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Tumor targeting delivery of chemotherapeutic drugs by nanocarriers has been demonstrated to be
a promising strategy for cancer therapy with improved therapeutic efficacy. In this work, we reported
a novel type of active targeting micelle with pH-responsive drug release by using biodegradable
poly(lactide)-poly(2-ethyl-2-oxazoline) di-block copolymers functionalized with spermine (SPM). SPM
has been considered as a tumor binding ligand through its specific interaction with the polyamine
transport system (PTS), a transmembrane protein overexpressed on various types of cancer cell, while its
application in nano-drug delivery systems has rarely been explored. The micelles with spherical shape
(~110 nm) could load hydrophobic paclitaxel (PTX) with high capacity, and release the payload much
faster at acidic pH (4.5-6.5) than at pH 7.4. This pH-responsive property assisted the rapid escape of
drug from the endo/lysosome after internalization as demonstrated by confocal laser scanning
microscopy images using coumarin-6 (Cou-6) as a fluorescent probe. With surface SPM modification,
the micelles displayed much higher cellular uptake than SPM lacking micelles in various types of cancer
cells, demonstrating tumor targeting ability. The uptake mechanism of SPM modified micelles was
explored by flow cytometry, which suggested an energy-consuming sag vesicle-mediated endocytosis
pathway. As expected, the micelles displayed significantly enhanced anti-cancer activity. This work
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Introduction

Cancer is a leading cause of death worldwide." Many
approaches are currently available to treat cancer, and chemo-
therapy still remains the dominant one due to its high effi-
ciency.”™ Over the past few decades, a number of therapeutic
drugs have been discovered and translated into the clinic, such
as paclitaxel, doxorubicin, and cisplatin. Traditional adminis-
tration of these drugs, however, has suffered from several
serious drawbacks that limit their clinical use, including poor
solubility, non-specific tissue sequestration, unwanted side-
effects, and drug resistance by tumors.” To mitigate these
issues, recent years have witnessed vast efforts being devoted to
the development of nano-drug delivery systems to achieve
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demonstrates that SPM modified pH-sensitive micelles may be potential drug delivery vehicles for
targeting and effective cancer therapy.

reduced side-effects, improved pharmacokinetics, and targeted
drug delivery.*” With these advancements, various nano-
vehicles have been reported, such as polymeric nanoparticles,®
micelles,”* liposomes," dendrimers,”> carbon-based mate-
rials,” and inorganic nanoparticles,**® and some of them have
made real clinic impact.”*"”

An important benefit of nanoparticles is their potential to
efficiently deliver chemotherapeutic drugs into tumor tissue
while decreasing the non-specific biodistribution, leading to
enhanced therapeutic index."®?° By virtue of the well-known
Enhanced Permeability and Retention (EPR) effect, nano-
particles with a typical size smaller than 200 nm are able to
enrich in tumors, which lay the basis for the passive targeting.
To this end, the prolonged in vivo circulation half-life is of
importance. Many studies have demonstrated that surface
coating of neutral hydrophilic polymers, such as poly(ethylene
glycol) (PEG) and poly(hydrolyzed polymaleic anhydride)
(PHPMA), could protect nanoparticles from protein opsoniza-
tion and reticuloendothelial system (RES) clearance, therapy
increasing the circulation time.*"*

Besides the universal property of passive targeting, nano-
particles can be further equipped with specific recognition
motifs on their surface to achieve active targeting.'”**** In

This journal is © The Royal Society of Chemistry 2019
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general, actively targeted nanoparticles are more effective in
cancer therapy, as they can facilitate the selective uptake of
drugs by tumor cells while leaving the healthy cells less affected,
resulting in a better therapeutic index. To realize this goal,
modification of nanoparticles with a tumor targeting ligand is
crucial. Currently, various ligands have been reported to
construct active drug delivery systems, such as folic acid,”
transferrin,”® RGD,* hyaluronic acid,”® and aptamers,* which
displayed significantly improved therapeutic effect. However,
many of these ligands are exogenous molecules that can elicit
immune response upon in vivo administration, thus limiting
their clinical translation.®® In addition, the cost of targeting
ligands is usually rather high, which posts another issue for
their large-scale production. The development of robust,
biocompatible yet cost-effective nano-systems functionalized by
novel ligands are still deemed necessary.

Polyamines (PAs), including putrescine (PUT), spermidine
(SPD) and spermine (SPM), are endogenous aliphatic amines
that are associated with various functions of cells.** As essential
elements for cell proliferation, PAs play important roles in the
development of cancers.”” The concentration of PAs is highly
elevated in cancer cells to promote rapid cell growth and divi-
sion.*® To sustain the high-level consumption of PAs, many
cancer cells differentiate to overexpress polyamine transport
system (PTS), a transmembrane channel to import PAs.** As
such, PTS has been recognized as a general receptor for tumor
targeting therapy by using PAs as binding ligands. Indeed,
attempts have been made to conjugate PAs with chemothera-
peutic drugs for tumor targeting,*>* and some of them dis-
played improved activity to cancer cells.***! The most successful
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examples would be the SPM-vectorized epipodophyllotoxin
named F14512, which has entered phase I clinical trials for the
treatment of refractory/relapsing acute myeloid leukemia.*>*

As tumor targeting ligands, PAs possess several distinctive
merits. First, they are ubiquitous compounds presenting in
living organisms with high biocompatibility and low toxicity.
Second, they are cost-effective and amendable to chemical
modification since they are small molecules and abundant with
active amino groups. In addition, PAs could bind a wide range
of tumor cells with high affinity due to the ubiquitous over-
expression of PTS on the tumor cell surface. An additional
benefit of PAs functionalized systems is that they can compet-
itively bind PTS and thus inhibit the uptake of free PAs,
promoting tumor cell apoptosis.** Given these virtues, however,
the development of PAs decorated nano-delivery systems has
rarely been explored.

Herein we reported a PAs functionalized micellar system
with pH-sensitive drug release for tumor targeting delivery. The
micelles were formed by the amphiphilic copolymers with pol-
y(lactic acid) (PLA) block and poly(2-ethyl-2-oxazoline) (PEOz)
block, and the targeting moiety of SPM was conjugated with
PEOz via the terminal carboxyl group (Scheme 1). The PLA block
offered a hydrophobic core for loading paclitaxel (PTX), a first-
line antitumor drug function by binding to free tubulin in the
cytoplasm. The hydrophilic PEOz is an U.S. FDA approved food
additive that has gained great attention recently as an alterna-
tive to PEG due to its lower toxicity, better flexibility and higher
water solubility.*>*® More importantly, PEOz has a favorable pK,
value and can be protonated at endo/lysosome pH (4.5-6.5)."”
Because of this, the micelles composed of PEOz as the outer

Self-assembly
=1

PTX @

Endocytosis

Binding to free tubulin

Endo/lysosome escape

Endo/lysosome (pH 4.5~6.5)

Scheme 1l Tumor targeting delivery of SPM functionalized micelles via PTS binding and their endocytosis and pH-triggered endo/lysosome drug

release for anti-cancer therapy.
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shell tend to dissociation at acidic endocytic pH, resulting in
pH-responsive drug release.*®*

We hypothesized that the resulting micelles would effectively
deliver PTX to tumor cells through EPR effect and SPM-
mediated active targeting, and then release the drug at intra-
cellular endo/lysosome compartments for enhanced anti-tumor
effect. Hence, the micelles were characterized in detail for
physicochemical properties, pH-responsive drug release, tumor
targeting cellular uptake, as well as the anti-cancer activity in
vitro.

Materials and methods
Materials

2-Ethyl-2-oxazoline (EOz), SPM, fluorescamine and methyl-
thiazol tetrazolium (MTT) were purchased from Sigma (St.
Louis, MO, USA). p,i-Lactic acid (p,.-LA) was from Daigang
Biological Engineering Co., Ltd (Jinan, China). N-Hydroxy suc-
cinimide (NHS) and 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC-HCI) were from Qiyun
Biotechnology Co., Ltd (Guangzhou, China). PTX (>98%) was
obtained from Ruiyong Biotechnology Co., Ltd (Shanghai,
China). Roswell Park Memorial Institute medium 1640 (RPMI
1640) and fetal bovine serum (FBS) were purchased from Gibco
BRL Life Technologies (Gaithersburg, MD, USA). Sodium azide
(NaNj3), nystatin and a-difluoromethyl ornithine (DFMO) were
from Xinding pengfei Technology Development Co., Ltd. (Bei-
jing, China), Jianglai Biological Technology Co., Ltd. (Shanghai,
China) and MedChemExpress Co., Ltd. (New Jersey, USA),
respectively. Lyso-Tracker Red was provided by Molecular
Probes (Life Technologies, Thermo Fisher Scientific, USA).

Synthesis of COOH-PEOz-OH

Under a nitrogen atmosphere, EOz (20.00 g, 201.76 mmol) was
dissolved in acetonitrile (40 mL) in a round-bottomed flask,
followed by adding ethyl 3-bromopropionate (0.40 g, 2.21
mmol) and KI (0.40 g, 2.41 mmol). The reaction was performed
at 100 °C in an oil-bath with continuous stirring for 24 h. After
cooling to room temperature, KOH solution (60 mL, 0.10 mol
L~ in methanol) was added, followed by stirring for 12 h. The
crude product in DCM was precipitated by adding 5 mL pre-
cooled diethyl ether and kept under —80 °C for 15 min. After
washing with pre-cooled diethyl ether three times, the pellets
were dissolved in methanol and dialyzed (MWCO = 3500) in
water, and dried by lyophilization.

Synthesis of COOH-PEOz-PLA

Briefly, the COOH-PEOz-OH (3.00 g), p,.-LA (7.50 g) (w:w =
1:2.5) and 80 mL of 0.25% tin(u) bis(2-ethylhexanoate) solution
(v : v, in toluene) were mixed in a round-bottomed flask for 24 h
reaction under 140 °C oil-bath. The product was then precipi-
tated, washed and purified as indicated above.

Synthesis of SPM-PEOz-PLA

The COOH-PEOz-PLA was dissolved in DCM (25 mL), and then
EDC/NHS mixture in DCM was dropwise added, followed by

11028 | RSC Adv., 2019, 9, 11026-11037

View Article Online

Paper

24 h reaction at room temperature under a nitrogen atmo-
sphere. The product of NHS-PEOz-PLA was precipitated, washed
and purified as indicated above. Afterward, the product was
dissolved in DCM, and reacted with SPM for 12 h at room
temperature under a nitrogen atmosphere. The product was
then precipitated, washed and purified as indicated above.

Characterization of the polymers

The '"H NMR spectrum was performed by an AVANCE III 400
nuclear magnetic resonance instrument operating at 400 MHz
using deuterated chloroform (CDCl;) as solvent and tetrame-
thylsilane (TMS) as an internal standard. FTIR spectrum was
executed on ALPHA Fourier transform infrared spectrometer in
the wavelength range from 4000 cm ' to 400 cm ', using
potassium bromide tableting method.

The critical micelle concentration (CMC) of the PEOz-PLA
and SPM-PEOz-PLA was measured by fluorescence spectropho-
tometer. Pyrene solution in acetone (0.1 mL, 6 pg mL ') was
placed in a brown volumetric flask, and the solvent was evap-
orated at 30 °C in dark under water bath. Afterwards, 10 mL of
polymer solution with different concentrations (0.05-500 pg
mL ") was added for 24 h incubation. Then, the fluorescence
excitation spectra from 300 to 360 nm were determined with the
emission wavelength at 393 nm.

Preparation of drug loading micelles

The SPM-PEOz-PLA micelles loaded with PTX were prepared by
a typical solvent evaporation method. Briefly, SPM-PEOz-PLA
(15 mg) and PTX (2.25 mg mL ') were dissolved in DCM (1
mL), and dropwise added (100 pL min~") into 2 mL of deionized
water under continuous stirring (800 rpm). Then, the organic
solvent was evaporated under stirring for 3 h at 30 °C to form
micelles. The resultant solution was filtered through a 0.8 pm
filter, and free PTX was removed by ultrafiltration centrifuga-
tion. The same procedure was utilized to prepare micelles
loaded with coumarin-6 (Cou-6).

Characterization of the micelles

The particle size and zeta potential of the micelles were deter-
mined by dynamic light scattering (DLS, Malvern Zetasizer
Nano S, Malvern, UK). The morphology of the particles was
determined by transmission electron microscopy (TEM, Tecnai
G2 F20, FEI, USA). To measure the encapsulation efficiency
(EE%) and drug loading (DL%), the micelles were centrifugated
to remove the supernatant, and then the pellets were destructed
by dissolving in methanol under sonication. The PTX concen-
tration was measured by high performance liquid chromatog-
raphy (HPLC).

The amount of SPM modification on micelles surface was
detected by fluorescamine method.*® Micelles solution (0.5 mL),
PBS (1.5 mL, 0.2 M, pH 7.4) and fluorescent amine solution
(0.15 mL, 7.188 mmol L ') were mixed in dark for 20 minutes,
and then water was added with final volume of 2.5 mL. The
fluorescence emission at 480 nm was used to quantify SPM
concentration by excited at 390 nm.

This journal is © The Royal Society of Chemistry 2019
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In vitro drug release studies

0.5 mL of PTX-loaded micelles solution were transferred to
a dialysis bag (MWCO = 3500) and then immersed into plastic
centrifuge tubes with 20 mL of phosphate buffer (50 mM) at
different pH values (7.4, 6.5 and 5.5) containing 1% SDS. The
tubes were shaken (100 rpm) at 37 °C. At designated time
intervals, 1 mL of the release medium was sampled and
replenished with an equal volume of fresh medium. The
amount of PTX release was measured by HPLC.

Cellular uptake experiments

The uptake of Cou-6-loaded micelles in A549 human lung
cancer cells was analyzed using fluorescence microscopy (Ti-S,
Nikon, Japan) and flow cytometry (FACSVerse, BD, USA). Cells
were cultured in RPMI 1640 medium with 10% FBS and
penicillin/streptomycin (1%) at 37 °C in 5% CO,. The cells were
plated in 24-well plates (6 x 10” cells per well) for overnight, and
then the medium was removed and the cells were washed twice
with PBS buffer (10 mM, pH 7.4). Cou-6 loaded micelles (100 pg
mL~") were added for 0.5, 1 and 2 h incubation, respectively.
Afterwards, the cells were washed three times with cold PBS and
fixed with 4% paraformaldehyde for 20 min at 4 °C. After
washing with PBS solution, the cells were incubated with 1 mL
of DAPI (1 ug mL ™) for 10 min, and then subjected to fluo-
rescence imaging. The uptake of Cou-6-loaded micelles by other
cells were similarly measured by incubating the cells with
micelles for 1 h, including MDA-MB-231 human breast cancer
cells, KCC853 human renal cancer cells, HEK293 human
embryonic kidney epithelial cells.

For the flow cytometry studies, A549 cells were cultured in 6-
well plates (3 x 10° cells per well) for 24 h. Then the medium
was removed and the cells were washed twice with PBS buffer
(10 mM, pH 7.4). Then, 2 mL of Cou-6 loaded micelles (100 pg
mL ™) were added for 1 h incubation. The cells were washed
three times with cold PBS and digested with 0.5 mL of trypsin
for 90 s. Afterwards, the cells were harvested by centrifugation at
800 rpm for 5 min, and washed twice with 1 mL of PBS. Finally,
the cells were resuspended in 0.5 mL of PBS for flow cytometry
quantification.

To investigate the internalization mechanism of micelles,
A549 cells were cultured in 6-well plates (3 x 10° cells per well)
overnight, and then the medium was removed and the cells
were washed twice with PBS buffer solution. Afterwards, the
cells were pre-incubated with 2 mL of SPM (5 pg mL™"), DFMO
(50 uM), NaNj; (5 mg mL™") or nystatin (15 pg mL ") for 0.5 h,
respectively. After that, the cells were washed twice with PBS,
and 2 mL of SPM-PEOz-PLA/Cou-6 micelles (100 ug mL™ ") were
added. The following steps were similar to the above flow
cytometry studies.

Endo/lysosome escape of micelles

A549 cells were cultured in confocal culture dishes (2.5 x 10°
cells per well) overnight, and then the medium was removed
and the cells were washed twice with PBS buffer (10 mM, pH
7.4). Then, 1.5 mL of Cou-6 loaded micelles (100 pg mL ") were

This journal is © The Royal Society of Chemistry 2019
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added for 1 h incubation. The cells were washed with cold PBS
and re-cultured in 1.5 mL of fresh medium for another 0 or 4 h.
During this period, the cell lysosomes were stained by adding 75
uL of LysoTracker (4 pg mL™') for 0.5 h incubation. The
medium was removed and the cells were washed twice with PBS,
and then fixed with paraformaldehyde (1 mL, 4%) for 20 min.
After washing with PBS solution, the cells were immersed into
0.5 mL of PBS to stay wet, and observed under confocal fluo-
rescence microscopy (LSM780 NLO, Zeiss, DE) images.

In vitro cytotoxicity studies

A549, MDA-MB-231 and KCC853 cancer cells were cultured in
96-well plates (5 x 10> cells per well) for 24 h, respectively. Then,
the medium was removed and the cells were washed three times
with PBS buffer (10 mM, pH 7.4). Afterwards, different
concentrations of free PTX, blank micelles, and PTX-loaded
micelles were incubated with cells for 48 h. After adding MTT
(20 pL, 5 mg mL ) for 4 h incubation, the medium was replaced
by DMSO (100 pL) to dissolve the formazan crystals and the
plates were shaken for 10 min gently. After that, the absorbance
of samples was measured with a multimode reader (Infinite
M200, Tecan, CH) at 490 nm to quantify the cell viability.

Statistical analysis

All the experiments were performed in triplicate at least and the
data was presented as mean + SD. Statistical analysis among
two and multiple groups was conducted using Student's ¢-test
and one-way ANOVA, respectively. The star indicates statistical
significance (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

Results and discussion
Synthesis and characterizations of the polymers

Poly(2-ethyl-2-oxazoline) with a carboxyl and a hydroxyl group at
each end (COOH-PEOz-OH) was synthesized via cationic ring-
opening copolymerization (Fig. 1A).>"*> The 2-ethyl-2-oxazoline
(EOz) monomer was activated and polymerized with 3-bromo-
propionate in presence of KI for 24 h, and the reaction was
quenched by adding KOH. After purification, the resulting
COOH-PEOz-OH polymers were used for the synthesis of poly(2-
ethyl-2-oxazoline)-poly(lactic acid) (COOH-PEOz-PLA) copoly-
mers by one-step ring-opening copolymerization using tin(u)
bis(2-ethylhexanoate) as a catalyst (Fig. 1B). Finally, the active
ligand of spermine (SPM) was conjugated with COOH-PEOz-PLA
through a standard amidation reaction by EDC/NHS coupling
chemistry (Fig. 1C).

The chemical structures of the products were first investi-
gated by the "H NMR spectroscopy (Fig. 2A). The formation of
COOH-PEOz-OH polymers was validated by the characteristic
peaks of a (6 = 1.13 ppm), b (6 = 2.25, 2.42 ppm) and ¢ (6 = 3.46
ppm), which can be assigned to the proton of methyl group,
methylene group of side chain, and a methylene group of main
chain, respectively. After reaction with PLA, two new peaks
appeared, which were contributed by the side chain methyl
group (6 = 1.61 ppm) and main chain methyl group (6 = 5.23
ppm) of PLA, confirming the successful synthesis of COOH-

RSC Adv., 2019, 9, 11026-11037 | 11029
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PEOz-PLA copolymers. Finally, the modification of SPM on
COOH-PEOz-PLA was evidenced by the emergence of the peaks
of g (6 = 2.8-2.5 ppm) that were originated from the protons of
methylene in SPM skeleton.

FTIR spectroscopy was also used to characterize the synthe-
sized polymers (Fig. 2B). The COOH-PEOz-OH showed signals at
1643 cm™ ' and 1437 cm ', which belonged to the stretching
vibration peaks of the tertiary amide carbonyl group (C=0) and
the carbon-nitrogen bond (-C-N-). The COOH-PEOz-PLA dis-
played two new absorption signals at 1757 cm ™' and 1196 cm ™,
assignment to the stretching vibration peaks of ester carbonyl
(C=0) and ether bond (-C-O-C-). After modification with SPM,
the signal at 3501 cm ™" (-OH stretching vibration) disappeared
concomitant with a new peak at 3481 cm ™' (-NH, stretching
vibration), due to the conjugation of SPM on the terminal
carboxyl group of COOH-PEOz-PLA.

The resulting COOH-PEOz-PLA and SPM-PEOz-PLA were
amphiphilic copolymers with hydrophobic fragment of PLA
and the hydrophilic fragment of PEOz, which can be used as
building blocks to form micelles. For this purpose, the crit-
ical micelle concentration (CMC) is a crucial parameter. We
measured the CMC values by using a well-established pyrene
fluorescence probe (Fig. 2C).** Fixing the emission wave-
length at 393 nm, free pyrene probe exhibited two excitation
peaks at 320 nm and 334 nm. Upon addition of polymers, the
peaks intensified with a red-shift in a concentration-
dependent manner, which was caused by the incorporation
of pyrene into the hydrophobic region of the micelles. The
intensity ratio of I33,/I334 was plotted against the logarithm of
copolymer concentration, from which the CMC value of
PEOz-PLA and SPM-PEOz-PLA was calculated to be 0.366 pg
mL ™" and 0.826 pg mL ™", respectively (Fig. 2D). Therefore,
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both copolymers can form micelles in water at very low
concentrations.

Preparation and characterization of micelles

We next used these copolymers to prepare micelles for loading
PTX by a standard solvent evaporation method (Fig. 3A). The
copolymers and PTX were dissolved in dichloromethane (DCM),
and then dropwise added to the aqueous phase. After evaporating
the organic solvent, the polymers self-assembled into micelles
with PTX loaded into the inner hydrophobic core. The repre-
sentative micelles appeared to be light blue opalescence with
a dynamic size ~115 nm (Fig. 3B). From TEM, the particles were
spheres, and the size was consistent with the DLS measurement.
A systematic characterization was carried out for the micelles
formed by COOH-PEOz-PLA and SPM-PEOz-PLA (Fig. 3C). Both
micelles showed comparable size ~115 nm, while the { potential
was inversed from negative (—7.28 mV) to positive (+2.14 mV),
due to the surface modification of SPM. The drug encapsulation
efficiency (EE%) of the micelles reached >90% with drug loading
(DL%) >10% due to the strong hydrophobic interaction of PTX
and PLA fragment, and the SPM modification had little effect on
drug loading. This is reasonable as SPM was attached on the
particle surface while the PTX was encapsulated into the hydro-
phobic core. We also measured the amount of SPM on particle
surface by using a fluorescamine method (Fig. S11), which turned
out to be 34.4 pmol g~ . Finally, the storage stability of micelles
was studied. At 4 °C, the particle size and EE% remained largely
unchanged after 7 d, suggesting high stability (Fig. 3D).

pH-responsive drug release profile

The drug release profile was studied via dialysis method at
37 °C. We first used the phosphate buffer solution (PBS, pH 7.4)

A % B 201
0il phase{ FN
DCM —-; 15+
xX
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° PTX » 107
Stirring > <
Solvent evaporation £ 5
Aqueous phase Micelles Ny 0 oy poye T oy oy
1 10 100 100010000
Size (nm)
C D
300 100
Micelles Size (nm) PDI Zeta(mV)  EE(%) DL (%) B e i R o
PEOz-PLA/PTX 114.6+14 0.093+0.002 -728+1.79 914432 112+1.0 E“" 1
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(A) A schematic illustration of the preparation process of micelles. (B) The representative dynamic size of micelles. Inset: the photograph

and TEM microscopy of the micelles. The scale bar, 200 nm. (C) Characterization of the prepared micelles. (D) Stability studies of the micelles.

Data were shown as mean =+ standard deviation (SD; n = 3).
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as the dissolution medium to simulate the physiologic envi-
ronment (Fig. 4A, blue trace). Note that 1% sodium dodecyl
sulfate (SDS) was added into the dissolution medium as sol-
ubilizer for PTX to meet the sink condition. Drug was sustained
released from SPM-PEOz-PLA/PTX micelles over 48 h with
a cumulative release of ~50%. The rate of drug release followed
a Korsmeyer-Peppas model, suggesting that PTX was passively
diffused out of the micelles.>*

We next mimic tumor tissue and intracellular endosome/
lysosome micro-environments by lowering the pH to 6.5 and
5.5, respectively. Notably, decreasing pH to 6.5 markedly
accelerated the drug release rate, and the cumulative drug
release was significantly higher than that at pH 7.4 (P < 0.01),
attaining ~70% at 48 h (Fig. 4A, red trace). Further decrease of
the pH to 5.5, the cumulative drug release was even higher (P <
0.05 compared with pH 6.5) (Fig. 4A, green trace). This pH-
responsive drug release can be attributable to the protonation
of the PEOz block in micelles at low pH, producing positive
charge repulsion among the hydrophilic chains in micelles.*® As
aresult, the micelles tended to degrade. To directly visualize the
pH-dependent degradation, we incubated the micelles in
different pH conditions, and observed the morphological
evolution under TEM. At pH 7.4, the spherical morphology was
still observed after incubation, while the micelles were
deformed and disintegrated at pH 6.5 and 5.5 (Fig. S27).
Therefore, the micelles tend to collapse much faster at lower
PpH, which accelerates the drug release.

To confirm that the pH-responsive drug release was origi-
nated from the PEOz chain, we replaced PEOz by poly(ethylene
glycol) (PEG) with a similar molecular weight to synthesize the
SPM-PEG-PLA polymers, which was used to prepare SPM-PEG-
PLA/PTX micelles. PEG has a comparable hydrophilicity with
PEOz,*>*¢ while it is insensitive to pH change. As such, it can be
used as control to study the mechanism. SPM-PEG-PLA/PTX
micelles also showed sustained drug release, but the overall
performance was not affected by pH change (Fig. 4B). These
results demonstrated that the pH-dependent drug release of
SPM-PEOz-PLA/PTX micelles was indeed due to the protonation
of PEOz structure, and this property would be beneficial for
enhanced anti-cancer activity.>”

11032 | RSC Adv., 2019, 9, 11026-11037

SPM-mediated tumor targeting delivery of micelles

The successful intracellular delivery is the premise for micelles
to exert their therapeutic effect. To this end, we studied the
uptake of micelles by using fluorescence microscopy. As a proof-
of-concept, the A549 lung cancer cells were employed since PTX
is commonly used for the treatment lung cancer.*® To visualize
the micelles inside cells, a hydrophobic fluorescence called
coumarin 6 (Cou-6) instead of PTX was encapsulated into the
micelles core. Cou-6 has been extensively used to study cell
uptake of nanoparticles due to its strong fluorescence, as well as
its high hydrophobicity to allow stable loading into hydro-
phobic nanoparticle core.>® The Cou-6 micelles were prepared
by using SPM-PEOz-PLA or PEOz-PLA copolymers and charac-
terized. Similar to the case of PTX loading micelles, the SPM
modification had little effect on particle size, but changed the
potential from negative to positive (Table S17).

The time-dependent cell uptake of micelles was first tested
(Fig. 5A). To localize cancer cells, the cell nuclei were stained
blue by DAPI. After incubation, the cells were washed with ice-
cold PBS to remove any physically adsorbed micelles on the
cell surface.®® Obvious green fluorescence was seen for both
SPM-PEOz-PLA/Cou-6 micelles and PEOz-PLA/Cou-6 micelles
after 0.5 h, suggesting rapid internalization. The green fluo-
rescence gradually intensified with longer incubation time.
Notably, at each timepoint, the fluorescence of SPM-PEOz-
PLA/Cou-6 micelles was considerably brighter than that of
PEOz-PLA/Cou-6 micelles, and this difference was more
pronounced after longer incubation time. To confirm these
results, we performed flow cytometry experiments (Fig. 5B),
and the quantified results were shown in Fig. 5C. Cells alone
did not have any fluorescence, while incubation with SPM-
PEOz-PLA/Cou-6 micelles produced significantly stronger
fluorescence than with PEOz-PLA/Cou-6 micelles after 1 h,
which was in good agreement with fluorescence microscopy
studies.

It is known that PTS is overexpressed on the surface of
various tumor cells.***° To test the generality, we also performed
the uptake experiments by using MDA-MB-231 and KCC853
cancer cells. After 1 h incubation, considerably higher fluores-
cence was also observed in SPM-PEOz-PLA/Cou-6 for both types

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (A) Fluorescent microscopy images of A549 cancer cells after incubating with SPM-PEOz-PLA/Cou-6 or PEOz-PLA/Cou-6 micelles for
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Quantified fluorescence intensity from B. (D) Fluorescent intensity indicating the effect of SPM (5 ng mL™

Y for 1 h. (C)
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nystatin (15 ng mL™?) on cellular internalization of SPM-PEOz-PLA/Cou-6 micelles determined by flow cytometry. Data were shown as mean +
standard deviation (SD; n = 3). The star indicates statistical significance (*P < 0.05, **P < 0.01, ****P < 0.0001).

of cancer cells (Fig. S47). Therefore, the SPM modification can
be used as a universal targeting ligand for the treatment of
various types of cancers. For comparison, we then studied the
performance of the micelles with HEK293 normal cells. In this
case, much weaker fluorescence was observed (Fig. S47),
demonstrating the targetability of the SPM modified micelles
towards cancer cells. The lack of micelle uptake in normal cells
would be attributable to the hydrophilic layer of PEOz on
particle surface, which inhibits the internalization of the
micelles. Therefore, the micelles had much less influence on
healthy cells than cancer cells to reduce the side-effects.

As a type of polyamine, SPM could bind PTS with high
affinity, and therefore facilitate the intracellular transportation
of SPM-PEOz-PLA/Cou-6 micelles, which may explain the rela-
tively higher cellular uptake of the SPM modified micelles.
However, as SPM-PEOz-PLA/Cou-6 micelles were positively
charged, the cellular uptake might be also enhanced by the

This journal is © The Royal Society of Chemistry 2019

charged attraction between micelles and negatively charged
cancer cell membrane. To investigate the detailed mechanism,
the uptake experiments were then carried out by pretreating
cells with various ligands.

We first pre-incubated the cells with an excess amount of free
SPM to block the PTS on cells surface, which resulted in a strong
decrease of uptake of SPM-PEOz-PLA/Cou-6 micelles, to a level
similar to that of PEOz-PLA/Cou-6 micelles (Fig. 5C and D).
Conversely, upon pretreating the cells with a-difluor-
omethylornithine (DFMO), a reagent that could increase the
uptake of PAs via PTS,* the cells showed a much higher degree
of uptake of the micelles. These results demonstrated that the
enhanced cellular uptake of the SPM modified micelles was
mainly contributed by PTS instead of charge attraction. In
addition, we also studied the delivery pathway by adding NaN,
and nystatin, which could inhibit ATP metabolism and sag
vesicle-mediated endocytosis, respectively.®>*> Both inhibitors

RSC Adv., 2019, 9, 11026-11037 | 11033
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were able to substantially reduce the cell uptake. Therefore, the
uptake of micelles was energy-consuming and delivered
through sag vesicle-mediated endocytosis pathway, in agree-
ment with previous reports.®**

Endo/lysosome escape of micelles

Having demonstrated the cellular uptake of micelles, we next
studied their intracellular performance. In general, micelles
were entrapped into endosomes after endocytosis, and the
endosomes gradually matured and transformed to lysosomes
accompanied by a sharp pH decrease of the micro-environ-
ment.®® During these processes, micelles need to escape from
endo/lysosomes to avoid rapid digestion by the lysosomal
enzymes, and then release the payload into the cytoplasm to
exert their therapeutic effect. Therefore, the intracellular traf-
ficking of micelles plays a pivotal role on the final fate and
therapeutic efficiency inside cells.

To follow this process, the cell endo/lysosomes were labeled
in red by LysoTracker and the uptake of SPM-PEOz-PLA/Cou-6
micelles was tracked by using confocal laser scanning micros-
copy (CLSM). After 1 h incubation, bright green fluorescence of
micelles was observed inside cells (Fig. 6A). Interestingly,
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Paper

merging the red fluorescence of endo/lysosomes with green
channel produced orange/yellow spots, indicating colocaliza-
tion of micelles in the endo/lysosomes. This result was in
accordance with the endocytosis pathway of the micelles. To
track the intracellular delivery, the cells were washed with fresh
media to avoid further internalization, and then cultured for
another 4 h. After this, the green fluorescence of Cou-6 was
separated from red fluorescence with marginal yellow/orange
signal, suggesting successful endo/lysosomes escape of
micelles. This could be ascribed to the rapid collapse of the
SPM-PEOz-PLA/Cou-6 micelles under acidic endo/lysosomes
conditions, resulting in pH-triggered intracellular burst release.

As a control, we also used pH-insensitive SPM-PEG-PLA/Cou-
6 micelles to repeat the same experiments. In this case,
successful cellular uptake of micelles was similarly observed,
and the uptake efficiency was comparable to that of SPM-PEOz-
PLA/Cou-6 micelles (Fig. 6B and C). However, the overlapped
image showed strong orange/yellow fluorescence after 5 h
incubation, signifying that lots of micelles were still entrapped
in endo/lysosomes (Fig. 6A). This experiment confirmed the
advantage of SPM-PEOz-PLA/Cou-6 micelles for intracellular
delivery due to the pH-responsive property.

SPM-PEG-PLA/ Cou-6
Merged

LysoTracker

Cou-6

%) studied by using CLSM. (B) Flow

cytometry image of A549 cancer cells after 1 h incubation with SPM-PEOz-PLA/Cou-6 micelles and SPM-PEG-PLA/Cou-6 micelles. (C)

Quantified fluorescence intensity from (B).
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Enhanced antitumor activity by SPM modification

Finally, we studied the therapeutic activities of the micelles by
using MTT assay. The blank micelles (without drug loading)
merely showed any toxicity with concentration up to 1 mg
mL " (Fig. $31), indicating excellent biocompatibility of the
materials. The cell viability was gradually inhibited after
incubating with free PTX, PEOz-PLA/PTX micelles and SPM-
PEOz-PLA/PTX micelles, presenting a dose-dependent
manner (Fig. 7A). Moreover, at each concentration, the cyto-
toxicity of different formulations was in order of SPM-PEOz-
PLA/PTX > PEOz-PLA/PTX > free PTX. We then calculated the
ICs, value (the dose that kills 50% cells) of each formulation
(Fig. 7B). In addition, the antitumor activity was also tested by
using several other cancer cell lines (Fig. S5). Similarly, the
SPM-PEOz-PLA/PTX displayed significantly higher cytotoxicity
than PEOz-PLA/PTX and free PTX, consistent with the above
cellular uptake results.

Taken together, we have demonstrated that SPM-PEOz-
PLA/PTX micelles present as a highly promising nano-
platform to treat a broad range of cancers with excellent
targetability. The micelles were more effective than free PTX
to kill cancer cells. Meanwhile, the SPM modification would
significantly augment the anticancer efficiency of the
micelles. This was attributed to the specific binding between
SPM on the particle surface and the overexpression of PAs on
tumor cell surface, which facilitates the internalization of the
micelles. In addition, as described above, the pH-responsive
micelles could rapidly release the payload drug after endo-
cytosis into the endo/lysosomal compartments. Synergisti-
cally, the enhanced intracellular uptake and subsequent
burst drug release led to improved therapeutic effect than
conventional chemotherapy. Collectively, the SPM-PEOz-PLA/
PTX micelles achieved the enhanced therapeutic efficacy
through tumor targeted delivery and pH-responsive drug
release.

This journal is © The Royal Society of Chemistry 2019

Conclusions

In summary, we have synthesized the amphiphilic copolymers
of PEOz-PLA functionalized with SPM, which could self-
assemble into a novel type of tumor targeting micelles. The
micelles exhibited several interesting properties beneficial for
enhanced anti-cancer activity. First, the drug was sustainably
released under physiological condition, while the rate was
significantly accelerated in acidic conditions due to the
protonation of PEOz fragment. This pH-responsive profile
facilitated the rapid endo/lysosome escape of the drug. Impor-
tantly, we demonstrated that SPM modification could promote
the uptake of micelles to cancer cells through specific binding
to PTS. This work provides a new strategy for the design nano-
drug delivery system for targeted antitumor chemotherapy.
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