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ABSTRACT: How to deliver the drug to the target area at the
right time and at the right concentration is still a challenge in
cancer therapy. In this study, we present a facile strategy to
control drug release by precisely controlling the thermo-
sensitivity of the nanocarriers to the variation of environmental
temperature. One type of thermoresponsive Pluronic F127-
poly(p,L-lactic acid) (F127-PLA, abbreviated as FP) copolymer
micelles was developed and decorated with folate (FA) for
active targeting. FP100 micelles assembled from FP with PLA
segment having polymerization degree of 100 had a low critical
solution temperature of 39.2 °C close to body temperature. At
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37 °C, little amount of encapsulated anticancer drug DOX is released from the FP100 micelles, while at a slightly elevated
temperature (40 °C), the shrinkage of thermoresponsive segments causes a rapid release of DOX and instantly increases the drug
concentration locally. The cytocompatibility analysis and cellular uptake efficiency were characterized with the fibroblast cell line
NIH 3T3 and human cervix adenocarcinoma cell line HeLa. The results demonstrate that this copolymer has excellent
cytocompatibility, and FA-decorated FP100 micelles present much better efficiency of cellular uptake and higher cytotoxicity to
folate receptor (FR)-overexpressed HeLa cells. In particular, under hyperthermia (40 °C) the cytotoxicity of DOX-loaded FA-
FP100 micelles against HeLa cells was significantly more obvious than that upon normothermia (37 °C). Therefore, these
temperature-responsive micelles have great potential as a drug vehicle for cancer therapy.
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B INTRODUCTION

In the past decade, nanotechnology-based drug delivery system
has shown promising results in cancer therapy due to their
improved pharmacokinetics and pharmacodynamics via the
enhanced permeation and retention (EPR) effect.”” However,
the EPR effect does have several limitations, including poor
cellular internalization and inefficient intracellular drug release.’
To overcome these limitations, two promising strategies are
primed: one is to construct an actively targeted drug delivery
system and the other is to endow a system stimuli-responsibility
for controlled drug release.

The active targeting strategy utilizing various targeting
ligands that bind to specific proteins overexpressed on cancer
cells has provided an opportunity to selectively deliver drugs to
the tumor cells via receptor-mediated endocytosis.* For
instance, folate (FA), a low-molecular-weight vitamin, binding
with high affinity to the folate receptor (FR), a membrane-
anchored protein, has been widely used to modify nanocarriers
to further improve the passive targeting systems and
accumulate drugs in cancer cells by FR-mediated endocyto-
sis.*™? Although the active targeting system can significantly
facilitate the cell internalization by receptor-mediated endocy-
tosis, the intracellular drug release cannot be still realized and in
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turn the high therapeutic efficiency of encapsulated agent to
solid tumors cannot be exerted after the cell internalization if
these nanocarriers lack enough responsiveness to the tumor
extracellular and/or intracellular microenvironment.

To address this challenge, the stimuli-responsive delivery
systems have been extensively developed. Generally, these
systems can be classified into two classes: exogenous stimuli-
responsive and endogenous stimuli-responsive drug delivery
systems.'® Externally applied stimuli include temlperature
changes,u’12 magnetic fields,">'* ultrasounds,® light, 617 and
electric fields;'® intrinsic stimuli include variations in pH,lg’20
redox potential,”** or the concentrations of enzymes.**** Of
these stimuli, temperature is a frequently investigated
responsive strategy. On the one hand, tumor tissues possess
abnormal tem;)erature gradients as compared with those of
normal ones; 26 on the other hand, tumor tissues are much
more sensitive to high temperatures. Therefore, effectively
killing of tumor by hyperthermia can occur in the range 40—43
°C.*” A variety of thermoresponsive drug delivery systems were
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utilized for combining hyperthermia with chemotherapy.*®*

One of the widely investigated thermoresponsive polymers is
Pluronic F127 composed of poly(ethylene oxide)—poly-
(propylene oxide)—poly(ethylene oxide) (PEO—PPO—PEO),
which plays a key role in controlling drug release because of its
outstanding thermal response. However, the unacceptably high
critical micellization concentration (CMC) and low lower
critical solution temperature (LCST) of Pluronic F127 due to
the weak hydrophobic PPO block limit the potential
applications as drug delivery systems. To solve this problem,
modification of hydrophobic polyester blocks on Pluronic F127
can be regarded as a good way, which cannot only increase the
stability and LCST of Pluronic F127 but also endow the
copolymer biocompatibility as well as biodegradability. F127
has been reported for developing a thermal-triggered “on—oft”
nanocarrier by decreasing temperature (also called cold shock
or cryotherapy).>**' In this case, drug release occurs as a
consequence of cooling; however, the manipulation of this
cryotherapy is not convenient for clinical application compared
with hyperthermia.

Accordingly, in this study, we present a thermoresponsive
drug delivery system with active targeting capacity based on
Pluronic F127-poly(p,L-lactic acid) (FP) copolymer decorated
with FA ligands. As shown in Scheme 1, this amphiphilic

Scheme 1. Schematic Representation of Thermosensitive
Nanocarrier Working as a Targeted Drug Delivery System
with Controlled Drug Release®
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“Micelle formation occurs if the concentration of polymer is greater
than CMC. Above the LCST the thermosensitive block shrank,
inducing the release of incorporated agents. The nanocarrier can target
tumor cells overexpressing folate receptor, and rapidly intracellular
drug release will be triggered by heating (40 °C) upon LCST on the
tumor tissue.

copolymer can self-assemble into micelles in aqueous solution,
and the micelles can be specifically taken up by FR-
overexpressed tumor cells through receptor-mediated endocy-
tosis, and subsequently rapidly release the payloads inside cells
at low hyperthermia (40 °C). The thermoresponsive behaviors,
active targeting ability, intracellular drug release, and in vitro
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antitumor effect both at 37 and 40 °C were systematically
evaluated.

B EXPERIMENTAL SECTION

Materials. Pluronic F127 (M, 12600) was purchased from Aldrich
(USA). p,L-lactide was synthesized in our laboratory. Folate (FA) was
purchased from Chengdu KeLong Chemical Reagent Company
(Sichuan, China). Doxorubicin hydrochloride (DOX-HCI) was
purchased from Zhejiang Hisun Pharmaceutical Co., Ltd. (China).
Hoechst 33342 and LysoTracker Green were purchased from
Beyotime Biotechnology Co. Ltd. (Nantong, China). All the other
chemicals were purchased from commercial supplier and used as
received.

Cell Culture. The mouse fibroblast cell line NIH 3T3, human
cervix adenocarcinoma cell line HeLa and human lung epithelial
carcinoma cell line AS49, were obtained from Sichuan University
(China). Cells were cultured in RPMI 1640 medium containing 10%
FBS at 37 °C in 5% CO, in a humidified atmosphere.

Synthesis of F127-PLA Copolymers (FP). F127-PLA copoly-
mers were synthesized through ring-opening polymerization of p,L-
lactide initiated by Pluronic F127 using Sn(Oct), as catalyst.>* By
varying the mole ratio of reactants used in the polymerization, the PLA
to F127 molecular weight ratio of the copolymer was controlled.
Taken FP100 as example, Pluronic F127 (2.52 g, 0.2 mmol), p,L-
lactide (1.44 g, 10 mmol) and Sn(Oct), (0.1 wt % of p,L-lactide) were
quickly added to a round-bottom flask with a stopcock, which was
preheated to remove the moisture. The mixture was degassed under
vacuum and then heated to 150 °C for 4 h of reaction. After that, the
content was cooled to room temperature. The product was dissolved
in dichloromethane, precipitated in excess cold ethanol, and collected
by centrifugation. The copolymers were dried overnight under
vacuum.

Synthesis of CDI-Activated F127 (CDI-F127-OH). CDI-F127-
OH was synthesized by a modified procedure as described earlier.*
Briefly, N,N’-Carbonyldiimidazole (CDI) (0.16 g, 1 mmol) and
Pluronic F127 (12.6 g, 1 mmol) were respectively dissolved in dry
dichloromethane. The solution of CDI was added dropwise into the
Pluronic F127 solution at room temperature in 2 h under nitrogen
atmosphere. The mixture was kept stirring for another 4 h. The excess
dichloromethane was removed by rotary evaporator. The product was
precipitated in ethyl ether for three times to remove unreacted CDL
The CDI-F127-OH was dried under vacuum to obtain the white
powder (yield: 92.4%).

Synthesis of CDI-F127-PLA Copolymer (CDI-FP). The CDI-
F127-PLA copolymer was synthesized as mentioned earlier. For
instance, CDI-FP100 was synthesized as follows. CDI-F127-OH
(10.16 g, 0.8 mmol), p,L-lactide (5.76 g, 40 mmol) and Sn(Oct), (0.1
wt % of p,L-lactide) were reacted at 150 °C for 4 h. Afterward, the
product was dissolved in dichloromethane and precipitated in ethanol,
and collected by centrifugation. The CDI-FP100 copolymer was dried
overnight under vacuum (yield: 71.2%).

Synthesis of Amino-Terminated F127-PLA Copolymer
(NH,—FP). Taken NH,—FP100 as example, the CDI-FP100 (9.95 g,
0.5 mmol) was dissolved in dry dichloromethane and added dropwise
to S mL of 1,2-ethylenediamine at room temperature in 2 h. The
mixture was kept stirring overnight. The unreacted 1,2-ethylenedi-
amine and excess dichloromethane were removed by rotary
evaporator. The product was precipitated in excess cold ethanol and
collected by centrifugation. The NH,—FP100 was dried under vacuum
to obtain the light yellow powder (yield: 75.1%).%*

Synthesis of Folate-conjugated F127-PLA Copolymer (FA-
FP). Folate (0.13 g, 0.3 mmol), NHS (0.03 g, 0.3 mmol), and EDC-
HCI (0.06 g, 0.33 mmol) were dissolved in 100 mL DMSO. The
mixture was stirred at room temperature under nitrogen atmosphere in
the dark overnight. Then, NH,—FP100 (5.96 g, 0.3 mmol) and several
drop of triethylamine were added, and the mixture was reacted for
another 24 h. DMSO and unreacted folate were removed by dialysis
against deionized water for 3 days. FA-FP100 was collected by
lyophilization (yield: 83.9%).*®
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Characterizations of Copolymer. Fourier transform infrared
(FT-IR) spectra were carried out using a Nicolet 5700 spectrometer in
the range between 4000 and 500 cm™". KBr tablets were prepared by
grinding the sample with KBr and compressing the whole into a
transparent tablet. '"H NMR spectra was obtained on a Bruker AM 300
apparatus. CDCl; or DMSO-dg was used as a solvent. Chemical shifts
are expressed in parts permillion, ppm (5). Gel permeation
chromatography (GPC) was performed with a Water 2695 pump
and a Styragel HT4ADMF column calibrated with polystyrene standards
operated at 40 °C and series 2414 refractive index detector. UV—vis
spectrophotometer (UV-2550, Shimadzu, Japan) was employed to
confirm the graft of folate to NH,—FP and quantify the grafted
amount.

Preparation of Polymeric Micelles. The blank micelles were
prepared by a solvent evaporation method. Briefly, FP or FA-FP
copolymer was dissolved in S mL of tetrahydrofuran as a good solvent;
the solution was then added dropwise to 10 mL of deionized water as a
selective solvent under high-speed stirring. The polymeric micelles
were fabricated after the complete evaporation of tetrahydrofuran. The
method of preparing the DOX-loaded micelles was similar to
mentioned above. The only difference is that DOX-HCI was first
dissolved in tetrahydrofuran, and several drops of triethylamine was
added to remove hydrochloric acid of DOX-HCL After that, the
copolymer was added to the solution of DOX, the mixture was then
added dropwise to deionized water. After tetrahydrofuran was
evaporated completely, the DOX-loaded micelles were transferred
into dialysis bag (MWCO 1000) against deionized water to remove
the unloaded DOX.

Characterizations of Micelles. Fluorescence spectrometer (F-
7000, Hitach, Japan) was performed to determine the critical micelle
concentration (CMC) values of FP copolymers. Pyrene was used as a
fluorescent probe. The excitation wavelength was set to 333 or 339
nm, and the fluorescence intensity was detected at 372 nm. The
intensity ratio of peaks excited at 339 nm to those at 333 nm was
plotted against the logarithm of concentration to measure CMC.

Dynamic light scattering (DLS) (ZETA-SIZER, MALVERN Nano-
7590, Malvern, Ltd., U.K.) was employed to examine the average size
of micelles. Each measurement was carried out in triplicate and an
average value was reported.

A transmission electron microscopy (TEM) instrument equipped
with a JEOL 2010F instrument (JEOL Ltd., Japan) operated at 200 kV
was employed to discern the morphologies of micelles. Samples were
prepared by dipping a drop of the micellar solution (1 mg/mL) on a
copper grid and dried in air; then, a drop of phosphotungstic acid
solution (1% w/w) was added to the copper grid to stain the micelles.
Afterward, a filter paper was used to absorb the phosphotungstic acid
solution. The grid was completely dried before TEM observation.

DOX-loading content (LC) and encapsulation efficiency (EE) were
detected by UV—vis. The DOX-loaded micelles were lyophilized
before detection. The lyophilized micelle powder was weighed and
redissolved in DMSO. The absorbance of DOX at 488 nm was
measured to quantify the concentration of DOX in DMSO using a pre-
established calibration curve. LC and EE were calculated by eq 1 and 2,
respectively.

weight of the drug in micelles % 100

LC (%) =
(%) weight of micelles

(1)

weight of the drug in micelles

EE (%) = X 100

weight of the drug in feed )

Thermoresponsive Behaviors. The thermoresponsive properties
of FP micelles were investigated by DLS and UV-vis. The
experimental temperature range was 25—55 °C. Size and absorbance
at 2 = 500 nm of micellar solutions (5 mg/mL) were recorded at every
5 °C interval. For each temperature, the solutions were equilibrated for
15 min. LCST was defined as the temperature at 50% absorbance in
the curve of the normalized absorbance versus temperature.

The effects of temperature and concentration on aqueous phase
behavior of the FP micelles were measured by UV—vis. The
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experimental temperature was started at 25 °C, and the micellar
concentration range is from 1 mg/mL to 10 mg/mL. Absorbance at 4
= 500 nm of micellar solutions was recorded at every 0.1 °C interval.
The opaque temperature was determined as the onset point of the
abrupt increase in the UV absorption, and the precipitate temperature
was determined as the temperature when the precipitate of the
solution was formed.

In Vitro Drug Release. In vitro drug release was measured by a
fluorescence spectrometer. The temperature-dependent release rate of
DOX from micelles was first investigated. The DOX-loaded FP freeze-
dried powders were suspended in phosphate buffer (PBS) at pH 7.4.
The solutions were dialyzed against PBS under a predetermined sink
condition. Afterward, the samples were kept at 37 or 40 °C in a
thermostated incubator with a shaking speed at 100 cycles/min. The
fluorescent intensity of DOX was monitored at selected time intervals
from 0.5 to 48 h. The cumulative drug release percentage was
calculated based on the emission intensity of DOX at 595 nm.

To further analyze the release of DOX from micelles against both
temperature and pH, the DOX fluorescence intensity of drug-loaded
micellar solutions was directly measured. The drug-loaded freeze-dried
micelle powders were suspended in phosphate buffer (PBS) at pH 7.4
or acetate buffered solution (ABS) at pH S.0. Then the samples were
kept at 37 or 40 °C, the DOX fluorescence intensity was recorded at
selected time intervals from S to 60 min.

Cytocompatibility Assay. Cytocompatibility of blank micelles
was evaluated by Alarmar blue assay and live/dead staining. Alarmar
blue assay was performed to quantify the cell viability after treatment.
Briefly, 3T3 or HeLa cells were seeded in 48 well plates at an initial
density of 2 X 10* cells/well for 24 h prior to treatment. On the
following day, HeLa cells were treated with blank micelles with
different concentrations ranging from 10 ug/mL to 500 ug/mL, and
3T3 cells were treated with blank micelles in the range from 10 yg/mL
to 100 pg/mL. The medium was removed 24 h later and the cells were
rinsed three times by PBS. Following treatment, 300 yL of Alamar
Blue solution (10% Alamar Blue, 80% media 199 (Gibcos), and 10%
FBS, v/v) was added for further 3 h of incubation. The Alamar blue
solutions were transferred into a 96-well plate and read by an
automated microplate spectrophotometer (ELX800 Biotek, U.S.A.) at
570 nm. Each concentration point was determined from samples from
four separate wells. Cell viability was calculated by means of eq 3:

OD sample - OD an
'570(sample) '570(blank) % 100

cell viability(%) =
3)

Live/dead staining was employed to directly visualize the survival
and apoptosis of cells. In brief, 3T3 or HeLa cells were seeded in 24
well plates at a density of 1 X 10* cells/well for 24 h prior to treatment.
The cells were treated with 2 mM calcein acetoxymethylester (Calcein-
AM) for 10 min and 4 mM propidium iodide (PI) for 10 min after 24
h of incubation with different concentrations of blank micelles. Live
cells were stained green and dead cells were stained red when
visualized by fluorescence microscopy.

Cellular Uptake and Subcellular Localization. Fluorescence
microscope was used to evaluate the cellular uptake of various
formulations. AS49 cells without FR expressions were seeded in 6 well
plates at a density of 10 X 10* cells/well. The next day, cells were
treated with free DOX and DOX-loaded micelles for 3 h of incubation
at 37 °C. Then, the cells were rinsed with PBS and fixed with 2.5%
glutaraldehyde, and stained with 4',6-diamidino-2-phenylindole
(DAPI). The DAPI fluorescence (blue) and DOX fluorescence
(red) in the cells were detected by an inverted fluorescence
microscope (Olympus, CKX41).

The subcellular localization was examined by confocal laser
scanning microscopy. HeLa cells with high FR expressions were
seeded in 6 well plates at a density of 10 X 10* cells/well for 24 h,
treated with free DOX and DOX-loaded micelles. After incubation for
3 h at 37 °C, cells were rinsed with PBS, stained with Hoechst 33342
and Lysotracker Green (Beyotime Biotech, China) for cell nuclei and
lysosomes, respectively. The treated cells were observed on a confocal
microscope (Olympus FV1000). Hoechst 33342, DOX, and

D570(control) - OD570(bIank)
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Figure 2. TEM images and dynamic light scattering data for determining the morphology and hydrated particle sizes of FPS0 (A), FP100 (B), and

FP200 (C), micelles (scale bar =100 nm).

Lysotracker Green were excited at 352, 488, and 504 nm, respectively.
The emission wavelengths of Hoechst 33342, DOX, and Lysotracker
Green are 455, 595, and 511 nm, respectively.

The quantitative measurements of the cellular uptake of various
formulations were made by using flow cytometry. HeLa cells (10 X 10*
cells/well) grown in 6-well plates were treated with free DOX and
DOX-loaded micelles at 37 °C for 3 h. After being rinsed with PBS,
cells were detached with the trypsine-EDTA solution and then
resuspended in PBS. Cellular uptake was then analyzed on a
FACSCalibur flow cytometer (BD Biosciences, U.S.A.).

Effect of Temperature on Cytotoxicity. The cytotoxicity of the
DOX-loaded micelles as a function of temperature was evaluated as
well. HeLa cells were incubated with free DOX and DOX-loaded
micelles at 37 or 40 °C for 1 h. After incubation at desired
temperatures, the cells were incubated at 37 °C for further 23 h.
Cytotoxicity was tested by Alarmar blue assay and live/dead staining.
ICy, values (50% cell inhibition) were calculated.

Cell Apoptosis. For quantitative measurement of apoptosis
affected by different temperatures, HeLa cells (10 X 10* cells/well)
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grown in 6-well plates were treated with free DOX and DOX-loaded
micelles at 37 or 40 °C for 1 h. After incubation at desired
temperatures, the cells were incubated at 37 °C for further 23 h. After
that, the cells were detached with EDTA-free trypsin solution, rinsed
twice with PBS and harvested in binding buffer, stained with Annexin
V-FITC and PI for 15 min at room temperature in the dark, and then
analyzed by FACSCalibur system.

Statistical Analysis. SPSS software was used for the statistical data
analysis. Results are expressed as means + SD with statistical
significance of the differences in the cellular uptake determined by
flow cytometry between each group were confirmed by a Student’s t-
test. The differences were considered significant for p values * < 0.0S.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Copolymer. To
optimize the temperature responsiveness, FP copolymers with
varying compositions were synthesized through ring-opening
polymerization as shown in Figure S1 in Supporting

dx.doi.org/10.1021/am501422r | ACS Appl. Mater. Interfaces 2014, 6, 8549—8559
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micelles. All data are shown as mean + SD (n = 3).

Information (SI). Three mole ratios of the copolymers were
synthesized with F127/PLA of 7:2, 7:4, and 7:8, corresponding
to PLA segment with the polymerization degree of 50, 100, and
200, respectively. The chemical structure of the copolymers was
confirmed by FT-IR and 'H NMR. The FT-IR spectra of the
FP copolymers are represented in Figure S2 in SL A typically
strong stretching band appeared at 1762 cm™', which is
attributed to the C=O stretching vibrations of the ester
carbonyl group in PLA segment. The result implied that the
copolymers were possibly successfully synthesized. '"H NMR
spectroscopy was employed to further confirm the formation of
FP copolymers (SI, Figure S3). Besides, the composition of the
copolymers was calculated by '"H NMR and the molecular
weight and its distribution were determined by GPC; the
results are almost in line with the theoretical composition (S,
Table S1). The FA-decorated FP copolymer (FA-FP) for active
targeting was further synthesized through several reactions as
shown in Figure 1. The chemical structures of the intermediates
and end products were confirmed by 'H NMR as well (taken
FA-FP100 as example) (SI, Figure S4).

Preparation and Characterization of Micelles. The
blank micelles and DOX-loaded micelles were prepared by a
solvent evaporation method. The size of the resultant FP
micelles was determined by DLS and TEM. The result showed
that the size of the micelles increases with an increase in the
length of hydrophobic PLA block (SI, Table S2 and Figure 2),
which is well consistent with the earlier research.*
Fluorescence measurements were carried out using pyrene as
a fluorescent probe to determine the CMC of FP micelles. It
was observed that CMC values decreased with increasing the
hydrophobic chain length of the copolymer (SI, Figure SS and
Table S2). Moreover, DOX-loading content (LC) and
encapsulation efficiency (EE) of DOX-loaded micelles are
summarized in SI, Table S2, as well. The LC and EE depended
mainly on the ratio of the hydrophobic and hydrophilic
segments.37 With increasing the ratio of PLA to F127, the LC
and EE in micelles increased from 3.82 to 6.23%, and from
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42.02 to 68.53%, respectively. This result could be attributed to
an increase in size of the hydrophobic core of the micelle.

Thermoresponsive Behaviors. To examine the thermor-
esponsive behaviors of the FP micelles, we measured the size
and absorbance of micellar solutions as a function of
temperature. As shown in Figure 3A—C, all three samples
exhibit thermoresponsive performance as manifested by the
decrease of size and the increase of absorbance when
temperature is raised from 25 to 55 °C. The shrinkage of the
FP micelles is attributed to the opposing thermal effect between
the two polyrners,38 which makes it possible for the micelles to
pump the drug out. Interestingly, the original sizes of the FP
micelles were obtained again by cooling to 25 °C (SI, Figure
S6), this thermo-reversible changes in size indicated that the
micellar structure were not disrupted in this temperature
ranges. The LCST of FP50, FP100 and FP 200 micelles is 35.6,
39.2, and 45.8 °C, respectively, which shifted to higher
temperatures with increasing of PLA block. This result was
due to the fact that the longer PLA segment would have a
stronger interaction with F127.%® To trigger drug release in the
tumor tissues subjected to low hyperthermia (40 °C), FP100
micelles that possess a LCST just above normothermia is
desirable.

The effects of temperature and concentration on aqueous
phase behavior of the FP micelles were further investigated. As
shown in Figure 3D—F, these micelles showed a transparent-
opaque-precipitated transition in response to the elevated
temperature from 25 to 80 °C. We can see that the opaque
temperature and precipitated temperature decrease with the
increase of the micellar concentration. Besides, the F127/PLA
proportion also has a great impact on the thermoresponsive
transition as the opaque temperature and precipitated temper-
ature shifted to higher temperature when the PLA content in
copolymer increased. Therefore, both the F127/PLA propor-
tion and the micellar concentration affect the transition
temperature.

dx.doi.org/10.1021/am501422r | ACS Appl. Mater. Interfaces 2014, 6, 8549—8559
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Data are shown as mean + SD (n = 3).
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Figure 5. Fluorescence emission spectra of DOX-loaded FP100 micelles under pH 7.4 at 37 °C (A) and 40 °C (B) or under pH 5.0 at 37 °C (C)

and 40 °C (D) for 1 h.

In Vitro Drug Release. Figure 4 shows the in vitro release
profiles of DOX from the FP micelles at 37 and 40 °C,
respectively. DOX release from the FP50 micelles was
characterized with a burst followed by a sustained fast release,
reaching 91.57% at 37 °C and 98.36% at 40 °C within 48 h
(Figure 4A). In contrast, FP100 micelles yielded a much slower
release at 37 °C while the same fast release at 40 °C (Figure
4B). The amounts of DOX released from the FP200 micelles
were less than 20% during the entire course of the study at both
temperatures (Figure 4C). The results indicated that the drug
release from the FP micelles was greatly affected by the
environmental temperature variation. The core—shell structure
of micelles could keep stable when the temperature was below
the LCST. Upon heating above the LCST the hydrophilic outer
shell collapses and the drug can migrate out of the micelles.”
Thus, FP50 micelles with a LCST of 35.6 °C are unstable at 37
°C, while FP200 micelles with a LCST of 45.8 °C can still keep
the core—shell structure even at 40 °C. Neither the early release
of drug during blood circulation nor the incapable drug release
in the tumor tissue can achieve the therapeutic effect to solid
tumor. Since the FP100 micelles with a LCST between 37 and
40 °C remained stable under normothermia and exhibited
rapidly drug release upon low hyperthermia in tumor tissues,
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these micelles were expected to be the most appropriate
candidate to deliver anticancer drug for cancer therapy.

From above discussion, we can know that FP100 micelles
possess a highly temperature-dependent drug release profile.
Since pH values vary in normal tissues (pH 7.4) and cancer
cells (pH 4.5—6.5),***" we further study whether the variation
of pH value influences the drug release behavior of these
micelles. As shown in Figure 5A, the DOX fluorescence
intensity was very weak within 1 h under pH 7.4 at 37 °C,
whereas it was obviously intensified when increasing the
temperature to 40 °C (Figure SB) or decreasing the pH to 5.0
(Figure SC). The release rate at pH 5.0 was much faster than
that at pH 7.4, which is mainly attributed to the increased
solubility of DOX at acidic pH resulted from the protonation of
the glycosidic amine. Furthermore, the sample under pH $.0 at
40 °C showed the highest DOX fluorescence intensity,
indicating the fastest release of DOX among the four groups
(Figure SD). Thus, the FP100 micelles can be triggered to
release cargoes by both exogenous low hyperthermia and
endogenous lysosomal acidic pH after internalization by tumor
cells.

Characterizations of FA-FP100. Due to the optimal
thermoresponsive property among the three kind of copoly-
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Figure 7. CLSM images of HeLa cells incubated with various DOX formulations for 3 h. All samples have a DOX concentration of 5 yg/mL. The
nuclei and lysosomes of the cells were stained with Hoechst 33342 (blue) and Lysotracker (green), respectively.

mers, FP100 was chosen to decorate with folate for the
following cell test. UV—vis spectrophotometer was measured to
confirm the graft of folate to FP100 and quantify the grafted
amount. As can be seen in SI, Figure S7A, two profound UV
absorbance peaks around 287 and 363 nm attributed to the
aromatic ring of folate occur in FA-FP100, and the grafted
amount of folate to FP100 is 72.56% on a molar ratio basis. FA-
FP100 micelles were characterized to evaluate if they have
thermoresponsiveness similar to FP100 micelles. As shown in
SI, Figure S7B, FA-FP100 micelles possessed almost the same
size and morphology as compared with FP100 micelles (Figure
2B). Interestingly, FA-FP100 micelles had a LCST of 39.6 °C
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(SL, Figure S7C), which was quite close to that of FP100
micelles (39.2 °C) (Figure 3B), indicating a similar
thermoresponsiveness of the two micelles. Likewise, the size
of FA-FP100 micelles was fully reversible during heating—
cooling cycles between 25 and 5SS °C (SI, Figure S7D). Besides,
the opaque temperature and precipitated temperature of FA-
FP100 micelles (SI, Figure S7E) were close to those of FP100
micelles as well (Figure 3E). Based on the above findings, FA-
FP100 micelles were deemed to have an ideal thermores-
ponsive property such as FP100 micelles, probably due to the
same F127/PLA ratio of them. As such, the DOX-loaded FA-
FP100 micelles could keep stable under normothermia and
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rapidly release drug at hyperthermia (SI, Figure S7F), and
acidic pH further trigger drug release (S, Figure S8).

Cytocompatibility Assay. To evaluate the cytocompati-
bility of FP100 and FA-FP100 blank micelles against mouse
fibroblast NIH 3T3 cells and human cervix adenocarcinoma
HeLa cells, Alarmar blue assay and live/dead staining were
performed. The cells were incubated with different concen-
trations of the two blank micelles for 24 h. Alarmar blue assay
demonstrated that the blank micelles had a high cell viability
over 90% with 3T3 cells (SI, Figure S9A) in the concentration
range 10—100 pg/mL. Besides, live/dead staining further
demonstrated that the blank micelles were safe to 3T3 cells (SI,
Figure S9B) up to the micellar concentration of 100 yg/mL.
Considering HeLa cells would be used to evaluate the
cytotoxicity of DOX-loaded micelles, a higher concentration
of blank micelles were treated with HeLa cells in the
cytocompatibility assay. The result indicated that the micelles
had little toxicity to HeLa cells at concentrations up to 200 pg/
mL, some of the cells were dead when treated with the micelles
of 500 pg/mL (Figure 6). Thus, the polymeric micelles possess
excellent cytocompatibility when the concentration is lower
than 500 pg/mL.

Cellular Uptake and Intracellular Localization. To
confirm the FR-mediated endocytosis of FA-decorated micelles,
FR-positive human cervix adenocarcinoma HeLa cells and FR-
negative human lung epithelial carcinoma AS49 cells were
incubated with free DOX, DOX-loaded FP100, and FA-FP100
micelles for fluorescence imaging investigations. No obvious
fluorescence was observed from AS549 cells after the incubation
with either FP100 or FA-FP100 micelles (Supporting
Information, Figure $10). In contrast, a strong red fluorescence
was observed from HeLa cells incubated with FA-FP100
micelles, while HeLa cells incubated with FP100 micelles
showed negligible nonspecific binding. It is worth mentioning
that some of the FA-FP100 micelles are capable of escaping
from the endo/lysosomes after 3 h and distributed in the nuclei
(Figure 7).

Flow cytometry was carried out to quantitatively measure the
cellular uptake of various DOX formulations. HeLa cells treated
with DOX-loaded FA-FP100 micelles showed a prominent
right shift upon cytometric analysis, suggesting greater cellular
uptake of the FA-decorated micelles (Figure 8A). However,
there was obvious variation in the mean fluorescence intensity
(MFI) among different DOX formulations (Figure 8B). The
MEFI value of FA-FP100 group was 4.4-fold higher than FP100
group (p < 0.05) after treatment for 3 h, indicating that folate
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Figure 8. (A) Flow cytometry studies of HeLa cells incubated with
various DOX formulations for 3 h. (B) Intracellular mean fluorescence
intensity of HeLa cells treated with the three formulations. The results
indicate significant differences on the fluorescence intensities of HeLa
cells treated with or without folate-attached micelles: (*) p < 0.05.
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ligands could improve the target efficacy. The cellular uptake of
free DOX was faster than that of FA-FP100 and FP100
micelles, which is mainly attributed to the passive diffusion
mec}}‘aznism of the internalization of this small molecule by
cells.

Effect of Temperature on Cytotoxicity. The cytotoxicity
of various DOX formulations was tested under short-term (1 h)
low hyperthermia (40 °C) and normothermia (37 °C)
conditions against HeLa cells. The live/dead staining images
in Figure 9 showed that the cells treated with lower
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Figure 9. Fluorescence images showing the viability of HeLa cells
following treatment with different concentrations of various DOX
formulations at 37 and 40 °C. Green calcein fluorescence and red PI
fluorescence indicating live and dead cells, respectively.

concentrations of DOX among the three groups possessed
similar high viability upon the two temperatures, indicating that
the low hyperthermia could not kill the cells within 1 h.
Nevertheless, with the increasing of DOX concentrations, HeLa
cells treated with various DOX formulations upon the low
hyperthermia emerged varying degrees of enhancing necrosis
compared with those under normothermia. The reason that the
hyperthermia improves the cytotoxicity of DOX could be
explained by several mechanisms, including increased drug
levels and improved tissue oxygenation caused by increased
perfusion, vascular permeability, and interstitial microconvec-
tion,™ as well as the increased tumor cell sensitivity and DNA
repair inhibition upon hyperthermia.** Moreover, the cytotox-
icity of the thermoresponsive micelles affected by hyperthermia
is more obvious than that of free DOX, indicating a rapid
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Figure 11. Flow cytometry analysis of necrosis in HeLa cells after treatment with PBS and various DOX formulations at 37 °C (A) and 40 °C (B).

release of cargo from these carriers at 40 °C, as discussed above
(Figure S and SI Figure S8).

Figure 10 summarizes the results of cell viability and ICg,
values after HeLa cells were incubated with free DOX, DOX-
loaded FP100, and FA-FP100 micelles. Similar to the live/dead
staining, Alarma blue assay quantitatively demonstrated that the
DOX-loaded micelles were less cytotoxic at 37 °C, since the
IC;, values of these micelles were higher than that of free DOX.
This finding suggests that the amount of drug released from the
thermoresponsive micelles at normothermia was not that much
to cause a significant cell death. However, the ICg, values of
micelles declined markedly when treating a short-term low
hyperthermia, especially for the FA-FP100 micelles, which
possessed a minimal ICs, value even lower than that of free
DOX. In this case, the cell death was believed to arise from the
prompt drug release of micelles under exogenous low
hyperthermia and endogenous lysosomal acidic pH (SI, Figure
$8D), and ultimately causing the death of cells. The targeted
micelles induced more cells dead than FA-free micelles at both
the temperatures, which was a result of more internalization by
FR-mediated endocytosis.
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Cell Apoptosis. To examine whether the thermoresponsive
micelles modify cell apoptosis at different temperatures,
Annexin V-FITC Apoptosis Detection kit was used to stain
the HeLa cells after incubation with various DOX-formulations
and the apoptotic cells were enumerated by flow cytometry.
The cells with PBS treatment incubated at 40 °C for 1 h almost
possessed the same viability in comparison with that upon 37
°C (control) (Figure 11), indicating that the low hyperthermia
could not kill cells in a short period. In the contrary, compared
to the treatment at 37 °C, the percentage of cells after
incubation with DOX-loaded FP100 and FA-FP100 micelles at
40 °C undergoing apoptosis was significantly increased from
18.4 + 1.2% and 32.4 + 2.6% to 71.5 + 4.9% and 88.5 + 5.2%,
respectively (Figure 11). Besides, the apoptotic cells in DOX
group increased with temperature increasing as well, however,
DOX group showed only 1.7-fold in apoptotic cells upon
hyperthermia compared to normothermia, which is 3.9-fold in
FP100 group and 2.7-fold in FA-FP100 group. The results
based on the flow cytometry analysis were also in line with the
cytotoxicity assay evaluated by Alarma blue assay (Figure 10)
and live/dead staining (Figure 9). Compared to the
thermoresponsive delivery systems previously developed for
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mild hyperthermia-triggered drug release at 42—43 °C,'"*%*’

this micelle system displayed a rapid release of drug and
significantly enhancing cytotoxicity against tumor cells under
low hyperthermia (40 °C).

B CONCLUSIONS

In summary, we have developed a FA-targeted and thermal-
responsive micelle system with an ability of killing FR-
overexpressed cancer cells under low hyperthermia. The
micelles based on this F127-PLA copolymer with PLA segment
having polymerization degree of 100 possessed a high
thermoresponsiveness with an appropriate LCST value at
39.2 °C. These micelles could keep stable at normothermia (37
°C) while rapidly release encapsulated anticancer drug under
low hyperthermia (40 °C). The polymeric micelles possessed
excellent cytocompatibility, and the FA-decorated micelles
could actively target folate receptor (FR)-overexpressed tumor
cells. With low hyperthermia triggering, this drug delivery
system could significantly amplify the induction of cancer cell
apoptosis due to the rapid drug release in contrast to the
treatment at normothermia. Therefore, this thermo-triggered
system may have potential applicability in the area of
controlling drug release on demand for effective cancer therapy.
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