cellular surface and/or only one

organelle may not achieve the expected therapeutic effects. Herein, a targeted drug delivery with

stepwise targeting and image-guided strategy was obtained for enhancing antitumor therapy and

overcoming various problems caused by the random drug distribution of traditional medicine. In this
design, a multifunctional nanoplatform, TPGS/PPG2L@IONPs@DOX/TPP-DOX, based on poly(ethylene

glycol)-poly(e-caprolactone)-poly(amidoamine)-lactose  acid

(MPEG-PCL-G2.0 PAMAM-LA, PPG2L)

copolymer and p-a-tocopherol polyethylene glycol 1000 succinate (TPGS), as a co-carrier, incorporates

iron oxide nanoparticles (IONPs) as imaging agents and loads a DOX/triphenylphosphonium (TPP)-DOX
drug for chemotherapy. In this nanoplatform micelle, the LA as targeting moieties to hepatocarcinoma
cells is the first targeting step. After the drug is released from the hybrid micelles, the incorporated DOX
and TPP-DOX target delivery to nuclei and mitochondria for the next targeting step. Furthermore, with
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the help of MRI contrast agents of IONPs, the distribution of hybrid micelles was monitored. As a result,

the hybrid micelles demonstrated enhanced antitumor cell activity in both HepG2 and HepG2/DOX cells.

DOI: 10.1039/c7ra00597k
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1. Introduction

In the past decades, a multifunctional nanoplatform with tar-
geted and image-guided drug delivery was developed to improve
therapeutic efficacy and minimize systemic toxicity of the
chemotherapy agents in cancer therapy."* Recently, there have
been substantial efforts to develop an intracellular drug delivery
nanoplatform targeting specific subcellular organelles for
enhanced antitumor activity.>* However, targeting tumor
microenvironment, cellular surface and/or only one organelle
may not achieve the expected therapeutic effects. One solution
selected by researchers is to simultaneously target multi-
subcellular organelles or structures. In particular, targeted
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The results indicated that the multifunctional hybrid micelles showed great potential in enhancing
antitumor activity under image-guided and stepwise targeted chemotherapy.

drug delivery with stepwise targeting and image-guided strategy
will be optimal for enhancing antitumor therapy. Compared
with conventional therapeutics, nanoparticle-based formula-
tions are larger in size, which allows them to preferentially
accumulate in solid tumors through the enhanced permeability
and retention (EPR) effect.” The imaging agents are introduced
into nano-formulations. On one hand, it will be beneficial to
trace the accumulation in the tumor and the intratumoral
distribution of nano-formulations for theranostics. On the other
hand, it can be used as a carrier for drug delivery. Iron oxide
nanoparticles (IONPs) have been employed as multidrug carriers
for drug delivery and as magnetic resonance imaging (MRI)
agents owing to the suitable size, outstanding magnetic proper-
ties and non-toxicity.*” To date, there are about five types of
IONPs approved by the FDA and/or European Commission (EC)
for MRI or iron supplement.® Thus, the combination of diag-
nostics and therapeutics in one targeting system will improve
drug delivery efficiency and biological safety to avoid the reticu-
loendothelial system (RES) during the antitumor therapy.
Doxorubicin (DOX) is an anthracycline chemotherapeutic
drug that is widely used in antitumor therapy. Nuclear DNA
damage is the predominant mechanism of DOX for direct
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anticancer effects.® Recently, it has been found that in addition
to the nucleus, mitochondrion is another vital organelle for
targeting. This is because mitochondrial DNA can be damaged,
resulting in the increase of reactive oxygen species (ROS), which
results in the dysfunction of mitochondria and the decrease of
ATP production.'®** Because mitochondrial metabolism is
critical for the survival of cancer cells and even drug resistant
cells, mitochondrial drug delivery may prove to be an important
strategy for anticancer therapy."® Therefore, the simultaneous
delivery of DOX to the nucleus and mitochondria can increase the
antitumor activity. Very recently, a few mitochondria targeting
agents have successfully been applied to target DOX to mito-
chondria.>**** However, the severe cardiac toxicity problems and
the multidrug resistance (MDR) effect of DOX remain to be
overcome. Stepwise targeting cell surface and subcellular organ-
elles under the image-guided combination strategy are supposed
to achieve a high efficiency and biosafety in chemotherapy. To
further overcome MDR, the TPGS was a good candidate as the
carrier to inhibit P-gp-mediated MDR via influencing the activity
of P-gp ATPase.”>'® TPGS has been accepted by the FDA as
a pharmaceutical solubilizer and adsorption enhancer for several
poorly water-soluble drugs.””** To achieve the stability of a drug
loading system, it is generally mixed with other amphiphilic
materials for drug encapsulation.**

In this study, an MRI image-guided multifunctional nano-
platform was designed for co-delivery of DOX/TPP-DOX, which
was prepared by LA-modified PAMAM dendrimer based copol-
ymer and TPGS (Scheme 1). The cellular internalization of the LA-
modified hybrid micelles is expected to be selectively delivered to
the HepG2 cells for the first step due to high-affinity of LA for the
asialoglycoprotein receptor (ASGP-R) on the membrane of HepG2
cells**** and the dual subcellular organelle targeting strategy for
a further step, allowing the enhancement of antitumor activities.
The mitochondrial targeting of TPP-DOX is ascribed to the high
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lipophilicity and stable cationic charge of TPP; it can be taken up
by the mitochondrial membrane after attaching TPP to drug
molecules or a carrier.”** Furthermore, with the help of MR
imaging agents of IONPs, the accumulation of the drugs in the
tumor, the intratumoral distribution, and the kinetics of drug
release are monitored in real time, which will be a part of the very
early step in the practice of precision medicine.

2. Experimental
2.1 Materials

Doxorubicin (DOX) was purchased from Dalian Meilun. N-(3-
Dimethylaminopropyl)-N-ethyl-carbodiimide hydrochloride
(EDCI) and 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan
(MTT) were purchased from Sigma Aldrich. TPGS was ob-
tained from Aladdin. (3-Carboxypropyl)triphenylphosphonium
bromide (TPP) was obtained from TCI. 5,5',6,6'-Tetrachloro-
1,1',3,3"-tetraethylbenzimidazolylcarbocyanine iodide (JC-1),
Hoechst 33342 and Mito-tracker were obtained from Beyotime
Biotechnology. Iron oxide nanoparticles (IONPs) with oleic acid
(OA) coating were obtained from Ocean NanoTech. All other
reagents were of analytical grade and used as received. Den-
drimer based mPEG-PCL-G2.0 PAMAM (PPG2) copolymer was
synthesized and characterized in our previous study.>* HepG2
cells and A549 cells were obtained from the College of Basic
Medical Sciences, Jilin University. The HepG2/DOX cells were
purchased from AIYAN Biological Technology Co., LTD.,
Shanghai, China. RPMI 1640 medium and fetal bovine serum
(FBS) were obtained from Gibco. Deionized water from a Milli-Q
device (18.2 MU; Millipore) was used throughout this study.

2.2 Synthesis of TPP-DOX

The prodrug of TPP-DOX was prepared by EDCI coupling reac-
tion. Briefly, DOX base was obtained by adding triethylamine
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(a) Synthetic routes employed for the preparation of hybrid micelles for drug-loading via hydrophobic interaction with TPGS/PPG2L

mixed polymer with OA-capped IONPs (b) and its stepwise-targeted drug delivery and image-guided chemotherapy.

This journal is © The Royal Society of Chemistry 2017

RSC Adv., 2017, 7, 25694-25701 | 25695


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra00597k

Open Access Article. Published on 12 May 2017. Downloaded on 6/14/2026 9:38:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

(5 pL, 37 pmol) dropwise to the 5 mL DMSO solution containing
20 mg of DOX HCI (4.0 mg mL ") while stirring. The supernatant
of EDCI activated 15 mg of COOH-TPP was then added dropwise
to the above DOX base solution. The mixture was stirred over-
night at room temperature (RT) without illumination. The crude
product was precipitated by ether and purified by flash chro-
matography. The synthesized TPP-DOX molecule was charac-
terized by 'H NMR and Fourier transform infrared (FT-IR)
spectroscopy.

2.3 Synthesis of mPEG-PCL-G2.0 PAMAM-LA (PPG2L)

For the conjugation of LA, 96 mg of PPG2L and 9.8 mg of LA
were dissolved in 3 mL DMSO. After 11 mg EDCI was added, the
mixture was stirred at RT overnight. The mixture solution was
dialyzed with a dialysis tube (cut-off Mw: 3.5 kDa) for 2 days to
remove free LA. After that, the obtained solution was lyophilized
for further use. The synthesized copolymer was fully charac-
terized by "H NMR and FT-IR spectroscopy in ESI.

2.4 Preparation of hybrid micelles

The PPG2L copolymer and TPGS mixed micelles were prepared
by an equilibrium dialysis method as previously reported.** The
as-obtained PPG2L (40.0 mg) and TPGS (40.0 mg) were well
dissolved in 2.0 mL of tetrahydrofuran (THF). Another 2.0 mL of
IONP THF solution (2 mg mL™") was added to the above solu-
tion, followed by the addition of equal volume of water drop by
drop. The mixture solution was then transferred into a dialysis
bag (cut-off 3.5 kDa) and dialyzed against water with solvent
changed every 4 h for 2 days. Subsequently, the micelles were
purified through centrifugation to remove the excess free poly-
mer and filtered with a 0.22 um filter and finally dried through
lyophilization. The particle sizes of mixed micelles were deter-
mined by dynamic light scattering (DLS) method using a Zeta-
sizer Nano ZS (Malvern Instruments, Malvern, UK). For the
analysis of micelle morphology, transmission electron micros-
copy (TEM) was used.

2.5 Drug loading and release profiles of hybrid micelles

The hybrid micelles were decorated with DOX/TPP-DOX by
soaking the drug mixtures (2 mg DOX and 2 mg TPP-DOX) in an
aqueous solution (4 mL) in a 10 mL round bottom flask and
stirring overnight at RT. The formed reddish composite drug-
loaded hybrid micelles were collected by filtration (micro-
filtration membrane: 0.45 pm) and centrifugation (11 000 rpm
for 15 min) and then washed with water 3 times, followed by
lyophilization. Similarly, the hybrid micelle for only entrapping
the drug was prepared using the same method. The loading
efficiency (%) was calculated by the ratio of measured and initial
amount of DOX solubilized in the supernatant, which was
defined as the amount of DOX/TPP-DOX (mg) loaded for
100 mg of hybrid micelles. The DOX/TPP-DOX ratio was
measured by high performance liquid chromatography (HPLC,
COSMOSIL C18) analysis of the supernatant, which was
collected after centrifugation. Mobile phase was acetonitrile/
water (0.5% formic acid) = 90 : 10 (v/v), and the flow rate was
0.3 mL min~". Analysis was performed at RT. Injection volume
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was kept at 20 pL. The drug release profiles of hybrid micelles
were assessed by the dialysis method against different pH buffer
solutions (pH 7.4 and 5.0) at 37 °C. Briefly, 2 mL of the drug-
loaded micelle solution in the dialysis membrane (cut-off
3500 kDa) was submerged in 20 mL of buffer at 37 °C. At pre-
determined time intervals, 1.0 mL dialysis solution was taken
out and detected by a UV-Vis spectrophotometer. After that, the
solution was immediately returned back to the original release
system.

2.6 Cytotoxicity assay

HepG2 and HepG2/DOX cells were used in this study. Take
HepG2 cells as an example. Briefly, HepG2 cells were cultured in
1640 medium supplemented with 10% fetal bovine serum and
maintained in a humidified atmosphere with 5% CO, under
37 °C. For the MTT cytotoxicity assay, the suspended cells at
a concentration of 1 x 10°> mL™" were planted in a 96-well plate
with 100 pL per well. After 24 h incubation for full attachment
and stabilization, HepG2 cells were treated with fresh medium
containing different as-prepared hybrid micelles with various
concentrations. After 24 h incubation in the dark, the cell
viability was evaluated by the standard MTT assay. The cell
viability was quantified by measuring the absorbance at 490 nm
using a microplate reader (BioTech808).

2.7 Cellular uptake and subcellular distribution

For improving the therapeutic effects of DOX in chemotherapy,
the cellular internalization of the LA-modified hybrid micelles is
expected to be selectively delivered to the tumor cells for the
first step and the dual subcellular organelle targeting strategy
for further steps. The cellular uptake profiles were studied by
confocal laser scanning microscopy (CLSM) via fluorescence
imaging. The HepG2 cells were seeded onto a glass bottom disk
at a density of 1.5 x 10* cells per well and cultured at optimum
conditions. After the attachment of HepG2 cells for 24 h, the
equivalent DOX concentrations of free DOX, TPP-DOX and as-
prepared micelles (2 pg mL™"') were added and incubated for
another 4 h. The culture medium was replaced and washed
several times with phosphate-buffered saline (PBS). Hoechst
33342 and Mito-tracker green were used to stain the nuclei and
mitochondria according to the manufacturer's specification. A
Nikon microscope was used to investigate the intracellular co-
localization of DOX/TPP-DOX on subcellular organelles.

2.8 Mitochondrial membrane potential determination

JC-1 is a specific dye of mitochondrial membrane potential
(MMP, AW}, which is used to evaluate the alterations in AW,,.
The detection principle is the decrease of membrane potential
JC-1 emission light from red to green, indicating mitochondrial
membrane damage. Taking HepG2 cells as an example, in brief,
HepG2 cells (1 x 10° cells per well) were seeded onto 6-well
plates for 24 h. The DOX/TPP-DOX hybrid micelles and DOX
micelles were added and incubated for 4 h in the same way.
After that, the treated cells were washed three times with PBS
and incubated in complete culture medium containing JC-1 dye
(1.0 pg mL™") for 20 min at 37 °C. Then, the harvested and

This journal is © The Royal Society of Chemistry 2017
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dispersed cells in solution were detected using a fluorescent
spectrophotometer. Red-to-green ratios were calculated from
the corresponding fluorescence intensity.

2.9 Animal modal and in vivo MRI

Animal experiment was carried out strictly in accordance with
governmental and international guidelines of the Ministry of
Science and Technology of the China's Guide for the Care and
Use of Laboratory Animals and approved by the Animal Care and
Use Committee of Jilin University. Tumor-bearing mice were
prepared by the subcutaneous injection of 100 pL of H22 cells in
female ICR mice (about 20 g, Jilin University Animal Center,
SCXK-2008-0004). We performed MRI experiments according to
the method reported previously.** The tumor-bearing mice were
randomly divided into 2 groups (n = 3 per group), one of which
was injected intratumorally with 100 pL of saline, and the others
were injected with as-obtained hybrid micelles with the same
volume. MRI was performed using a 1.5 T Siemens Avanto MR
scanner with an animal coil by one radiologist at 3 h and 24 h
post-injection. The signal to noise ratio (SNR) was calculated as
follows: SNR = SI (tumor)/SD (noise), which was defined by
signal intensity (SI) and standard deviation (SD).

3. Results and discussion
3.1 Construction of hybrid micelles

The successful synthesis of mitochondria targeting prodrug of
TPP-DOX and amphiphilic copolymer of PPG2L was charac-
terized by "H NMR and FT-IR, respectively, as shown in Fig. S1-
S4 (see ESIT for details). The drug-loaded hybrid micelles are
schematically illustrated in Scheme 1.

The PPG2L and TPGS self-assembled with OA-IONPs were
prepared by hydrophobic-hydrophobic interactions, forming
a hydrophobic layer on the IONP surface that provides active
adsorption sites to load lipophilic drug molecules of TPP-DOX/
DOX also via hydrophobic interactions. The formation of
PPG2L and TPGS mixed hybrid micelles was characterized by the
changes of hydrodynamic diameters. The main size of TPGS/
PPG2L@IONPs hybrid micelles was about 26.2 + 3.5 nm,
which fell into the window of PPG2L@IONPs mono-micelles
(37.12 £ 7.9 nm) and TPGS@IONPs mono-micelles (15.06 +
4.05 nm). The results above indicate the formation of mixed
polymer hybrid micelles rather than the mixture of two monop-
olymer hybrid micelles. ESI Table 1f summarizes the other
related nanoparticle sizes, and polydispersity index (PDI) was
determined by dynamic light scattering (DLS) in ESI. The
morphology and size distribution of as-prepared hybrid micelles
were also measured by transmission electron microscopy (TEM).
Under TEM as shown in Fig. 1, compared with the OA-capped
IONPs (Fig. 1a), the IONPs in the hybrid micelles showed the
same size and morphology as before, and an organic layer
around IONPs indicated the formation of hybrid micelles as
shown in Fig. 2b. The average size was about 16.2 £+ 3.8 nm,
which was slightly smaller than that of DLS because TEM only
exhibits the size of dried structures. Furthermore, the surface
morphology of the as-obtained micelles has been analyzed by

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 TEM images of (a) OA-capped IONPs, and (b) drug-loaded
hybrid micelles. Scale bar is 20 nm.
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Fig. 2 UV-Vis absorption spectra of TPP in pink, free DOX in black,
TPP-DOX in red, drug free hybrid micelles in green and drug-loaded
hybrid micelles in blue.

AFM, as shown in Fig. S5 (ESIt). The successful surface modifi-
cation of OA-IONPs could also be confirmed by the results of
phase-transfer from the original organic phase to the aqueous
medium. All these results confirmed the formation of hybrid
micelles. To investigate drug-loading efficiency, the as-prepared
hybrid micelles of TPGS/PPG2L@IONPs were impregnated
within TPP-DOX/DOX mixed solutions under stirring. After 24 h
interaction, any unloaded free drug was removed by filtration
and centrifugation. Compared with free DOX, TPP-DOX and
TPGS/PPG2L@IONPs, a characteristic absorption peak of DOX
around 490 nm was observed apparently from UV-Vis spectra
(Fig. 2), and the drug loading capacity was evaluated by calcu-
lating the UV-Vis absorbance change of the supernatant. At the
same time, the formation of TPP-DOX was confirmed by the UV-
Vis by comparing the TPP and DOX absorption spectra. The total
drug loading capacity was 8.4% (w/w) calculated from the UV-Vis
(on the basis of DOX). The DOX/TPP-DOX mass ratio was 0.6,
which was obtained by analysis of the supernatant via HPLC. The
typical HPLC spectra of DOX and TPP-DOX are shown in Fig. S6.}
Both of the hybrid micelles are stable in PBS without size
changes, and there is no IONPs leaking out over two months. It
indicated that this type of hybrid micelle was a satisfactory drug
delivery and imaging system.

RSC Adlv., 2017, 7, 25694-25701 | 25697
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3.2 Invitro drug release

The TPP-DOX/DOX release profiles of hybrid micelles in 48 h
against different pH buffers are shown in Fig. S7.T The normal
physiological conditions of pH 7.4 and intracellular acid condi-
tions around pH 5.0, for lysosomes and endosomes, were selected
to simulate the physiological conditions. It was found that the
cumulative release rates of DOX and TPP-DOX from the hybrid
micelles showed a pH-dependence. Lowering the pH leads to the
different release profiles at pH 5.0 (about 60%) and pH 7.4 (about
28%). The weakening of hydrophobic interaction is mainly
because the hydrophilicity of DOX in micelles being enhanced
with the decrease in pH. It indicates that the encapsulated drug of
DOX and TPP-DOX in the hybrid micelles would be rapidly
released under acidic environment of intracellular acidic organ-
elles (e.g., lysosome/endosome) of cancer cells. After that, the
released DOX/TPP-DOX is conducive to targeting the nucleus and
mitochondria for enhanced antitumor activity. The DOX release
profiles from only DOX-loaded hybrid micelles were similar to
those of DOX (as shown in Fig. S3bt). After the drug release from
the drug-loaded hybrid micelles against different pH buffer
solution, we also found that there was no hybrid micelle disrup-
tion, which led to the IONPs' leakage. All the results indicated that
the hybrid micelles are good carriers for drug loading and delivery.

3.3 Cell uptake and subcellular distribution profiles

To evaluate the intracellular localization of prodrug (DOX/TPP-
DOX) delivered by drug-loaded hybrid micelles, we performed a co-
localization study using subcellular organelle staining. The yellow
and purple spots in the merged images demonstrate the overlap of
green (Mito-tracker green) with red (TPP-DOX) and blue (nuclei are
stained by Hoechst 33342) with red (DOX) fluorescence, respec-
tively. The CLSM images of HepG2 cells stained for nuclei and
mitochondria are shown in Fig. 3. It can be seen that the nuclei
and mitochondria showed the DOX's (or TPP-DOX) red fluores-
cence, which were the targets of DOX and TPP-DOX, respectively.
Our results demonstrated that TPGS/PPG2L@IONPs@DOX/TPP-
DOX hybrid micelles could effectively deliver DOX and TPP-DOX to
the nucleus and mitochondria, respectively, which resulted in high
cytotoxicity of as-prepared micelles.

3.4 The effect of TPGS/PPG2L@IONPs@DOX/TPP-DOX on
the mitochondrial membrane potential

As known, the mitochondrion plays the most prominent roles
in producing the energy currency of the cell and regulating
cellular metabolism. Although the characteristic structural
alterations of apoptosis are mainly in the nucleus, it is now clear
that mitochondria are key organelles in the programmed death
signal transduction pathway.>**® The attenuation of MMP is
usually accompanied with the release of cytochrome ¢ (Cyto-c)
and the activation of caspase-9 and caspase-3.”” Therefore,
delivery of DOX to mitochondria could promote the tumor cell
apoptosis. The as-prepared DOX only hybrid micelles (TPGS/
PPG2L@IONPs@DOX) and DOX/TPP hybrid micelles (TPGS/
PPG2L@IONPs@DOX/TPP-DOX) on MMP of HepG2 cells and
HepG2/DOX cells were probed using JC-1 dye staining as shown
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Fig. 3 Intracellular distribution of free DOX, TPP-DOX and drug-
loaded hybrid micelles in HepG2 cells. Cells were exposed to corre-
sponding solution at 37 °C for 24 h, and the intracellular mitochondria
were stained by Mito-Tracker Green followed by nucleus staining with
Hoechst 33342. The cells were observed under CLSM.
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Fig. 4 The effect of as-prepared drug-loaded hybrid micelles on
the MMP of HepG2 cells and HepG2/DOX cells. The equivalent
DOX concentration of free DOX, TPP—DOX and as-prepared micelles
(2 ng mL™Y) was used. Data are presented as mean + SD, n = 3.

in Fig. 4. The decrease of red-to-green intensity ratio illustrates
depolarization of mitochondria. As can be seen, the red-to-
green ratio was not significant in reduction when HepG2 cells
were treated with DOX only micelles. On the contrary, the red-
to-green ratio significantly decreased when HepG2 cells were
cultured with DOX/TPP-DOX micelles. Similar results were
observed for HepG2/DOX cells. The above results indicated that
TPP-mediated DOX targeted delivery to mitochondria caused
the decrease of MMP, which can not only cause cell apoptosis,
but also affect the production of ATP, whereas P-gp is an ATP-
dependent drug efflux pump.”® Accordingly, the reduction of
MMP may lead to the decrease of P-gp-mediated drug efflux and
the increase of the drug accumulation in the drug resistant
tumor cells, subsequently enhancing the antitumor activity.

3.5 Invitro cytotoxicity and anticancer activity

Now we turn to the cytotoxicity of drug-loaded hybrid micelles
against HepG2 and HepG2/DOX cancer cells. Cells above were

This journal is © The Royal Society of Chemistry 2017
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used to evaluate dark cytotoxicity of the drug-loaded free hybrid
micelles. There were no significant differences among concen-
trations from 0.1 mg mL ™" to 1.2 mg mL~". At 0.8 mg mL ', all
the cell viabilities were above 90% for up to 48 h (Fig. 5a and b).
Following the outcome, these cells were incubated for 48 h with
the various DOX-based formulations at different concentrations
(0.25, 0.5, 1.25, 2.5, 5.0 and 10.0 ug mL ‘). The enhanced
antitumor efficacy was evaluated by comparing with original
DOX under the same condition as shown in Fig. 5c. Drug-loaded
hybrid micelles and free DOX both showed dose-dependent
cytotoxicity at 48 h; however, a significant dependence and
lower cytotoxicity were observed for HepG2 cells incubated with
the hybrid micelles compared with free DOX. It is mainly due to
the different cellular uptake profiles and sustained release of
drug from the hybrid micelles as suggested in several
studies.>**' The high antitumor efficacy of LA-hybrid micelles
toward HepG2 cells may be due to the enhanced cellular uptake
attributed to ASGP receptor-mediated endocytosis, which was
further confirmed by the A549 cell line without the ASGP-
receptor. The drug-loaded LA-hybrid micelles and non-
targeting hybrid micelles on A549 cells showed no significant
difference of cytotoxicity, as shown in Fig. S9.7 Moreover, to
assess the potential of the as-prepared TPGS-based hybrid
micelles (TPGS/PPG2L@IONPs-DOX and TPGS/PPG2L@IONPs-
DOX/TPP-DOX) for MDR reversal in HepG2/DOX antitumor
treatment, we evaluated the cell viabilities as treated with TPGS-
based hybrid micelles and TPP-DOX containing hybrid micelles
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by MTT assay as shown in Fig. 5d. It is shown from the results
that DOX-loaded hybrid micelles at high concentration showed
significantly enhanced cytotoxicity for 48 h, whereas free DOX
had no significant difference in cell viability, further indicating
that TPGS played a role in reversing MDR. Notably, the TPGS/
PPG2L@IONPs@DOX/TPP-DOX micelles had a high antitumor
efficacy compared to that of the DOX-loaded only hybrid
micelles. It indicated that the targeted drug delivery to mito-
chondria could effectively overcome MDR.

3.6 In vivo MR image-guided therapy

The drug-loaded hybrid micelles consisted of imaging contrast
agents, which allowed detecting the disease for diagnosis and
directly monitoring its current distribution state. Furthermore,
MRI as one of the most powerful non-invasive clinical imaging
techniques is widely used in clinical diagnosis. After the TGA
analysis, the corresponding hybrid micelles contain 41% of
IONPs by weight. This data was also given in the ESI as Fig. S8.1
Thus, as a proof of principle experiment, we explored IONPs as
a T2-weighted MRI agent for in vivo tumor detection, as well as
drug distribution probes in Fig. 6a. For the groups injected with
IONP-based hybrid micelles, we could see clearly enhanced
quality of MR images of tumor sites relative to control group
mice injected with saline (front) at 3 h post-injection (middle).
The darker sites of MR images could also show the drug
distribution in the tumor. The SNR decreased significantly

on
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Fig. 5 The dark cytotoxicity of LA hybrid micelles (TPGS/PPG2L@IONPs) and hybrid micelles (TPGS/PPG2@IONPs) on HepG2 cells (a) and
HepG2/DOX cells (b) for 48 h at 37 °C. The cytotoxicity of (c) free DOX and drug-loaded hybrid micelles with or without LA at different
concentrations on HepG2 cells for 48 h, (d) free DOX and drug-loaded hybrid micelles with or without TPP-DOX on HepG2/DOX for 48 h. The
cells were exposed to DOX or TPP-DOX at equivalent concentrations. Data are presented as mean + SD (n = 3).
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Fig.6 (a) T2-MRI of tumor-bearing mice for determined time intervals
post-intratumoral injection of LA-hybrid micelles after 3 h and 24 h,
with the saline group as control and (b) the corresponding SNR.

following intratumoral injection of hybrid micelles (Fig. 6b).
SNR was 14.2 + 0.3 injection of saline and 3.4 + 0.2 (post-
injection 3 h). We next evaluated the distribution of localized
drugs at 24 h post-injection. The SNR measurements were 3.6 +
0.5. Compared with the situation at 3 h, the localized drug
slowly spread in the tumor tissues, which proved essential
information for theranostics.

4. Conclusion

In summary, we reported the in vitro and in vivo evaluation of
a stepwise-targeted drug delivery and image-guided approach
by exploring hybrid micelles as a delivery nanosystem, which is
capable of delivery to cellular membranes and subcellular
organelles for enhancing therapeutic effects. The results further
demonstrated that the drug-loaded hybrid micelles simulta-
neously targeted delivery to mitochondria and nucleus and
exhibited good MRI contrast properties. Guided by the images
of MRI, the intratumoral distribution of hybrid micelles was
obtained for theranostics. We consider that this study offers an
important step to explore the concept of image-guided and
stepwise-targeted precise chemotherapy via specific organelle-
related enhanced antitumor activity.
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