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pH- and NIR Light-Responsive Micelles with Hyperthermia-
Triggered Tumor Penetration and Cytoplasm Drug Release
to Reverse Doxorubicin Resistance in Breast Cancer
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_— . . . : 1. Introduction
The acquisition of multidrug resistance (MDR) is a major hurdle for the

successful chemotherapy of tumors. Herein, a novel hybrid micelle with Breast cancer is the most common

pH and near-infrared (NIR) light dual-responsive property is reported for
reversing doxorubicin (DOX) resistance in breast cancer. The hybrid micelles
are designed to integrate the pH- and NIR light-responsive property of an
amphiphilic diblock polymer and the high DOX loading capacity of a poly-
meric prodrug into one single nanocomposite. At physiological condition (i.e.,
pH 7.4), the micelles form compact nanostructure with particle size around
30 nm to facilitate blood circulation and passive tumor targeting. Meanwhile,
the micelles are quickly dissociated in weakly acidic environment (i.e., pH

< 6.2) to release DOX prodrug. When exposed to NIR laser irradiation, the
hybrid micelles can trigger notable tumor penetration and cytosol release of
DOX payload by inducing tunable hyperthermia effect. In combination with
localized NIR laser irradiation, the hybrid micelles significantly inhibit the
growth of DOX-resistant MCF-7/ADR breast cancer in an orthotopic tumor
bearing mouse model. Taken together, this pH and NIR light-responsive

malignant tumor and the second-leading
cause for high mortality in female cancer
patients.l!l For clinical treatment of breast
cancer, systemic chemotherapy after sur-
gical resection of the primary tumor is
one important option.?3! Unfortunately,
the therapeutic efficacy of chemotherapy
is severely impeded by the occurrence
of acquired multidrug resistance (MDR)
in cancer cells, which has been defined
as the main obstacle for the success of
chemotherapy.¥ Two important causes
could account for the occurrence of
acquired cancer MDR, one is the insuffi-
cient drug delivery throughout the tumor,
the another could be continually exposing
of cancer cells to a sublethal dose of anti-

micelles with hyperthermia-triggered tumor penetration and cytoplasm drug

. cancer drugs.””)
release can be an effective nanoplatform to combat cancer MDR.

In the last decade, the nanodrug
delivery systems (NDDS) with either pas-
sive or active tumor targeting ability have
gained extensive attention for combating cancer MDR.[®®! The
NDDS could not only elongate the blood circulation of small
molecular drugs but also passively increase the tumoral accu-
mulation of anticancer drugs via enhanced tumor penetration
and retention (EPR) effect.112] Despite all these well-known
advantage of NDDS over their small molecular counterparts,
many of current NDDS were prepared by noncovalently
encapsulating the hydrophobic drugs inside the nanoparticle
core.l'31 Thus the drug loading ratio in these nanoparticles
was usually unsatisfied, and drug leakage from the nanoparti-
cles was unavoidable during blood circulation.['>1%l Moreover,
the intratumoral diffusion of these conventional nanoparticles
might be very inefficient due to the presence of extracellular
barriers even they successfully bring the chemotherapeutic pay-
load to the tumor site.”"18] The dense extracellular matrix and
absence of lymphatic drainage system of solid tumor could syn-
ergistically induce a reduced transcapillary pressure gradient
and an elevated interstitial fluid pressure, thus restrict the nan-
oparticle only in the perivascular areas of the tumor tissue. The
limited tumor penetration of nanoparticles could be improved
to some extend by reducing the particle size,'! or using multi-
stage larger nanoparticles to transport and unload smaller ones
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Figure 1. Chemical structures of A) DOX prodrug (P-DOX) and B) P-cypate diblock copolymer. C) Self-assembly structure of pH and NIR light dual-
responsive P-DOX/P-cypate micelles: a) P-DOX and P-cypate diblock copolymer formed self-assemble micelles at physiological pH; b) the micelles
dissociated at acidic condition due to protonation of PDPA tertiary amino groups. D) Scheme illumination for combating cancer MDR using the pH
and NIR light dual-responsive P-DOX/P-cypate micelles. The micelles could passively accumulate in tumor organ via “EPR” effect. NIR laser irradiation
following systemic injection of the hybrid micelles induced moderate hyperthermia effect by converting the photo energy to local heat, thus disrupted
the dense extracellular matrix and lysosome membrane to facilitate tumor penetration and cytoplasm release of DOX payload.

at the tumor site.?”) Furthermore, the accumulated evidences
indicated that MDR cancer cells contain a larger number of
lysosomes with more acidic environment than their parental
counterparts as a mean of cancer cell defense against chemo-
toxins.??2l The drug-loaded nanoparticles or weakly basic
chemotherapeutics (i.e., doxorubicin, DOX) were therefore
sequestrated inside the lysosome vesicles of the MDR cancer
cells, and eventually eliminated from the cancer cells through
increased activity of the secretory pathway.?324 Taken together,
overcoming all these extracellular and cellular barriers to
achieve uniform tumoral penetration and timely cytosol release
of drug-loaded nanoparticles remains a challenge for NDDS to
treat MDR breast cancer.

We had previously reported a set of poly(diisopropanolamino
ethyl methacrylate) (PDPA) based polymeric nanoparticles for
highly efficient delivery of small interfering RNA (siRNA),*]
photosensitizer,°l and anticancer drug.”’] These nanoparticles
could be specifically dissociated in early endosomes for payload
release due to protonation of PDPA core. Herein, to address the
limited tumor penetration and lysosome sequestration of nano-
particle drugs, and prevent drug leakage during blood circula-
tion, a novel pH and NIR light dual-responsive micelle loading
DOX prodrug was designed and its potential for combating
DOX resistance in breast cancer was exploited. The micelle
was prepared from a pluronic copolymer P123 conjugated DOX
prodrug (P-DOX) and cypate-conjugated poly(ethylene glycol)-
block-poly(diisopropanolamino ethyl methacrylate) (PEG-b-
PDPA) diblock copolymer (P-cypate), hereinafter referred as
P-DOX/P-cypate. The pH-responsive PEG-b-PDPA diblock
copolymer was endowed with a NIR light responsive property
by grafting with a NIR dye cypate. It was expected that the
P-DOX/P-cypate micelles could keep their structural integrity
during blood circulation, while be dissociated in weakly acidic

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

endosomes to release P-DOX payload. Moreover, localized NIR
laser irradiation following systemic administration of the dual-
responsive micelles could trigger the tumor penetration and
cytoplasm release of DOX payload by inducing a hyperthermia
effect, thus the DOX resistance in MDR breast cancer could be
reversed (Figure 1).

2. Results and Discussion

2.1. Preparation and Characterization of P-DOX/P-Cypate
Hybrid Micelles

The P-DOX was synthesized by conjugating DOX to a plu-
ronic triblock copolymer P123 via a tetrapeptide spacer gly-
cine-phenylalanine-leucine-glycine (GFLG) (Figures 1A and
SI1, Supporting Information). Pluronic P123 was selected as
a precursor for prodrug synthesis because it is of amphiphilic
property and able to suppress P-gp activation by depleting aden-
osine triphosphate (ATP) production.?®2’l The GFLG is specific
for lysosome enzyme cleavagel3®3!l Thus, after cellular uptake
of the P-DOX/P-cypate micelles, DOX could be released from
P-DOX in lysosome. In the meanwhile, P123 liberated from
the prodrug was expected to inhibit drug efflux by inactivating
P-gp protein. Each P123 molecular was conjugated with one
DOX, and a DOX conjugation ratio of 7.5 wt% was found in
the resultant P-DOX as estimated by fluorescence spectroscopic
measurement. In parallel, cypate with high photothermal con-
version efficacy in the NIR region* was grafted on the pen-
dant hydroxyl groups of PEG-b-PDPA diblock copolymer via
ester bonds (Figures 1B and SI2, Supporting Information).
Each diblock copolymer was conjugated with three cypate mol-
ecule. The cypate weight percentage in the resultant copolymer
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ment because protonation of PDPA segment
and dissociation of the hybrid micelles. In
contrast, P-DOX/P-cypate micelles swelled
from 32 £ 0.2 nm at pH 7.4 to 54 £ 2.3 nm
at pH 6.0 (Figure S3, Supporting Informa-
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detected if the protonated P-cypate molecules
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pH-triggered disassembly of hybrid-DOX/P-
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fluorescent measurement. To do that, P123/
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Figure 2. Characterization of the pH-responsive properties of P-DOX/P-cypate hybrid micelles.
Change of A) hydrodynamic particle size and B) zeta-potential of the hybrid nanoparticles in
response to buffer pHs. C) The fluorescent images and D) fluorescence quenching profile
of NR-loaded P123/PDPA micelles at different pH condition, respectively. E) TEM images of
P-capyte, P-DOX, and P-DOX/P-cypate micelles measured at neutral (i.e., pH 7.4) or acidic (i.e.,

pH 6.0) pH condition (scale bar 100 nm).

was 12 wt% determined using UV-vis spectroscopic measure-
ment. Afterwards, P-DOX/P-cypate hybrid micelles were pre-
pared using a solvent-precipitation method (Figure 1C).

The pH-responsive property of the hybrid micelles was first
examined by dynamic light scattering (DLS) and zeta-potential
measurements for particle size and surface charge, respectively.
The particle size of P-DOX loaded nanoparticles kept almost
the same disregarding pH change, implying a pH insensitive
property of P-DOX (Figure 2A). The particle size of P-DOX/P-
cypate and P-cypate micelles changed differently. At pH > 6.4,
the particle size of either P-DOX/P-cypate micelles or P-cypate
controls were kept unchanged. At pH below 6.2, no P-cypate

Adv. Funct. Mater. 2015, 25, 2489-2500
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in Figure 2C,D, at pH > 6.4, strong fluores-
cence emission assigned to NR was detected
in the solution of PDPA, P123 or P123/
PDPA micelles due to encapsulation of NR
in the hydrophobic micelle core. At pH < 6.2,
the fluorescent signal of PDPA and P123/
PDPA micelles was completely quenched
due to micelle dissociation and NR release
into the aqueous phase. The acid-induced
dissociation of P-DOX/P-cypate micelles was
confirmed by transmission electron micro-
scopic (TEM) measurement. At pH 7.4, both
P-cypate and P-DOX/P-cypate micelles were
of spherical morphology with particles size
around 30 nm. At acidic pH 6.0, P-DOX/P-
cypate micelles dissociated and reformed
amorphous P-DOX aggregates with particle
size around 50 nm as found by DLS and
fluorescence spectroscopic measurements
(Figure 2E).

In order to induce hyperthermia effect
with NIR laser irradiation, we used cypate
as a NIR light-responsive component in this
study. Thus we examined the UV-vis/fluo-
rescence spectroscopic and photothermal conversing properties
of P-DOX/P-cypate micelles. As shown in Figure 3A,B, both
P-cypate and P-DOX/P-cypate mixture in dimethyl sulfoxide
(DMSO) solution displayed strong UV-vis absorbance peak at
=790 nm, which could be assigned to the specific photoabsorb-
ance of cypate. In aqueous solution with pH 7.4, a greatly broad-
ened absorbance band with moderate intensity was observed
for P-cypate and P-DOX/P-cypate micelles in the region of
650-850 nm, due to micelle formation and cypate aggregation
inside the hydrophobic PDPA core. The UV-vis absorbance
was not recovered when the buffer pH was reduced from 7.4
to 5.8, although both kinds of micelles dissociated completely
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Figure 3. UV-vis and fluorescence spectra of A,C) P-cypate and B,D) P-DOX/P-cypate micelles, respectively. E-H) Concentration-dependent tempera-
ture elevation profiles of E) P-cypate and F) P-DOX/P-cypate micelles; photothermal effect of G) P-cypate and H) P-DOX/P-cypate micelles determined

at various pH conditions.

at pH < 6.2 as demonstrated in Figure 2. In the meanwhile, the
A;35/Az90 ratios of both P-cypate and P-DOX/P-cypate increased
gradually when the buffer pH was reduced (Figure S4, Sup-
porting Information), along with blue shifting of the absorption
band, which might be caused by H-type aggregation of cypate at

acidic pH due to its poor water solubility. Interestingly, P-DOX/
P-cypate displayed stronger UV-vis absorbance than P-cypate
alone at a same cypate concentration disregarding the buffer
pH, implying that aggregation of cypate was partly inhibited
by P-DOX loaded into P-cypate micelles due to diluted cypate
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concentration inside the micelles. The fluo- A400 DoX BZS o b |
rescence spectra of P-DOX and P-cypate were ——P.| Dox/p-cypate — P-DOX/P-cypate E
shown in Figure 3C,D, respectively. The fluo- a0 ~PD 207 ——P-DOX 2 -
rescence emission of P-DOX and P-cypate T — 15 o
in P-DOX/P-cypate micelles was obviously  s¢ 290/ '; >
quenched at pH 7.4, due to aggregation of  § Q 10 v
P-DOX and P-cypate in the hydrophobic 1004 =
core of the hybrid micelles. The fluorescence e ——— 5
emission of cypate was not recovered when o e————— o
the micelles dissociated at acidic pH of 5.8. o 2 4 6 8 10 12 o 2 4 6 8 10 12

Given the broad absorbance while Incubation time (h) Incubation time (h)
quenched fluorescence emission of P-DOX/ 008 04 Cg/;’at‘icml(“gi:“-)ao 160 Cypate Con (ug/mL)
P-cypate micelles in the 650-850 nm NIR C A D12° L L
region, we next evaluated the ability of 127 _
P-DOX/P-cypate micelles to convert the 2 g0 o | 2"
absorbed photon into heat using 808 nm 2 -
laser as photo source. We found that both 8 607 S
P-DOX/P-cypate and P-cypate micelles é 401 g 60
induced significant temperature eleva- = e P-cypate 2 3 +—P-cypate
: : : 4 ——P-DOX O 404 ——P-DOX
tion in a cypate concentration-dependent O 2 L DoXP-cypate - P.DOX/P-cypate
manner (Figure 3EF). The photothermal N . ——DOX
property of neither P-cypate nor P-DOX|/P- 004 02 04 2 4 20 40 80 004 02 04 2 4 20 40 80

cypate micelles was affected by changing
buffer pH (Figure 3G,H). It was worth
noting that P-DOX/P-cypate micelles caused
higher temperature elevation than that of
P-cypate micelles in the pH range from
5.8 to 7.4, which was most likely attributed
to the stronger absorbance of P-DOX/P-
cypate micelles over that of P-cypate ones
(Figure 3A,B). All these results implied a
good potential of P-DOX/P-cypate micelles
to induce hyperthermia effect inside cells
even they were dissociated in acidic lysosome
vesicles upon intracellular uptake.

DOX Con (ug/mL) DOX Con (ug/mL)

E
DOX

2.2. Cellular Uptake, Distribution, and Cyto-
toxicity of P-DOX/P-Cypate Micelles

To investigate whether P-DOX/P-cypate
micelles could be internalized by the DOX-
resistant breast cancer cells, we first meas-
ured the intracellular DOX concentration
using a flow cytometric method. Much higher
DOX concentration was found in DOX-

P-DOX/
P-cypate

Hoechst Lyso-green Overlay

Figure 4. A,B) Quantitative analysis of DOX accumulation in A) MCF-7 or B) MCF-7/ADR
cells after incubated with free DOX, P-DOX prodrug, or P-DOX/P-cypate micelles for various
durations. An equal DOX dose of 10 pg mL™" was used for both cellular uptake and distribu-
tion studies. C,D) Cytotoxicity assay of free DOX, P-DOX prodrug, or P-DOX/P-cypate hybrid
micelles in C) MCF-7 and D) MCF-7/ADR cells. E) CLSM determined DOX distribution in
MCF-7/ADR cells after coincubated with DOX, P-DOX prodrug, or P-DOX/P-cypate micelles
for 12 h (scale bar 100 ym).

treated parental MCF-7 cells than that in cells incubated with
P-DOX/P-cypate micelles or P-DOX nanoparticles (Figure 4A)
due to the high efficiency of diffusion-mediated uptake of free
DOX. The trends were reversed in adriamycin-resistant MCF-7
(MCEF-7/ADR) cells. Free DOX uptake in MCF-7/ADR cells
was significantly suppressed due to P-gp protein-mediated
efflux of DOX. Furthermore, 1.3-fold higher fluorescence inten-
sity of DOX was found in cells treated with P-DOX/P-cypate
micelles than that in cells treated with DOX, implying that
P-DOX/P-cypate micelles could partly bypass the P-gp efflux
pathway via endocytosis-mediated internalization (Figure 4B).
Compared with P-DOX/P-cypate hybrid micelles, P-DOX treat-
ment resulted in less DOX accumulation in both MCF-7 and

Adv. Funct. Mater. 2015, 25, 2489-2500
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MCEF-7/ADR cells, implying lower internalization efficiency of
P-DOX nanoparticles than that of P-DOX/P-cypate micelles.
This could be presumably explained by the larger particle size
of P-DOX nanoparticles than that of P-DOX/P-cypate micelles
as shown in Figure 2AE, since the endocytosis of nanoparticles
was reported to be particle size-dependent, and the nanoparti-
cles with a smaller hydrodynamic radius generally contributed
to a higher intracellular uptake efficacy than the larger ones.343

We next evaluated the cytotoxicity of P-DOX/P-cypate
micelles in both MCF-7 and MCF-7/ADR cells using sul-
forhodamine B (SRB) staining assay. As shown in Figure 4C,
comparable cytotoxicity of free DOX, P-DOX, and P-DOX/P-
cypate micelles was found in sensitive MCF-7 cells at high

wileyonlinelibrary.com 2493
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DOX concentrations (i.e., >40 pg mL™), confirming the suc-
cessful release of active DOX from P-DOX. However, P-DOX/
P-cypate micelles showed low efficiency to reverse DOX
resistance in MCF-7/ADR cells since the hybrid micelles
displayed only a slightly higher cytotoxicity than that of free
DOX (Figure 4D). The intracellular distribution of DOX in
both MCE-7 and MCF-7/ADR cells was then observed using
confocal laser scanning microscopic (CLSM) examination. In
consistent with the flow cytometric data, higher DOX fluo-
rescence intensity was found in MCF-7/ADR cells treated
with P-DOX/P-cypate than that in cells incubated with free
DOX. DOX inside the MCF-7/ADR cells was colocalized
well with the lysosome vesicles without observable nucleus
translocation (Figure 4E). In contrast, free DOX internalized
in MCF-7 cells was mainly colocalized with cellular nucleus
(Figure S5, Supporting Information). This phenomenon
could be presumably explained by lysosome sequestration of
DOX payload disregarding the formulations in MCF-7/ADR
cells (i.e., free DOX or P-DOX in P-DOX/P-cypate micelles)
since MDR cells contain increased number of lysosome
vesicles.[21:23]

2.3. Hyperthermia-Triggered Cytoplasm DOX Release In Vitro

Given the high photothermal conversing efficiency of P-DOX/
P-cypate micelles demonstrated in Figure 3E-H, their ability
to induce intracellular hyperthermia effect was examined in
MCE-7/ADR cells in vitro. To avoid the cytotoxicity of P-DOX/
P-cypate micelles, P123/P-cypate micelles without P-DOX were

www.MaterlalsVIews.com

used for temperature elevation studies in vitro. Before exposed
to 808 nm laser illumination, the cells were preincubated with
P-DOX/P-cypate micelles for 12 h to ensure sufficient cellular
uptake of the micelles. The cells were then collected by centrif-
ugation and finally resuspended in 50 pL of phosphate buffer
solution (PBS) in Eppendorf tubes. As shown in Figure 5A,B,
laser irradiation significantly induced the temperature elevation
in both the laser power and micelle concentration-dependent
manners. For example, a maximal temperature elevation
(> 35 °C) was achieved at a cypate concentration of 200 pg mL™
and laser intensity of 32 W cm 2.

Since P123/P-cypate micelle induced tunable photothermal
effect inside MCF-7/ADR, the hyperthermia-triggered cytoplasm
DOX release was then exploited using CLSM method. To mini-
mize hyperthermia-induced degradation of cytoskeleton pro-
teins and the cellular necrosis, a moderate temperature elevation
of 5-10 °C was carefully tuned by selecting a cypate concentra-
tion of 150 pg mL™!, DOX concentration of 8 pg mL™!, and laser
intensity of 24 W cm™, respectively. As shown in Figure 5C,
after exposed to laser light for 2 min, a highly diffused pattern
of DOX distribution was observed, suggesting disruption of
the lysosome membrane and cytoplasm release of DOX pay-
load, which was further confirmed by the reduced colocaliza-
tion between lysotracker green and DOX (Figure S6, Supporting
Information). Moreover, the cells kept their morphology well
after laser illumination, suggesting no obvious damage was
caused on cellular membrane. The hyperthermia-enhanced
cytoplasm DOX release induced higher cytotoxicity of P-DOX/
P-cypate micelles. Over 50% of micelle-incubated MCF-7/ADR
cells lost their viability when examined at 24 h postlaser illumi-

nation. In contrast, no notable decrease in cell

A-40 B 40 survival rate was found in P-cypate and laser
treated cells. The CLSM and phototoxicity

30+ 150 ugimL 30- data clearly suggested that moderate hyper-
3) — 32 Wicm2 ) 32 Wicm? | thermia-triggered cytosol drug release could
~— 20- = ‘x‘z';i < 20- —200ugmt | be a practicable strategy for circumventing
'2] —— 8 Wicm2 = — 1?,0 :g/:L cancer MDR, at least in cellular level.

104 q 104

B //_’——— ol 2.4. Biodistribution and Pharmacokinetics of

0 20 40 60 80 100 0 20 40 60 80 100 P-DOX/P-Cypate Micelles In Vivo
Time (s) Time (s)

Laser =T O

=

Hoechst DOX Hoechst + DOX Overlay

Figure 5. A) Laser power and B) micelle concentration-dependent photothermal effect of
MCF-7/ADR cells incubated with P123/P-cypate micelles for 12 h (cypate concentration of
150 pg mL™" and laser power output of 4.0 W was selected for temperature elevation studies,
C) NIR-laser light triggered cytosol release of DOX payload in MCF-7/ADR
cells, the cells were preincubated with P-DOX/P-cypate micelles at a cypate concentration of
150 pg mL™" and DOX concentration of 7.5 pg mL™", respectively (scale bar 50 pm).

respectively).

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

It was reported that nanoparticles less than
5 nm could be quickly cleared off blood cir-
culation through renal filtration.3®) Mean-
while, large nanoparticles with particle size
over 200 nm were also susceptible to reticu-
loendothelial system (RES) clearance.l'’] To
evaluate the in vivo fate of our dual-respon-
sive P-DOX/P-cypate micelles, an analog of
P-DOX was synthesized by conjugating a
NIR dye Ce6 onto P123 (denoted as P-Ce6)
Phase because Ce6 exhibited strong fluorescence
emission in the NIR region (650-700 nm).
The in vivo biodistribution of P-Ce6/P-cypate
micelles was then investigated using fluo-
rescence imaging examination. As shown in
Figure 6A,B, the clear distribution of P-Ce6/
PDPA micelles was found in xenograft
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DOX concentrations than that of free DOX,
heart respectively, which could be mainly attrib-

t'"ver 15 uted to the passive targeting tumor ability

of P-DOX/PDPA micelles as revealed by the
spleen biodistribution study in vivo (Figure G6A).
lung 1.0 Notably, the heart distribution of DOX was
x108  also reduced by 4.8 and 5.9-folds respec-
tively, when delivered with P-DOX/P-cypate
micelles (Figure 6D). Furthermore, the phar-
macokinetic of DOX was assessed using a
06 Sprague Dawley (SD) rat model. As presented

in Figure GE and Table SI1, Supporting

Information, P-DOX/P-cypate micelles signif-
04 jcantly increased the maximal blood concen-
tration (Cpa.y) and the area under the curve
(AUCoy) of DOX by 152 and 12.1-fold over

kidney

0.2
that of free DOX, respectively. These data
indicated a significant longer blood circula-
8000 tion time of P-DOX/P-cypate micelles than

that of free DOX, which could be presum-
ably attributed to their suitable particle size
6000 (=30 nm) and neutral PEG corona to avoid
renal filtration and escape RES clearance.

4000
I 2.5. Hyperthermia-Triggered Tumor Penetra-
2000 . .
tion In Vivo
s~ counts

DM Ezsooo Encouraged by the passive tumor accumu-
I DOX —+—P-DOX/P-cypate lation ability of P-DOX/P-cypate micelles,
’g 03 =$288§,p£y,,a,e ~ 20000 Wl we next investigated their hyperthermia
@ E ol effect in vivo. The tumor-bearing mice
=] = were iv. administrated with PBS, P-DOX,
g 21 = 10000 P-cypate, or P-DOX/P-cypate, respectively,
£ S and examined for laser-controlled tem-
< x 5°°°'£\\¥ perature elevation at 2 h after i.v. injection.
8 8 0 After illuminated with 808 nm NIR laser for
0.0° 2h 24h 2h 26h 0 5 0 45 20 25 90 s, a moderate temperature increases of
Heart Liver Spleen Lung Kidney Tumor Time (h)

15 and 20 °C were achieved in P-cypate and

Figure 6. In vivo biodistribution of P123 A) and P123/PDPA B) micelles examined by fluo- ~P-DOX/P-cypate injected mice, respectively.
rescent imaging at different time points post i.v. administration (the location of the xenograft  In obvious contrast with the slight tumoral
tumor was indicated with the white arrows). C) Ex vivo DOX biodistribution in major organs temperature elevation (=5 °C) in PBS or
examined 2 or 24 h post micelle administration. D) Quantitative analysis of DOX distribution P-DOX-injected mouse (Figure 7A,B). The

in major organs examined at 2 or 24 h post i.v. injection (**, P <0.001; *, P < 0.05). E) Plasma
concentration of DOX versus time profiles in rats after intravenous administration of free DOX,

P-DOX, or P-DOX/P-cypate micelle at a DOX dose of 5.0 mg kg'.

MCEF-7/ADR tumor 1 h post tail vein intravenous (i.v.) injec-
tion. The fluorescence intensity increased further at 2 h and
then dropped slowly over the time due to blood clearance of the
micelles. Afterwards, the ex vivo biodistribution of P-DOX/P-
cypate were examined in MCF-7/ADR xenograft tumor bearing
mice using fluorescent imaging and fluorescent spectroscopic
measurement, respectively. At 2 and 24 h time after systemic
micelle administration, the major fraction of free DOX was
found in heart, liver, and kidney, and distribution in tumor was
negligible, implying quick clearance of free DOX by renal filtra-
tion and kupfter cells (Figure 6C). In contrast, P-DOX/P-cypate
micelles displayed 5.5 and 2.5-magnitude higher intratumoral

Adv. Funct. Mater. 2015, 25, 2489-2500 © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

higher temperature increase observed in
P-DOX/P-cypate-treated mouse than that of
P-cypate-injected one could be explained by
the better photothermal conversing efficacy
of P-DOX/P-cypate micelles as demonstrated in Figure 3E-H.
For a kinetic study of the hyperthermia effect in vivo, the xeno-
graft tumors were illuminated with 808 nm laser at desired
time points following micelle injection. The tumor tempera-
ture was increased by =20 °C when examined at 2 h after
micelle injection, about 8 °C higher than that determined at
1 h (Figure 7C). The temperature elevation decreased gradu-
ally over the time (i.e., 4 or 24 h post micelle injection). This
phenomenon was consistent with the in vivo biodistribution
pattern of P-Ce6/P-cypate micelles. Thus, a positive correla-
tion between the intratumoral micelle concentration and their
hyperthermia effect could be established. The influence of

wileyonlinelibrary.com 2495

dadvd T1TInd



-
™
<
[
-l
wd
=
™

s
3
g
B
3
s
f =
3
B
a
o

25
A ——P-DOX/P-Cypate
——P-Cypate
204 =——P-DOX
p— x
PBS g
—_
o1 a
T
E 104 ) —1h
a —2h
54 3 ——4h
;7_’ —24h
d 5
20 40 60 80 100 2 20 40 60 80 100
Time (s) Time (s)

D -

P-DOX/

Laser +
P-DOX/P-cypate P-cypate

Phase - Overa

Hoechst DOX DOX+Hoechst

Figure 7. A) Laser irradiation induced temperature elevation and B) the thermographic images
of tumor-bearing mice i.v. injected with PBS, P-DOX, P-cypate, or P-DOX/P-cypate micelles.
C) Temperature elevation curves of tumor bearing mice i.v. injected with P-DOX/P-cypate
micelles, the mice were treated with 808 nm laser (16 W cm™) at various time points after
micelle injection. D) The NIR laser irradiation induced hyperthermia effect can obviously trigger
tumor penetration of P-DOX loaded hybrid micelles (scale bar 100 pm).

cypate-induced hyperthermia on intratumor DOX distribu-
tion was further investigated by CLSM examination. Without
laser treatment, DOX accumulated inside

MK
oS
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CLSM images in Figure S7, Supporting
Information), indicating that intracel-
lular trafficking of DOX to nuclei might be
another cellular barrier for DOX delivery.l’]

2.6. Tumor Growth Inhibition and Biosafety
In Vivo

Since P-DOX/P-cypate micelles could pas-
sively accumulated inside the xenograft
tumors via “EPR” effect, and laser illumi-
nation following micelle administration
could trigger the tumor penetration and
cytoplasm release of DOX payload, we pro-
ceeded to evaluate the ability of P-DOX/P-
cypate micelles to reverse DOX resistance
in MCF-7/ADR breast cancer in vivo. In the
group treated with PBS or P-cypate micelles,
the tumors grew rapidly over 1500 mm? in
9 days post the first injection (Figure 8A).
The tumor growth rate was suppressed by
30%-40% when treated with free DOX,
P-DOX, or P-DOX/P-cypate micelles. Despite
much higher tumoral DOX concentration
was detected in P-DOX/P-cypate group than
that in DOX or P-DOX group, no statistic
difference of tumor growth rates was found
among free DOX, P-DOX, and P-DOX/P-
cypate groups, which might be caused by
the limited tumor penetration of the hybrid
micelles. When illuminated with a NIR
laser following iv. injection of P-DOX|/P-
cypate micelles, the growth of MCF-7/ADR
tumor was completely inhibited in the whole

therapy period, even only a moderate hyperthermia effect was

the tumor organ mainly distributed in the e
. . |—*—P-cypate
perivascular areas without notable deep h 8

-~ P-DOX/P-cypate _

~—»—P-cypate + L |

] —o—P-DOXIE-cypale .
+

tumor diffusion when administrated in the
form of free DOX, P-DOX, or P-DOX/P-
cypate micelles. This could be caused by the
presence of the aforementioned extracellular
barriers (i.e., high interstitial fluid pressure,
reduced transcapillary pressure gradient,
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and dense extracellular matrix). Excitingly, 0
after exposed to NIR laser irradiation for 2 )
min at laser intensity of 16 W cm™2, a highly C §

diffused DOX distribution pattern with A
bright fluorescence emission was observed.
The DOX positive tumor area was also sig- D
nificantly improved from 50% to near 100% '
in comparison with that of P-DOX/P-cypate
injected mock control. Strong DOX fluores-
cence was found surrounding the cellular
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nucleus, implying successful internalization
of DOX penetrated into deep tumor. How-
ever, only a small fraction of DOX payload
was colocalized with nuclei (see enlarged

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 8. A) Tumor growth inhibition profiles of P-DOX/P-cypate micelles in combination with
NIR laser irradiation in MCF-7/ADR tumor-bearing mice (*P < 0.001), the black arrows indi-
cated the time points for micelle administration. B) body weight change of tumor-bearing mice
determined during the animal studies. C) H&E and D) tunnel staining assays of tumor organs
collected at the end of tumor growth inhibition studies (scale bar 200 pm for all images).
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Figure 9. H&E staining assay of heart, lung, liver, spleen, and kidney collected at the end of
tumor growth inhibition studies, the black arrows indicated the accumulation of neutrophils in
the heart of DOX-treated mouse. Moreover, obvious myocardial damage was also found in the

heart of DOX group (scale bar 100 ym for all images).

induced under this condition (=20 °C). In contrast, the tumor
growth rate of P-cypate plus laser group was eightfold higher
than that of P-DOX/P-cypate plus laser group, implying hyper-
thermia-triggered tumor diffusion and cytosol release of DOX
payload could significantly improve the antitumor efficacy of
P-DOX/P-cypate. As an indirect indicator of systemic toxicity,
the body weight change of all groups was monitored during the
experiment. The body weight of saline group increased gradu-
ally, partly due to the fast growth of the xenograft tumor. Dra-
matic body weight loss was found for DOX group as compared
with that of P-DOX/P-cypate or P-DOX/P-cypate + laser group,
indicating better animal tolerance of P-DOX/P-cypate micelles
than that of free DOX (Figure 8B). To understand the possible
mechanism underlying for the superior antitumor ability of
P-DOX/P-cypate + laser over that of free DOX or P-DOX/P-
cypate, the tumor tissues were fixed and analyzed by hema-
toxylin—eosin (H&E) staining assay. Obvious DNA damage
and membrane degradation were found in the tumor slices
of P-DOX/P-cypate + laser over that of free DOX or P-DOX/P-
cypate, the tumor tissues were fixed and analyzed by H&E
staining assay. Obvious DNA damage and membrane degrada-
tion were found in the tumor slices of P-DOX/P-cypate + laser
group, as compared with that of DOX or P-DOX/P-cypate group
(Figure 8C). The tumor slices of each group were further exam-
ined by tunnel staining assay. The significant cellular apoptosis
was detected in mouse group treated with P-DOX/P-cypate in
combination with laser irradiation (Figure 8D).

All these results clearly demonstrated that the systemic
administration of P-DOX/P-cypate micelles in combination
with hyperthermia-triggered tumor penetration/cytosol release
of DOX payload could synergistically override the DOX resist-
ance in MCF-7/ADR cells. Histological studies showed obvious
neutrophils accumulation in heart in DOX group (Figure 9),
suggesting acute cardiotoxicity of free DOX. In contrast, no
neutrophils accumulation was found in P-DOX or P-DOX/P-
cypate group, most likely due to the reduced heart distribu-
tion of DOX as shown in Figure 5C. In addition to heart, no
observable damage was found in other major organs (i.e., liver,

Adv. Funct. Mater. 2015, 25, 2489-2500
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spleen, lung and kidney) of P-DOX/P-cypate
group, further confirmed good biocompat-
ibility of P-DOX/P-cypate micelles.

To date, many nanoparticle drug delivery
systems have been exploited to combat cancer
MDR by coadministrating multichemothera-
peutics,®3% or codelivering siRNA and anti-
cancer drugs.***1l However, many of these
nanoparticles are prepared by noncovalently
encapsulating chemotherapeutic payloads
inside the hydrophobic core, and unable to
diffuse throughout the tumor mass for effi-
cient drug delivery. In comparison with the
conventional designs, the pH and NIR light
dual-responsive micelles reported in this
study had a couple of advantages. First, a
polymeric prodrug of DOX was incorporated
to increase the drug loading capacity and
prevent drug leakage during systemic circu-
lation. P123 released from the prodrug inhib-
ited DOX efflux by suppressing P-gp activa-
tion. Moreover, cypate-conjugated pH-responsive mPEG-b-
PDPA diblock copolymer could serve as both a photoabsorbent
to convert NIR light into local heat and a pH-switchable carrier
for P-DOX. At neutral pH, P-cypate copolymer could compress
P-DOX into compact micellar nanoparticles (hydrodynamic
diameter around 35 nm) for long blood circulation and passive
tumor targeting. The micelles were specifically dissociated in
weakly acidic organelles (pH 5.5-6.0) to release P-DOX payload.
Upon illumination with 808 nm NIR laser, cypate-conjugated
copolymer could induce moderate hyperthermia effect by effi-
ciently converting the photo energy to local heat, thus facilitate
the tumor penetration and cytosol release DOX payload by dis-
rupting the dense extracellular matrix and lysosome membrane
(Figure 1D).

The combination of plasmonic photothermal therapy with
nanoparticulate or polymeric chemotherapeutics has recently
been exploited to improve tumor accumulation and penetra-
tion of chemotherapeutics.'242l However, preinjection of gold
nanorods was essential for such an approach, made it a little
inferior to our “all-in-one” system. Photoswitchable nanoparti-
cles were also reported by Kohane et al. to enhance the tumor
delivery of chemotherapeutic payload,!'® but 365 nm UV light
was required to trigger nanoparticle shrinkage via cleavage of
covalent bond, which was the Achilles’ heel of such a design
due to the poor tissue penetration and severe side effect of
short wavelength UV light. In contrast, the 808 nm NIR laser
used herein has the obvious advantages of deep tissue trans-
parence and low skin absorption. More importantly, the hyper-
thermia effect of P-DOX/P-cypate micelles could be readily
tuned by adjusting P-cypate loading ratios and laser intensity
since their temperature elevation property was directly depend-
ents on cypate-concentration and laser power output.

A recent study reported by Chen et al. described a strategy
to combat caner MDR in molecular level by localized plas-
monic heating of gold nanorod at a mild laser power density to
modulate the drug-resistance related genes.*3l The mild hyper-
thermia effect induced by laser irradiation was demonstrated
to combat cancer MDR by triggering higher expression of heat
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shock factor (HSF-1) trimers and down-regulate the expression
of P-gp and mutant p53. On the contrary, our study demon-
strated a new strategy to circumvent cancer MDR by targeting
both the physiological and biological barriers (i.e., the lim-
ited nanoparticle penetration in tumor mass due to the dense
stroma and high interstitial pressure of MDR tumor, and the
increased number of lysosome vesicles in MDR cancer cells).
The studies conducted by Chen et al. and us complementarily
implied the promising potential of NIR-laser triggered mild
hyperthermia for combating cancer MDR in organ, cell, and
molecular levels.

3. Conclusion

A novel P-DOX/P-cypate hybrid micelle for combating DOX
resistance in breast cancer was developed. The micelles dis-
played dual-responsiveness to both intracellular acidic pH and
NIR light. At physiological condition, the micelles could com-
press DOX prodrug into compact nanostructure to prolong
its blood circulation, which were while dissociated to release
payload in weakly acidic intracellular environment. The hybrid
micelles in combination with NIR laser irradiation induced
tunable hyperthermia effect both in cellular and animal level.
Localized NIR laser irradiation following systemic administra-
tion of the hybrid micelles could simultaneously triggered the
deep tumor penetration and cytoplasm release of DOX payload,
thus significantly improve the therapeutic efficacy of P-DOX/P-
cypate micelles for treatment of DOX-resistant MCF-7/ADR
breast cancer. Taken together, the results reported in this study
might imply a novel approach to combat MDR breast cancer by
targeting the biological barriers.

4. Experimental Section

Materials:  Methoxy polyethylene glycol 5000 (mPEG;;4-OH),
copper bromide (CuBr), anhydrous N,N'-dimethylformamide (DMF),
2-hydroxyethyl methacrylate (HEMA), pentamethyldiethylenetriamine
(PMDETA), pluronic copolymer P123 (EQ,,-PO;-EO;9), and succine
anhydride were all ordered from Sigma-Aldrich (Shanghai, China) and
used as received. 2-(Di-isopropylamino) ethyl methacrylate (DPA) was
purchased from Scientific Polymer Products Inc. (Ontario, NY, USA) and
purified by vacuum distillation over calcium hydride. Dialysis tubing with
molecular weight cut-off (MWCO) of 3500 Da was ordered from Fisher
Scientific. Inc. (IL, USA). NR fluorescence probe was purchased from
MP Biomedicals, LLC. (Ohio, USA). LysoTracker green (DND-26) and
Hoechst 33342 was obtained from Life Technologies (Shanghai, China).
NH,~GFLG-COOH tetrapeptide was synthesized by GL Biochem Co.,
Ltd (Shanghai, China). DOX hydrochloride was purchased from Shanwei
Pharmaceutics Co., Ltd. (Shanghai, China). NIR fluorescence dye cypate
was synthesized according to previous method.* The successful
synthesis of cypate was confirmed by "H-NMR and mass spectrum
examinations, respectively. Ce6-conjugated P123 (denoted as P-Ce6)
was synthesized by coupling Ce6 on P123 via formation of ester bond
between the carboxyl group of Ce6 and hydroxyl groups of P123.

Synthesis of P123 Conjugated DOX Prodrug (P-DOX): Free DOX was
covalently conjugated to the end of P123 via an enzyme-cleavable
tetrapeptide spacer of GFLG. To do that, the hydroxyl end groups of
P123 were first converted to carboxyl groups by reacting with succine
anhydride, and then functionalized with GFLG. Finally, DOX was
conjugated with GFLG-P123 through coupling reaction between the
carboxyl group of P123-GFLG and the amino group of DOX.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Synthesis  of  Cypate-Conjugated ~ mPEG;3-b-P(DPAs-r-HEMA3)
Diblock Copolymer (P-Cypate): mPEGy;4-b-P(DPAo-r-HEMA;) diblock
copolymer was synthesized by atom transfer radical polymerization
method following the same procedure as reported in our previous
work.3l Afterwards, cypate was conjugated onto the pendant hydroxyl
groups of MPEG4-b-P(DPAs-r-HEMA;) diblock copolymer through
coupling reaction between the carboxyl group of cypate and hydroxyl
group of mMPEGy4-b-P(DPA,;-r-HEMA;)  diblock copolymer. The
chemical structure of the resultant product was examined by "H-NMR
spectra using d6-DMSO as solvent. The weight percentage of cypate in
the resultant copolymer was determined using UV-vis spectroscopic
method.

Preparation and Characteristic of pH and NIR Light Dual-Responsive
Micelles with P-DOX: P-DOX-loaded pH-responsive hybrid micelles
were prepared using a solvent-evaporation method. Briefly, 8.6 mg of
P-DOX and 11.4 mg of P-cypate (weight ratio of 43/57) were codissolved
in 150 pL of anhydrous dimethylacetamide (DMAC), the resultant
homogenous solution was added into 1.4 mL of distilled (DI) water under
sonication. The P-DOX and P-cypate coloaded hybrid micelles (denoted
as P-DOX/P-cypate) with DOX and cypate loading ratio of 3.4 and 6.8
wt%, respectively, were obtained after removing the organic solvent by
dialyzing against DI water overnight. The pH-responsive property of
P-DOX loaded P-DOX/P-cypate micelles was thoroughly characterized
by measuring the change of size distribution and zeta potential versus
medium pH by DLS measurement using a Nanosizer instrument
at wavelength of 633 nm (ZS90, Malvern, UK). To investigate acidic
pH-triggered dissociation of P-DOX/P-cypate micelles, 0.5 wt% of NR was
loaded in P-DOX/PDPA micelles following the same procedure described
above. The fluorescence images of NR-loaded micelles at different pH
conditions were collected using an UVP Bioimage system (Upland,
CA). The fluorescence spectrum of NR, DOX, and cypate were recorded
with different wavelength setups (NR: Ex 475 nm, Em 500-800 nm;
DOX: Ex 485 nm, Em 500-800 nm; cypate: Ex 750 nm, Em 760-900 nm,
respectively, Hitachi F-4600, Japan). The morphology of the hybrid
micelles was examined using TEM measurement (Joel, Japan). The
light-responsive property of the hybrid micelles was evaluated using an
808 nm laser (Changchun New Industries Optoelectronics Tech. Co.,
Ltd, Changchun, China). The temperature change curves were recorded
using an IR camera (IRTech Co. Ltd., Shanghai, China).

Cell Lines and Animals: Parental MCF-7 human breast cancer cell line
was obtained from cell bank of Chinese Academy of Sciences (Shanghai,
China). DOX-resistant MCF-7 cell line (MCF-7/ADR) was purchased
from Keygen Biotech Co. Ltd (Shanghai, China). MCF-7 cells were
cultured in complete RPMI 1640 cell culture medium containing 10% of
fetal bovine serum, 100 U mL™" of penicillin G sodium and 100 mg mL™"
of streptomycin sulfate. MCF-7/ADR cells were maintained in the similar
culture medium used for MCF-7 cells with addition of 1.0 pg mL™" of
DOX. Both kinds of cells were maintained in 37 °C incubators under
a humidified atmosphere with 5% CO, supply. All experiments were
performed in the logarithmic phase of cell growth. All animals (i.e., SD
rats and Balb/c nude mice) were purchased from Shanghai Experimental
Animal Center (Shanghai, China). All animal procedures were carried
out under the guidelines approved by the Institutional Animal Care and
Use Committee (IACUC) of the Shanghai Institute of Material Medica,
Chinese Academy of Sciences.

Cellular Uptake, Distribution, and Cytotoxicity of P-DOX/PDPA
Hybrid Micelles: To investigate the cellular distribution of DOX-loaded
micelles, MCF-7/ADR cells were seeded onto a round glass coverslips
(@10 mm) in 24-well tissue culture plate at a density of 5 x 10* cells per
well. After 24 h preincubation, the cells were treated with DOX, P-DOX,
or P-DOX/P-cypate solution for 6 h at an equivalent DOX concentration
of 10 pg mL™". Afterwards, the cells were stained with Hoechst 33342,
washed with PBS, mounted with antifade solution and imaged using
a confocal laser scanning microscopy (CLSM, Olympus Fluoview
1000, Japan). The acidic endocytosis organelles (i.e., late endosomes/
lysosomes) were stained with lysotacker-green (DND-26, Life Tech, USA)
1 h before image taking. To quantitatively examine the cellular uptake
of P-DOX/PDPA micelles, MCF-7 or MCF-7/ADR cells were both seeded
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into 24-well tissue culture plates at a density of 2.0 x 10° cells per well.
After 24 h preincubation, the cells were treated with DOX, P-DOX, or
P-DOX/PDPA solutions for different time (i.e., 1, 2, 4, 8, and 12 h) at a
DOX concentration of 10 pg mL™". Afterwards, the cellular fluorescence
intensity of DOX was measured using a flow cytometry and the data
were analyzed with a Cell Quest software. The cytotoxicity of P-DOX/P-
cypate hybrid micelles was determined by SRB staining assay. Parental
MCF-7 or MCF-7/ADR cells were seeded into 96-well tissue culture plate
at a density of 1 x 10* cells per well in 100 pL of cell culture medium.
The cells reached a confluence of 60%-80% after 24 h incubation. The
cells were then incubated with free DOX, P-DOX, or P-DOX/P-cypate
micelles at different DOX concentrations. After 48 h incubation, the cell
viability was evaluated by SRB staining assay and expressed as relative
cell viability after normalized with that of the untreated cell controls.

Photothermal Effect of P-DOX/P-Cypate Micelles and Laser-Triggered
DOX Release In Vitro: MCF-7/ADR cells were seeded in six-well plates at
a density of 2.0 x 10° cells per well, the cells were then preincubated with
P123/P-cypate micelles for 12 h at three different cypate concentrations
of 100, 150, and 200 pg mL™", respectively. Afterwards, the cells were
thoroughly washed with PBS to remove any micelles attached on cell
surface, centrifuged and redispersed in 50 pL of cell culture medium. The
cell suspension was then illuminated with 808 nm NIR laser for 2 min
at different laser power outputs (i.e., 16, 24, or 32 W cm™). The laser
irradiation induced temperature elevation in vitro was recorded with an
IR camera. To quantitatively determine the influence of cypate-induced
hyperthermia effect on the viability of MCF-7/ADR cells, the cells were
seeded in six-well plates at a density of 2.0 x 10° cells per well. After 24 h
preincubation, the cells were treated with free DOX, P-cypate micelles,
P-DOX, and P-DOX/P-cypate micelles for 12 h at an equivalent DOX or
cypate concentration of 2.5 or 6.6 mg mL™, respectively. Afterwards, the
cells were carefully washed with PBS, centrifuged, redispersed in 50 pL
of cell culture medium and illuminated with an 808 nm laser for 2 min at
different laser power outputs. The cells viability was then examined with
SRB staining assay 24 h postlaser illumination.

Biodistribution and Pharmacokinetics of P-DOX/P-Cypate Hybrid
Micelles In Vivo: To investigate the biodistribution of P-DOX/P-cypate
micelles in vivo, DOX in the P-DOX copolymer was replaced with a
porphorin dye Ce6 due to its strong fluorescence emission in the NIR
region (650-700 nm). The biodistribution of P-Ce6/P-cypate micelles
in vivo was then examined using a MCF-7/ADR tumor bearing Balb/c
nude mouse model. To establish the orthotopic tumor model, each
nude mouse (female, 4-5 weeks, 18 + 2 g) was injected with 5.0 x 10°
of MCF-7/ADR cells on the right mammary gland. After tumor volume
reached 200 mm?3, the tumor-bearing mice were randomly grouped (n
= 3), and intravenously injected with 200 pL of P-Ce6 or P-Ce6/P-cypate
micelle at a Ce6 dose of 2.5 mg kg™'. The whole body fluorescence images
were collected at 1, 2, 4, or 24 h after micelle injection using a Caliper
IVIS Lumina Il in vivo imaging system (Perkin Elmer, USA). The mice
were sacrificed at 24 h after micelle administration for ex vivo examining
the micelle distribution in major organs. For quantitative analysis of
DOX distribution in major tissues, the MCF-7/ADR tumor-bearing
nude mice were randomly grouped (n = 3) and intravenously injected
with free DOX, P-DOX, or P-DOX/P-cypate at an equal DOX dose of
5.0 mg kg™'. The mice were sacrificed at 2 or 24 h after injection. All major
organs (i.e., heart, liver, spleen, lung, kidney, and tumor) were weighted
after fluorescence imaging, homogenized in 0.4 mL of methanol, and
centrifuged at 10 000 rpm for 10 min to remove any supernatant. The
DOX content in each tissue was then measured using a fluorescence
spectrophotometric method and expressed as DOX weight in per gram
of tissue. To investigate the pharmacokinetics of DOX, 1.0 mL of free
DOX, P-DOX, and P-DOX/P-cypate solution with an equivalent DOX
concentration of 5.0 mg mL™' was intravenously injected to SD rats
(female, 200-230 g, Shanghai Experimental Animal Center, Shanghai,
China). Blood samples were collected at 5, 15, and 30 min and 1, 2, 4,
6, 12, and 24 h postadministration, the DOX concentration at each time
point was determined using fluorescence spectrum measurement.

Photothermal Effect and Tumor Growth Inhibition In Vivo: The tumor
growth inhibition experiment was conducted using nude mouse model
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bearing an orthotopicly implanted MCF-7/ADR tumor as that used for
biodistribution study. The mice bearing MCF-7/ADR tumors of 50 mm?
were randomly grouped into seven groups (n = 6) and intravenously
injected with 100 pL of PBS, free DOX, P-cypate, P-DOX, and P-DOX/P-
cypate at an equal DOX or cypate dose of 5.0 or 10 mg kg™, respectively.
Two hours later after micelle injection, the tumors were locally irradiated
by 808 nm NIR laser at a laser power output of 16 W cm2 for 2 min
(Changchun New Industries Optoelectronics Tech. Co., Ltd, Changchun,
China). The temperature elevation of micelle injected tumor was
recorded with the IR camera thermographic system. The treatment
was repeated for three times at a time interval of 2 days. The tumor
proliferation rates were monitored twice a week with a digital caliper
and the body weights were examined using an electronic balance,
respectively. The tumor volume was calculated by following formula:
V= (LxWx W)/2 (L longest dimension; W, shortest dimension)
and expressed as relative tumor growth rate by normalizing with the
initial tumor volume. The mice with tumor volume over 2000 mm?
were euthanized and considered as animal death according to the
animal protocol. All mice were sacrificed at 21 days post first micelle
administration. The major organs (heart, liver, spleen, lung, kidney, and
tumor) were collected and fixed with paraformaldehyde, dehydrated and
sliced for H&E or immunohistological chemistry tunnel staining assay.

Statistical Analysis: Data were expressed as mean * SD, the statistical
significance was determined by using the one way analysis of variance.
p < 0.05 was considered as significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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