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Abstract: Thermally sensitive polymeric nanocarriers were
developed to optimize the release profile of encapsulated
compounds to improve treatment efficiency. However, when
referring to thermally sensitive polymeric nanocarriers, this
usually means systems fabricated from lower critical solution
temperature (LCST) polymers, which have been intensively
studied. To extend the field of thermally sensitive polymeric
nanocarriers, we for the first time fabricated a polymeric drug
delivery system having an upper critical solution temperature
(UCST) of 43°C based on an amphiphilic polymer poly(AAm-
co-AN)-g-PEG. The resulting polymeric micelles could effec-
tively encapsulate doxorubicin and exhibited thermally sensi-
tive drug release both invitro and invivo. A drastically
improved anticancer efficiency (ICs, decreased from 4.6 to
1.6 ugmL™", tumor inhibition rate increased from 55.6 % to
92.8%) was observed. These results suggest that UCST-based
drug delivery can be an alternative to thermally sensitive
LCST-based drug delivery systems for an enhanced antitumor

efficiency.

Targeted drug delivery systems (TDDSs) have gained more
and more attention in recent years. They can significantly
enhance the drug distribution in the tumor and avoid
nonspecific drug distribution through the whole body, thereby
improving the therapeutic index.'™ However, except for the
selective drug delivery to the target sites, the TDDSs have an
another important component: drug release control at the
target sites, whose importance derives from the fact that
a drug cannot exploit its pharmacological activities unless it is
released from the carrier. Therefore, not only a selective drug
delivery but also a controlled drug release that follows an
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appropriate rate and timing®® are required to construct an
ideal drug carrier.

One way to integrate the selective drug delivery and
controlled drug release is the stimuli-responsive drug delivery
system, which may include light-,”! ultrasound-,"" temper-
ature-,'Y pH- " and glutathione-"?sensitive systems. Among
all these stimuli-responsive drug delivery systems, the temper-
ature-sensitive drug delivery system has gained more popular-
ity, because the temperature change is easily and safely
acquired.>4

For temperature-responsive drug delivery systems, two
types have been intensively studied: polymeric drug delivery
systems fabricated from lower critical solution temperature
(LCST) polymers and thermally sensitive liposomes.'"! Ther-
mosensitive liposomes utilizing lipids that exhibit a phase
transition temperature near 41°C only facilitate drug release
under temperature stimuli"¥ but do not allow complete drug
release. Furthermore, the thermoresponsive liposomes are
not suitable for the encapsulation of water-insoluble drugs;
The most studied LCST polymer is poly(N-isopropylacryl-
amide) (PNIPAm), which undergoes a sharp coil-globule
transition in water at 32 °C, changing from a hydrophilic state
below this temperature to a hydrophobic state above it.'>7

In contrast, the polymeric drug carriers exhibiting an
upper critical solution temperature (UCST) have not been
reported to our knowledge, which is due to the fact that the
UCST of known examples is either sensitive to both electro-
lyte and polymer concentration!'®! or demands a water/
organic cosolvent”?! which makes them unsuitable for
application in drug carriers. To extend thermoresponsive
polymeric drug delivery systems, we fabricated a drug deliv-
ery system with a UCST of 43°C based on an amphiphilic
polymer poly(AAm-co-AN)-g-PEG, whose UCST relies on
hydrogen bonding and its UCST behavior was independent of
solvent, ionic strength, and polymer concentration.

Here, poly(AAm-co-AN)-g-PEG having a UCST of 43°C
was synthesized through a two-step process, and the synthetic
route is shown in Figure 1 A. Poly(AAm-co-AN) was first
synthesized by the solution copolymerization of acrylonitrile
(AN) and acrylamide (AAm). The molar ratio of AAm/AN
and the weight-average molecular weight of the obtained
poly(AAm-co-AN) were 4.26:1 and 32.5 kDa, respectively
(Figure S1A), and were obtained by adjusting the feed ratio
of AM to AN and the amount of the initiator. Poly(AAm-co-
AN)-g-PEG was subsequently synthesized through the reac-
tion between the amide group of poly(AAm-co-AN) and the
succinimide group of methoxy poly(ethylene glycol)succin-
imidyl carbonate-5 K (mPEG-SC-5K). The reaction mecha-
nism is illustrated in Figure S1B and the structure of the final
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Figure 1. Fabrication and characterization of poly(AAm-co-AN)-g-PEG
micelles. A) Synthesis of poly(AAm-co-AN)-g-PEG. B) Variations in the
fluorescence intensity ratios of the first peak to the third peak for
pyrene emission (I,/I;) against the logarithm of poly(AAm-co-AN)-g-
PEG concentration. C) Transmission electron micrographs of blank
and DOX-loaded micelles. Scale bars=0.1 um.

copolymer was confirmed using 'H NMR (Figure S1B) and
FTIR spectroscopy (Figure S1C); the weight-average molec-
ular weight was determined to be 56.6 kDa, a significant
increase compared to that of poly(AAm-co-AN) which
indicates the successful grafting of mPEG-SC-5K (Fig-
ure S1A). The graft ratio of PEG was estimated to be 1:4.82
based on the molecular weights, indicating that 4.82 PEG
chains were present per poly(AAm-co-AN) chain.

The synthesized poly(AAm-co-AN)-g-PEG was found to
self-assemble to micelles in aqueous solution at ambient
temperature. The critical micelle concentration (CMC) was
found to be 30.3 pygmL ™" (Figure 1B). The doxorubicin base
(DOX) was subsequently encapsulated into poly(AAm-co-
AN)-g-PEG micelles by dialysis (drug content: 5.8 wt%).
Transmission electron microscopy (TEM) images of blank
and DOX-loaded micelles at 25°C indicated that both
micelles exhibited spherical shape with diameters of approx-
imately 50 nm by number (Figure 1C).

Dynamic light scattering was also performed to determine
the hydrodynamic diameter of the micelles. Interestingly, as
shown in Figure 2 A, the size of the micelles decreased as the
temperature increased from 4 to 43 °C; when the temperature
exceeded 43°C, the size of the micelles was too small to
detect. This phenomenon was also observed when a series of
copolymer concentrations was used (50-1000 pgmL; Fig-
ure 2B). In response to the shift in temperature from 4 to
43°C, the interlayer of the micelle underwent a transition
from highly hydrophobic to hydrophilic, leading to a transition
from poorly defined aggregates to more defined micellar
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structures. When the temperature reached 43 °C, the micelles
disassembled. These results indicated that poly(AAm-co-
AN)-g-PEG micelles exhibited a UCST near 43°C in water
and that the UCST was independent of copolymer concen-
tration. Notably, after loading DOX, the micelles exhibited
identical behavior (Figure 2 A). To further confirm this UCST
behavior, turbidity measurements were conducted at 617 nm
using UV/Vis spectroscopy. As shown in Figure 2C, the
transmittance of blank and DOX-loaded micelles increased as
the temperature was increased from 4°C to 43°C; when the
temperature exceeded 43°C, the transmittance remained
constant. This typical UCST behavior has been reported
previously.”"! The temperature of 43°C, at which the trans-
mittance began to be constant, was defined as the UCST.

The drug release behavior was subsequently investigated
using several methods to confirm the temperature-responsive
feature of the micelles. Firstly, free DOX solution, and DOX-
loaded micelles (DOX concentration: 30 ugmL™") were
added into respective wells in an agarose gels, which were
incubated at 37°C and 43°C for 30 min, followed by
observation using an in vivo imaging system. As shown in
Figure 2D, the fluorescence intensity of the DOX-loaded
micelles at 43°C was much higher than that at 37°C and was
similar to that of free DOX (control). The fluorescence
emission spectra of the samples were also determined (Fig-
ure 2E). A fluorescence intensity that was similar to free
DOX was observed for the DOX-loaded micelles at 43°C,
whereas the blank micelles exhibited negligible fluorescence
at 565 nm. Reverse dialysis methods, which are analogous to
the conditions presented following i.v. administration of the
formulation, were also conducted to further confirm this
temperature-sensitive behavior. As shown in Figure 2F,
a temperature of 43°C induced rapid and complete DOX
release from the DOX-loaded micelles, which exhibited
a drug release profile that was similar to that of free DOX
(37 and 43°C). In contrast, the release of DOX from the
DOX-loaded micelles at 37°C was slow and incomplete
during the evaluated period similar to that of conventional
micelles. Both the higher DOX fluorescence of the DOX-
loaded micelles and the improved drug release profile at 43°C
may be explained by the disassembly of the micelles at 43°C
that resulted in a higher free DOX concentration in the
release medium.

The internalization of the DOX-loaded micelles was
investigated using BEL-7402 cells as a model human hepatic
carcinoma cell line. As shown in Figure 3 A, following cell
exposure to DOX-loaded micelles, the micelles transported
DOX into tumor cells, including into the nucleus. The cellular
uptake of free DOX was displayed in Figure S2. The average
optical density (AOI) of the pictures of DOX-loaded micelles
and free DOX at 24 h was 12.235 and 13.571, respectively.

The cytotoxicity of the blank and DOX-loaded micelles
was subsequently estimated using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. As
shown in Figure 3B, the blank micelles (left) appeared to
exhibit low cytotoxicity, as the cell viability exceeded 80 % at
micelle concentrations of up to 1 mgmL™'; hyperthermia did
not affect the cell viability. The cell viability following
treatment with DOX-loaded micelles (right) was significantly
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Figure 2. Thermosensitive behavior of the micelles. A) Size distribution of the blank (A) and DOX-loaded micelles (O) in response to a shift in
temperature from 4°C to 43 °C. B) Variations in the micelle size as a function of temperature at various copolymer concentrations

(4:0.05 mgmL™"; ¢: 0.1 mgmL™"; A: 0.5 mgmL™"; o: 1 mgmL™"). C) Transmittances of the blank (4) and DOX-loaded micelles (O) as a function
of temperature. D) Fluorescence images of free DOX (control) and the DOX-loaded micelles following incubation at 37 and 43 °C. E) Fluorescence
emission spectra of the blank micelles, free DOX, and DOX-loaded micelles following incubation at 37 or 43°C. F) In vitro drug release profiles of

free DOX (black A: 37°C, black o: 43°C) and the DOX-loaded micelles at 37°C (red A) and 43°C (red O). The results represent the mean
values £ S.D. In the cases in which the error is not visible, the error was small.

reduced upon hyperthermia. The 50% cellular inhibition
(ICsy) value of the hyperthermic group of DOX-loaded
micelles was approximately 1.56 ugmL ™!, compared with that
in the absence of hyperthermia (4.91 ygmL™"). However, the
cytotoxicity of free DOX did not show any significant
difference with or without hyperthermia (from 4.32 to
4.65 pgmL™"). Figure 3C shows the stained images of living
cells following treatment of the cells with free DOX and
DOX-loaded micelles followed by hyperthermia. As shown in
Figure 3 C, the number of viable cells in the group that was
exposed to hyperthermia alone was similar to that in the
control group, which suggested that hyperthermia alone did
not affect cell viability invitro and was consistent with
previous report.”) However, the group exposed to DOX-
loaded micelles and hyperthermia exhibited the fewest viable
cells in comparison to all of the other groups, indicating an
excellent antitumor effectiveness. The encapsulated DOX
was assumed to be immediately and completely released in
the cells following hyperthermia. Consequently, the substan-
tial increase in the free DOX concentration at the target site
resulted in high cytotoxicity.

To confirm this assumption, Nile red was encapsulated
into the micelles instead of DOX to evaluate intracellular
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drug release. Fluorescence from Nile red cannot be observed
unless it is released from the micelles and interacts with lipids
in the cytosol.” As shown in Figure 3D, cells that had been
treated with Nile-red-loaded micelles and hyperthermia
exhibited much stronger Nile red fluorescence than the cells
that had been incubated with Nile-red-loaded micelles with-
out hyperthermia treatment. Quantitative analysis using flow
cytometry (Figure 3E) showed similar results, which con-
firmed that the intracellular drug release from the micelles
could be highly accelerated by hyperthermia.

To investigate the passive targeting ability of the micelles,
the fluorescent dye indocyanine green (ICG) complexed with
tetrabutylammonium iodide was encapsulated in the micelles,
and the in vivo distribution was examined using nude mice
bearing BEL-7402 tumor. As shown in Figure S3A, the mouse
showed a strong fluorescence signal throughout the whole
body for up to 4 h post-injection. Thereafter, the fluorescence
intensity of ICG in tumor tissues increased from 6 to 24 h,
indicating a long circulation and passive tumor targeting
ability. After 24 h, the fluorescence intensity in tumor tissues
was reduced gradually.

Ex vivo fluorescence evaluation of the harvest organs and
tissues at 48 h post-injection also confirmed the increased
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Figure 3. Biological studies of the DOX-loaded micelles on BEL-7402 cells. A) Confocal laser
scanning microscopic images of BEL-7402 cells incubated with DOX-loaded micelles for different
periods of time (scale bar=14 um; blue: Hoechst 33342; red: DOX). B) Variations in BEL-7402
cell viability as a function of the concentration of blank micelles in the presence () or absence
(m) of hyperthermia, DOX-loaded micelles in the presence (red m) or absence (red A) of
hyperthermia and DOX in the presence (black m) or absence (black A) of hyperthermia. The
results represent the mean values £S.D. C) Fluorescence images of live BEL-7402 cells without
DOX, with DOX, or with DOX-loaded micelles in the presence (+) or absence (—) of hyperthermia
(scale bar=200 pm). D) Confocal laser scanning microscopic images of BEL-7402 cells incubated
with Nile-red-loaded micelles in the absence (left) or presence (right) of hyperthermia (red: Nile
red; blue: Hoechst 33342; scale bar=30 um). E) Fluorescence intensity within BEL-7402 cells
following exposure to Nile-red-loaded micelles in the presence or absence of hyperthermia.
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ever, no significant difference was
observed between the Adriamycin-
treated groups in the presence or
absence of microwave therapy, indi-
cating the absence of a synergistic
therapeutic effect for chemotherapy
and hyperthermia. The tumor inhib-
ition rates in the Adriamycin-treated
groups in the presence and absence of
microwave therapy were 87.7% and
82.3%, respectively. Although the
DOX-loaded micelles accumulated in
the tumor tissue, the final tumor
volume was larger than that in the
Adriamycin-treated groups, and the
tumor inhibition rate was only 55.6 %.
This result may be explained by sus-
tained drug release from the micelles
inside the tumor cells. Notably, tumors
in 50.0% of the nude mice in the
group treated with DOX-loaded
micelles and hyperthermia were
entirely eradicated 18 days after the
first treatment (Figure 4B), and the
final tumor inhibition rate reached
92.8%. The highly improved antitu-
mor efficiency may be due to rapid,
complete and burst drug release after
microwave exposure, and conse-
quently lead to a deep drug penetra-
tion into the tumor center.

To verify this assumption, Nile-
red-loaded micelles were adminis-

accumulative ICG-loaded micelles in the tumor (Figure S3B).
This selective accumulation in the tumors resulted from
surface PEGylation® and the “EPR” effect.” To validate
the therapeutic efficacy of this temperature-responsive
system, a microwave therapy apparatus was utilized to
induce hyperthermia in vivo. An approximately 6 °C increase
in the temperature of the tumor tissue was observed after the
mouse was exposed to microwave radiation (2450 MHz, 8 W)
for 30 min (Figure S4), which met the requirements for
microwave hyperthermia and the temperature sensitivity of
the micelle.

As indicated in Figure 4 A, changes in the tumor volume
occurred following the first administration. In all of the
evaluated groups, no significant body weight changes were
observed (Figure S5A). The tumor volume in the blank
micelle group was similar to that in the saline group,
indicating that the blank micelles did not have an antitumor
effect. However, the use of microwave radiation alone
demonstrated partial efficiency, as the final volume was
smaller than that of the saline group and the tumor inhibition
rate was approximate 42.8%. Adriamycin, a commercial
DOX preparation, could suppress the tumor growth. How-
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tered. As shown in Figure 4C, Nile

red fluorescence was observed

throughout the tumor tissue in the

microwave hyperthermic group. In
contrast, low levels of Nile red fluorescence were observed
on the edges of the tumor tissues when only Nile red-loaded
micelles were administered. This may be explained by the
high drug concentration gradient and decreased particle size
assisting a deep tumor penetration.

As shown in Figure 4D, the most severe tumor cell
necrosis was observed in the group treated with DOX-loaded
micelles in combination with microwave therapy, whereas the
Adriamycin-treated groups exhibited active tumor -cell
growth in certain regions of the tumor (red arrows, Fig-
ure S5B). This finding indicated that tumor recurrence had
occurred in the late stage of the Adriamycin-treated groups.
However, no active tumor cell growth was observed in the
group treated with DOX-loaded micelles in combination with
microwave therapy. This result may be due to the higher free
drug concentration and deep penetration of the drug provid-
ing a possibility to kill the hypoxic tumor cells in the center of
the tumors where the most aggressive tumor cells, stem cells,
are located that can regenerate the tumor after therapy.*
Based on the images of the hearts and livers (Figure 4 D), the
organs appeared to be normal, without obvious histopatho-
logical abnormalities, degeneration, or lesions in the micelle-
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Figure 4. In vivo antitumor efficiency of DOX-loaded micelles. A) Tumor volume of the different
treatment groups as a function of time. The results represent the mean values +S.D. Squares
indicate the hyperthermic groups (red m: DOX-loaded micelles, M(D) + H; black m: Adriamycin,
A+H; pale blue m: saline, S+H), and triangles represent the groups in the absence of hyperthermia 7]
(red A: DOX-loaded micelles, M(D); black a: Adriamycin, A; pale blue A: saline, S; blue A: blank

micelles, M). B) Individual tumor growth curves from M(D) +H treatment groups. C) Fluorescence
images of histological sections of the tumors 24 h post-i.v. injection of Nile-red-loaded micelles in the
presence or absence of hyperthermia (blue: DAPI; red: Nile red; scale bar=2 mm). D) Microscopic
images of H&E-stained cross-sections of the tumors, livers, and hearts (25 days after the first

treatment). Scale bar=50 pm.

treated groups, indicating that no cellular or tissue damages
had occurred. In contrast, serious cardiotoxicities (black
arrows, Figure 4D) were induced by Adriamycin treatment,
as indicated by the observed hyperaemia and myocardial fiber
breakage, which were accompanied by acute inflammatory
cell infiltration. Acute inflammatory cell infiltration (black
arrows, Figure 4 D) was also observed in the livers of the mice
in the Adriamycin-treated groups.

In conclusion, we not only for the first time synthesized an
amphiphilic UCST polymer displaying thermally sensitive
behavior in water, but also explored its potential as a drug
delivery agent. This novel drug delivery system could
effectively encapsulate a hydrophobic antitumor drug and
achieve a long systemic circulation after accomplishing the
delivery task, the UCST carriers could continue to modulate
the drug release by controlling the temperature in the tumor.
Combined with microwave hyperthermia, a good antitumor
outcome was achieved. This temperature-triggered poly-
(AAm-co-AN)-g-PEG micelles expand the temperature-
triggered drug delivery systems and can potentially be applied
for the treatment of cancer. Additionally, the temperature-
triggered drug delivery system we fabricated is desirable for
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the treatment of circadian disease,
pain attack, and infections which
demand a high free-drug concen-
tration in a short time.
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