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ABSTRACT Smart nanocarriers are of particular interest as nanoscale vehicles of
imaging and therapeutic agents in the field of theranostics. Herein, we report dually
pH/reduction-responsive terpolymeric vesicles with monodispersive size distribution, which are
constructed by assembling acetal- and disulfide-functionalized star terpolymer with near-
infrared cyanine dye and anticancer drug. The vesicular nanostructure exhibits multiple
theranostic features including on-demand drug releases responding to pH/reduction stimuli,

enhanced photothermal conversion efficiency of cyanine dye, and efficient drug translocation
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chemotherapy-synergized tumor ablation. The dually stimuli-responsive vesicles represent a versatile theranostic approach for enhanced cancer imaging and

therapy.
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anocarriers have been considered

as emerging theranostic vehicles

in the field of cancer detection
and therapy.' ™ Various nanocarriers are
designed to achieve fluorescence, ultra-
sonics, magnetic resonance imaging, and
positron emission tomography for precise
tumor detection,®® and simultaneously
hold great potentials as drug vehicles for
cancer-targeted therapy.>*”2 In particular,
smart nanocarriers are able to trigger signal
activation or smart drug release in response
to tumor microenvironments.’~'* For in-
stance, stimuli-responsive chemistry was
reported to improve signal-to-noise ratio
of fluorescent dyes or drug accumulation
in cancer cells for enhanced imaging con-
trast or anticancer efficacy.” '® To date,

ZHU ET AL.

despite recent progress in the exploration
of smart nanocarriers for cell imaging with
high contrast,'® 2" there are still only a few
applicable smart nanocarriers to achieve
in vivo imaging with high contrast owing
to limited signal retention at tumor and
undesired noise at normal tissues.'??%23
Moreover, it is difficult to provide effec-
tive stimuli-responsive drug delivery upon
further incorporation of anticancer com-
pounds within same nanocarriers, since an-
ticancer compounds often have different
intracellular trafficking to target sites as
compared to imaging agents.>'%""?* The
exploration of smart theranostic nanoparti-
cles encounters multiple limitations such
as difficult preparation, insufficient drug
loading, limited targeting ability, as well as
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Scheme 1. llustration of dually pH/reduction-responsive terpolymeric Vesicles for NIRF imaging with ultrahigh contrast and

synergistic anticancer efficacy.

unsatisfactory imaging or therapeutic responsiveness.
Consequently, it is a major challenge to develop a new
smart nanocarrier with desired theranostic features for
both cancer imaging with ultrahigh contrast and opti-
mal anticancer efficacy.'**

Recently, near-infrared cyanine dyes such as indo-
cyanine green (ICG) have been developed as theranostic
agents, which possess bifunctional properties including
near-infrared fluorescence (NIRF) and photothermal
effect under light irradiation for theranostic applica-
tion.2>%% The nanocarriers including micelles, polymeric
nanoparticles, and liposomes can effectively deliver
these bifunctional cyanine dyes for both NIRF imaging
and photothermal therapy (PTT).?’ 33 Moreover, the
nanocarriers such as micelles are found to achieve
synergistic thermo-chemotherapy or thermo-photo-
dynamic therapy owing to their sustained releases,
preferable tumor accumulation, and enhanced drug
translocation from lysosomes to cytoplasm upon coen-
capsulation with anticancer compounds such as dox-
orubicin and chlorin e6.27>° However, the design of the
existing theranostic nanocarriers such as micelles is
mainly limited in several aspects: first, detectable NIRF
signals at tumors are generally diminished quickly
owing to easy degradation and elimination of cyanine
dyes in physiological environment (e.g., lysosomes)
upon release from nanocarriers, and thus cause un-
satisfied imaging contrast for cancer imaging; second,
so far there is a lack of effective strategy to regulate
photothermal conversion efficiency of cyanine dye for
generating stronger hyperthermia ability to improve
PTT efficacy; third, for the application in thermo-
chemotherapy, cyanine dyes often require low intracellular
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release from nanocarrier for overcoming their poor
chemical stability and yet anticancer drugs often de-
mand enhanced release in cancer cells, while the
existing nanocarriers such as micelles are unable to
satisfy their various intracellular release demands. Thus,
the nanocarriers are required to coordinate their various
release behaviors, and regulate the photothermal effect
of cyanine dye for achieving respective functions. Hence,
it is highly necessary to explore a smart nanocarrier for
both ultrahigh-contrast cancer NIRF imaging and pref-
erably synergistic thermo-chemotherapy.

Polymeric vesicles are being developed as an effec-
tive nanocarrier for cancer therapy, which are often
self-assembled from synthetic amphiphilic copolymers
or polyion complex.3* Therapeutic compounds can be
encapsulated into hydrophilic chamber or hydropho-
bic membranes in polymeric vesicles, which are re-
ported to possess diverse properties such as good
stability, enhanced cellular uptake, long circulation
and preferable biodistribution.>*>® Recently, several
stimuli-responsive vesicles have been developed to
improve the intracellular release of anticancer com-
pounds responding to pH, temperature, and enzymes.>’
To date, there are a few reports on smart polymeric
vesicles for in vivo theranostic application. For instance,
itis still difficult to design polymeric vesicles for regulat-
ing both imaging and therapeutic agents for desired
theranostic properties. As a proof-of-concept, we report
dually pH/reduction-responsive terpolymeric vesicles
with multiple theranostic features for both ultrahigh-
contrast NIRF imaging and preferably synergistic thermo-
chemotherapy with tumor ablation (Scheme 1).
The vesicles encapsulating cyanine dye (indocyanine
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green, ICG) and anticancer drug (doxorubicin, DOX) can
coordinate their respective on-demand releases, and
simultaneously improve the photothermal conver-
sion efficiency of ICG. Thus, the vesicles induce NIRF
imaging of ICG with ultrahigh contrast owing to its
reduced release responding to pH stimulus and sub-
sequent fluorescence dequenching, as well as enhanced
tumor accumulation and retention. Simultaneously, the
vesicular structures exhibit the enhanced photothermal
effect of ICG, and also induce highly efficient transloca-
tion of DOX from lysosomes to cytoplasma via its
pH/reduction-responsive release and reactive oxygen
species (ROS)-mediated lysosomal disruption, which
synergistically results in effective thermo-chemotherapy
with tumor ablation. The pH/reduction-responsive
vesicular nanostructures provide a valuable approach
to constitute smart theranostic nanoplatform with
desirable properties.

RESULTS AND DISCUSSION

Synthesis, Preparation, and Characterization. To achieve
this goal, a pH/reduction-cleavable star terpolymer,
poly(ethylene glycol)—poly(e-caprolactone)—poly(N-
isopropylacrylamide) (PEG—PCL—PNIPAM), was synthe-
sized through multiple procedures as shown in Figure 1A,
and the detailed methods were described in Supporting
Information. First, a multifunctional agent 2-((2-((2-hydro-
xymethyl-2-((4-oxo-4-(prop-2-yn-1-yloxy)butanoyl)oxy)-
methyl)propionyloxy)ethyl)disulfanyl)ethyl 4-cyano-4-
(phenylcarbonothioylthio)pentanoate (HCP) was used
to initiate ring-opening polymerization (ROP) of
e-caprolactone (CL) to afford PCL. Second, PCL-b-
PNIPAM was synthesized by reversible addition—
fragmentation chain transfer (RAFT) polymerization
of N-isopropylacrylamide (NIPAM) mediated by PCL
macro chain transfer agent.3®*° Last, acetal- and disulfide-
functionalized PEG45—PCLgo—PNIPAM33 (Mynmr =
13200 g/mol, and M, gpc = 20 700 g/mol) with narrow
molecular weight distribution (PDI = 1.14) was ob-
tained by Cu(l)-mediated azide—alkyne cycloaddition
reaction between PEG-acetal-N; and alkyne-functionalized
PCL-b-PNIPAM (Supporting Information Table 51).%° 'H
NMR spectra, GPC, and GPC-MALLS fully confirmed the
chemical structures and compositions of the star ter-
polymer and its precursors (Figure 1B and Supporting
Information Figures S1—S8).

Subsequently, the cleavage of PEG4s—PClgo—
PNIPAMs; responding to pH and reduction stimuli
was evaluated using GPC analysis. When the polymer
was exposed to pH 5.0 and 10 mM dithiothreitol (DTT)
at 37 °Cfor 48 h, the detached PCL—PNIPAM (M, gpc =
17100 g/mol) and PEG—PCL (M, gpc = 15300 g/mol)
were generated, respectively (Supporting Information
Figure S9). It indicates that the apparent molecular
weight of detached PCL—PNIPAM was close to that of
its original diblock copolymer (PCL—PNIPAM, M,, pc =
17600 g/mol) as shown in Supporting Information
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Figure 1. (A) Synthesis of acetal and disulfide functionalized
PEG—PCL—PNIPAM star terpolymer: (i) CL, ROP; (ii) NIPAM,
RAFT; (iii) PEGacetal-N;, CuBr, PMDETA. (B) 'H NMR spec-
trum of PEG,45-PCLgo-PNIPAM;3.

Figure S5. Obviously, the star terpolymer can be
cleaved in response to pH/reduction stimuli.

PEG45—PCLgo—PNIPAM3; (6.0 mg), ICG (2.0 mg) and
DOX (2.0 mg) were dissolved in the mixture of metha-
nol and triethylamine, which was evaporated into
the uniform membranes, followed by the dispersion
into water, purification, and subsequent formation
of ICG/DOX-loaded PEG,;5—PCLgo—PNIPAM;; vesicles
(Vesicles). Transmission electron microscopy (TEM)
imaging shows that Vesicles possess the uniform vesi-
cular morphology with average size of 101.2 & 10.5 nm
(Figure 2A). Vesicles had an average hydrodynamic
diameter of 158.2 nm with particle size distribution of
0.102 measured by dynamic light scattering (Figure 2B).
Obviously, Vesicles possess a monodispersive vesicular
nanostructure in aqueous solution.?® Next, the entrap-
ment efficiencies of ICG and DOX within Vesicles were
evaluated using ultrafilter centrifuge with 100 kDa
membrane filters. ICG (99.0%) and DOX (80.0%) were
entrapped within Vesicles at the total drug loading level
of 40% each, possibly owing to the good encapsulation
of ICG and DOX within vesicular membranes.

The stability of encapsulated agents is a prerequi-
site for cancer theranostics, and thus, we evaluated the
chemical stability of ICG and DOX in Vesicles in the
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Figure 2. (A) TEM image of Vesicles. (B) Size distribution of Vesicles measured using dynamic light scattering. (C) Normalized
releases of DOX from Vesicles and free ICG/DOX in various solutions. (D) Normalized releases of ICG from Vesicles and free
ICG/DOX in various solutions. (E) Release illustration of ICG and DOX from Vesicles responding to pH/reduction stimuli.

various solutions at 25 °C. Supporting Information
Figure S10 shows that Vesicles exhibited good stability
of ICG and DOX in the various solutions including
serum, cell culture medium, and buffers pH 7.4 and
pH 5.0 during 48 h as compared to free ICG and DOX.3°
The good stability might be attributed to the good
encapsulation of ICG and DOX within the vesicles,
indicating that Vesicles are capable to protect ICG
and DOX from the degradation in physiological or
acidic environment.

On-Demand Drug Releases. Drug release plays an im-
portant role for intracellular delivery of anticancer
drug, but may impair imaging contrast and PTT efficacy
of ICG owing to its poor stability upon exposure in
aqueous environment. Then, we demonstrated the
release behaviors of DOX and ICG from Vesicles at
various pH and reduction stimuli at 37 °C. Vesicles
exhibited the sustained releases of both DOX and ICG
in PBS at pH 7.4 as compared to the mixture of free ICG
and DOX (free ICG/DOX) (Figure 2C,D), indicating that
Vesicles are able to minimize their undesirable re-
leases. Importantly, Vesicles exhibited an enhanced
release of DOX at pH 5.0 or 10 mM DTT, and the
presence of both pH 5.0 and DTT further improved
the release of DOX from Vesicles (Figure 2C)."""'74" we
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further synthesized PEG,s-b-PCLgg for constructing
ICG/DOX-loaded PEG,4s5-b-PCLgs micelles (Micelles,
75.7 £ 10.5 nm) as the control without stimulus-
responsiveness, which exhibited no responsive release
of DOX as compared to Vesicles (Supporting Informa-
tion Figure S11).3° The enhanced release of DOX from
Micelles just attributed to the protonation of DOX itself
at low pH. Remarkably, Vesicles can provide preferable
release of DOX responding to pH/reduction stimuli in
accordance with the cleavable behavior of star terpo-
lymer (Figure 2E), which might trigger the gradual
dissociation of Vesicles, and thus facilitate intracellular
release of DOX. On the other hand, we observed that
Vesicles had the decreased release of ICG at pH 5.0 or
pH 5.0/DTT as compared to that at pH 7.4 (Figure 2D),
which is highly potential to improve the chemical
stability of ICG for enhanced NIRF imaging and PTT
(Supporting Information Figure S10), since released
ICG might suffer from degradation in aqueous solution.
Possibly, the reduced release of ICG resulted from its
protonation, which might induce its hydrophobicity
and thus stronger interaction with the polymers in
vesicles.*? Thus, pH/reduction-responsive Vesicles can
coordinate the on-demand release behaviors of ima-
ging agent and anticancer drug.
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Figure 3. (A) Photothermal profiles of Vesicles containing various concentrations of ICG under 1.5 W/cm? irradiation.
(B) Photothermal profiles of Vesicles, Micelles, and free ICG/DOX at the dose of 10.0 ..g/mL ICG. (C) Normalized absorbances of
ICG from Vesicles, Micelles, and free ICG/DOX at various time under 1.5 W/cm* irradiation. (D) Fluorescence lifetime of
Vesicles, Micelles, and free ICG containing 10.0 #g/mL ICG in aqueous solutions.

Photothermal Conversion Efficiency and Singlet Oxygen
Quantum Yield. To demonstrate the capacity of Vesicles
to improve photothermal conversion efficiency, we
measured their thermal behaviors in agueous solutions
under irradiation. Vesicles exhibited a quick increase of
temperature from 30 to 42 °C in 300 s at the concen-
tration of 2.0 4g/mL ICG upon irradiation (Figure 3A),*°
while PBS as a control did not trigger the increase of
temperature. Obviously, Vesicles can quickly generate
hyperthermia even at a low concentration of ICG, and
also exhibited the concentration-dependent thermal
increase, which plays an important role to cause cell
damage (above 42 °C). Moreover, Figure 3B shows that
Vesicles (10.0 ug/mL ICG) triggered a remarkable tem-
perature increase (AT = 23.2 °C), which is much higher
than those of free ICG/DOX (AT = 12.1 °C) and Micelles
(AT = 14.3 °C). Obviously, the vesicular nanostructures
exhibit stronger ability to improve photothermal
conversion efficiency of ICG over free ICG/DOX and
Micelles® Even though the photostability might ac-
count for the slight difference of temperature increase
among free ICG/DOX, Micelles, and Vesicles (Figure 3C),
itis not the key reason for the enhanced thermal effect
of Vesicles.* To elucidate the photothermal capacity of
Vesicles, we further evaluated their fluorescence life-
time (Figure 3D). Vesicles exhibited the calculated
lifetime of 0.15 ns, which is much shorter than that of
Micelles (0.35 ns) and free ICG (0.60 ns). Obviously,
Vesicles have the enhanced nonradiative transition
of ICG within spatially confined vesicular membranes,

ZHU ET AL.

which might account for their higher photothermal
conversion efficiency. So far, there are only a few
strategies to improve photothermal conversion effi-
ciency of organic cyanine dyes.** The vesicular nano-
structure is considered as a new effective regimen for
achieving superior photothermal conversion efficiency
of organic dyes.

Subsequently, we further measured the singlet
oxygen quantum yield of ICG from Vesicles, Micelles
and free ICG. The results show that Vesicles had a
singlet oxygen quantum yield (®,) of 0.32, which is
higher than those of Micelles (P, = 0.26) and free
ICG (DA = 0.21) as shown in Supporting Information
Figure S12. It indicates that Vesicles might provide
stronger ability to generate singlet oxygen as com-
pared to Micelles and free ICG, implying that Vesicles
are highly preferable to the damage on the lysosomal
membranes via photochemical internalization effect of
singlet oxygen.*°

Cellular Uptakes, Endocytic Pathways, Intracellular Distribu-
tion, and Thermo-Chemotherapeutic Cytotoxicity. To demon-
strate the capacity of Vesicles to facilitate cellular
uptakes of ICG and DOX by cancer cells, we evaluated
their internalized amounts by 4T1 cells3° Vesicles
remarkably improved the cellular uptakes of ICG and
DOX after 24 h incubation as compared to free ICG/
DOX and Micelles, respectively (Figure 4A). Obviously,
Vesicles possess superior capacity to improve the cel-
lular uptakes of encapsulated agents, which are ad-
vantageous to generate the concentration-dependent
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Figure 4. (A) Internalized amounts of ICG from Vesicles, Micelles and free ICG/DOX at the dose of 4.0 ug/mL ICG by 4T1 cells
after 24 h incubation. (B) Relative intensities of DOX from Vesicles (4.0 xg/mL DOX) internalized by 4T1 cells treated with PBS
(control), chlorpromazine (10.0 mg/mL), filipin (5.0 mg/mL), amiloride (100.0 mg/mL) at 37 °C, and PBS at 4 °C using flow
cytometry. (C) CLSM images of 4T1 cells stained by Lysotracker Green DND-26 and Hoechst 33342 after 0.5 h incubation with
Vesicles under darkness and irradiation (785 nm, 3 min, 1.5 W/cm?). (D) Schematic illustration of ROS-mediated lysosomal

disruption triggered by Vesicles under irradiation.

hyperthermia in cells and improve the intracellular
accumulation of DOX as well. Next, the endocytic
pathways of Vesicles were further evaluated using flow
cytometry. Chlorpromazine as an inhibitor of clathrin-
mediated endocytosis led to the decrease of 38% in
the cellular uptake of DOX (Figure 4B), indicating that
Vesicles are effectively internalized into endocytic
compartments via the clathrin-mediated endocytosis.”®

We further employed confocal laser scanning mi-
croscopy (CLSM) to observe the intracellular distribu-
tion of Vesicles in 4T1 cells stained by Lysotracker
Green DND-26 and Hoechst 33342. Figure 4C shows
that Vesicles had the colocalization of 92.5% with
the lysosomes, indicating that Vesicles can quickly be
distributed into the lysosomes via the endocytosis

ZHU ET AL.

under darkness. Interestingly, Vesicles only exhibited
the colocalization level of 9.5% with the lysosomes
after irradiation (Figure 4C). Remarkably, Vesicles trig-
gered the translocation of DOX into the cytoplasma
and nucleus upon irradiation. To further validate the
lysosomal disruption induced by Vesicles under irra-
diation, acridine orange (AO) staining was used to
evaluate the integrity of the lysosomes.?*3° Supporting
Information Figure S13 shows that the cells treated
with PBS under the darkness and irradiation displayed
overlapped yellow fluorescence between red and
green fluorescence, indicating that PBS had no influ-
ence on the integrity of the lysosomes under irradia-
tion or not. However, the yellow fluorescence from AO
was decreased under irradiation when the concentrations
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postinjection at the dose of 7.5 mg/kg ICG/DOX, respectively.

of ICG within Vesicles were above 0.2 ug/mL. It indi-
cates that Vesicles are able to disrupt lysosomal mem-
branes under irradiation, possibly resulting from their
enhanced photostability, and stronger ability to generate
singlet oxygen and subsequent damage on lysosomal
membranes even at a low concentration of ICG.">*"2°
Moreover, it also shows that the lysosomal disruption is
independent of photothermal effect since Vesicles could
only generate negligible photothermal effect at a very
low concentration (e.g., 0.2 ug/mL ICG). The lysosomal
disruption can translocate more Vesicles and released
DOX into the cytoplasma (Figure 4D), in which released
DOX can easily access the nucleus for achieving its
enhanced cytotoxicity.'®'® Obviously, cyanine dye as a
multifunctional agent has a remarkable influence on
intracellular delivery of anticancer drug under irradiation.

To demonstrate the photothermal cytotoxicity of
Vesicles against cancer cells, we first incubated 4T1
cells with the vesicles encapsulating ICG alone (ICG-
Vesicles) in the absence of DOX for 24 h, followed by
3 min irradiation at various intensities. ICG-Vesicles with-
out irradiation had negligible cytotoxicity (Figure 5A).
However, ICG-Vesicles exhibited a remarkable photo-
thermal cytotoxicity against 4T1 cells under 1.5 W/cm?
irradiation (~12.0 ug/mL half growth inhibition con-
centration, 1Cs50), which was also related with the
irradiation intensity. Subsequently, we further demon-
strated the synergistic cytotoxicity of Vesicles between
photothermal injury from ICG and chemotherapy from

ZHU ET AL.

DOX against 4T1 cells. Figure 5B shows that Vesicles
had the ICso value of 0.2 ug/mL under irradiation,
and exhibited significant cytotoxicity advantage over
ICG-Vesicles under irradiation (ICsq, 12.0 ug/mL), Vesi-
cles without irradiation (ICsg, 0.7 «g/mL), and free ICG/
DOX under irradiation (ICso, 3.0 ug/mL).** It indicates
that synergistic thermo-chemotherapy of Vesicles un-
der irradiation is much stronger than the chemother-
apy or PTT of Vesicles alone. In contrast, Micelles as the
control had the ICsy value of 0.5 ug/mL under irradia-
tion, indicating a less cytotoxicity as compared to
Vesicles under irradiation. Obviously, the multiple ther-
anostic features of Vesicles synergistically contribute to
their superior therapeutic efficiency including stimuli-
responsive releases, enhanced photothermal conver-
sion efficiency, higher cellular uptakes, and efficient
intracellular translocation of DOX.

Pharmacokinetic Behavior, Biodistribution, and in Vivo NIRF
Imaging. First, we evaluated the pharmacokinetic be-
haviors of free ICG/DOX, Micelles, and Vesicles (Supporting
Information Figure S14). It indicates that Vesicles exhibited
alonger elimination half-life (t;54) of 25.9 h when com-
pared with that of Micelles (16.7 h) and free DOX (3.2 h)
(Supporting Information Table S2). The area under the
curve (AUCy-...) value of Vesicles was 28 times higher
than that of free DOX. Remarkably, Vesicles provide
a preferable long-circulation effect as compared
to Micelles and free DOX. Next, we evaluated the
biodistribution features of Vesicles on the mice bearing
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Figure 6. (A) In vivo NIRF images and (B) NIRF intensities of the mice bearing 4T1 tumor injected with Vesicles, Micelles and
free ICG/DOX at the dose of 7.5 mg/kg ICG/DOX at 24, 48, 72, and 96 h postinjection (n = 3), respectively. (C) Tumor growth
inhibition profiles of the mice bearing 4T1 tumor injected with Vesicles, ICG—Vesicles, DOX—Vesicles, Micelles, and free ICG/DOX
at the dose of 7.5 mg/kg ICG/DOX under 1.0 W/cm? irradiation (785 nm, 5 min) at 24 h postinjection (n = 3), respectively.

4T1 tumors. Both ICG and DOX from Vesicles were
mainly distributed into tumors at 24 h postinjection
(Figure 5C,D, and Supporting Information Figure S15).
Vesicles exhibited 2.6-fold and 3.0-fold increases of the
accumulations of ICG and DOX at tumors as compared
to free ICG/DOX, respectively, possibly owing to their
long-circulation effect, and enhanced permeation and
retention (EPR) effect.*>*® In contrast, Micelles only
exhibited 1.6-fold and 2.0-fold increases of ICG and
DOX as compared to free ICG/DOX at tumors.*® Ob-
viously, Vesicles can lead to the enhanced tumor
accumulations of ICG and DOX, possibly resulting from
their higher surface concentration of PEG and thus
longer circulation as compared to those of Micelles,
even though Micelles have smaller size. 34

To demonstrate the imaging capacity of Vesicles,
we evaluated their in vivo NIRF imaging on the mice
bearing 4T1 tumors.?®*° Free ICG/DOX and Micelles
had low NIRF signals at tumor and quick elimination of
signals at tumors afterward during 4 days (Figure 6A,B).
Interestingly, Vesicles exhibited a continuous increase

ZHU ET AL.

of NIRF signals at tumor during 4 days, followed with
low noise at normal tissues. The NIRF signals of Vesicles
at 24 and 96 h postinjection were 2.1 x 10 and 3.7 x
108 p/s/cm?/sr at tumors, respectively, which had the
2.7-fold and 9.5-fold increases of signals as compared
to those of Micelles (Figure 6B). Obviously, Vesicles
exhibit ultrahigh imaging contrast during a long-term
imaging period, possibly resulting from the enhanced
accumulation and retention of ICG at tumors,** and its
quick elimination at normal tissues.2’%*® Moreover, the
enhanced stability of ICG in Vesicles at pH 5.0 (Supporting
Information Figure S10), and fluorescent dequenching
from released ICG might also account for the increase of
fluorescent signals at tumors (Supporting Information
Figure 516).2'%1>4? So far, most of cyanine-based probes
are reported to exhibit limited imaging contrast owing
to their quick elimination at tumors.?® It is an effective
strategy to improve imaging contrast using Vesicles as
the vehicle.'?

In Vivo Anticancer Efficacy and Haematoxylin & Eosin (H&E)
Staining. We further demonstrate the in vivo synergistic
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anticancer efficacy of Vesicles on the mice bearing
4T1 tumors.*® Vesicles without irradiation exhibited
2.4-fold increase of tumor volumes after 15 days post-
injection, which was similar to that of the vesicles
encapsulating DOX alone (DOX-Vesicles) (2.8-fold
increase) (Figure 6C). Obviously, Vesicles without ICG
had the enhanced chemotherapeutic efficacy com-
pared to free ICG/DOX owing to the enhanced biodis-
tribution and cellular uptake of DOX. Importantly,
Vesicles caused the necrosis and regression of tumors
at 4—6 days postinjection upon irradiation, and resulted
in complete tumor ablation after 12 days postinjection
(Supporting Information Figure S17). Remarkably, ves-
icles under irradiation are much more efficient than
DOX-Vesicles with alone chemotherapy or ICG-Vesicles
with alone PTT. On the other hand, Vesicles also ex-
hibited much stronger tumor inhibition effect than
Micelles under irradiation or not, possibly owing to the
synergy of enhanced photothermal damage and che-
motherapeutic effect triggered by the multiple advan-
tages including enhanced photothermal conversion
efficiency, sustained release, higher cellular uptake,
efficient intracellular drug translocation, as well as en-
hanced tumor accumulation.??3%32%° Finally, the H&E
staining further indicates that Vesicles resulted in more
remarkable cell necrosis and extensive hemorrhagic
inflammation under irradiation as compared to free
ICG/DOX and Micelles (Supporting Information Figure
S18), while normal tissues did not suffer from the
damage from PTT and chemotherapy of Vesicles
(Supporting Information Figure $19).% It validates that

MATERIALS AND METHODS

Preparation of Vesicles. Two milligrams of ICG, 2.0 of mg DOX
and 6.0 mg of PEG,5—PCLgo—PNIPAM;33 were mixed with 5.0 mL
of DMSO, and then the mixed solution was dispersed into 50 mL
of distilled water under ultrasonication (5 min). Subsequently,
the ICG/DOX-loaded terpolymeric vesicles were obtained after
the purification via the dialysis (Cut-off 3.5 K MW, 24 h). All the
above procedures were performed at 37 °C. The same proce-
dures were used to prepare ICG-loaded PEG45—PCLgo—PNIPAM33
vesicles without DOX (ICG-Vesicles, 20% loading) or DOX-loaded
PEG,45—PCLgo—PNIPAM33 vesicles without ICG (DOX-Vesicles,
20% loading). The same procedures were also performed for
preparing the ICG/DOX-loaded PEG,45-PCLgo Micelles as the con-
trol without stimuli-responsiveness. Free ICG/DOX as the mixture
of free ICG and DOX was afforded by dissolving ICG and DOX in
5% DMSO.

Characterization. The hydrodynamic diameters of samples
were measured using Zetasizer ZS90 (Malvem, UK. at 25 °C.
The morphology of samples was observed using Transmission
electron microscope (TEM, Tecnai-G20). The drug loading and
entrapment efficiency of ICG and DOX within Vesicles were
evaluated using ultrafiltration centrifuge (Cut-off 10 K MW) at
4 °C. The absorbance and fluorescent spectra of ICG or DOX
were measured using UV—vis Spectrophotometer (UV2600,
Shimadzu) and Fluorescence Spectrophotometer (LS 55,
PerkinElmer), respectively.

Fluorescence Lifetime and Singlet Oxygen Quantum Yield. The solu-
tions of Vesicles, Micelles and free ICG in aqueous solutions at
10.0 ug/mL ICG were prepared. Fluorescence lifetime of each
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Vesicles are able to trigger more severe damages on
tumors under synergistic treatment as compared to free
ICG/DOX and Micelles, owing to their enhanced tumor
accumulation, higher chemotherapeutic efficiency, and
stronger hyperthermia, which play a key role for achiev-
ing subsequent tumor ablation.

CONCLUSION

We have successfully synthesized pH/reduction-
cleavable star terpolymer, which was used to construct
nanoscale Vesicles with monodispersive size distribu-
tion. Vesicles possess smart on-demand releases of
cyanine dye and anticancer drug, and enhanced photo-
thermal conversion efficiency mediated by nonradiative
transition of vesicular nanostructures. Vesicles trigger
ultrahigh imaging contrast owing to its enhanced
tumor accumulation and retention, and subsequent
fluorescence dequenching, and simultaneously cause
optimal thermo-chemotherapy-synergized tumor ab-
lation mediated by the multiple features including
stronger photothermal effect, efficient intracellular
drug translocation from lysosomes to cytoplasm, as
well as enhanced cellular uptakes and tumor accumu-
lations. Until now, a number of polymeric vesicles con-
sisting of copolymers have been explored as drug
carrier, and there are only a few reports about smart
vesicles for theranostic application.?>***' Qur proof-
of-concept design of dually pH/reduction-responsive
terpolymeric vesicles represents a versatile approach
for both enhanced cancer imaging and synergistic
cancer therapy with tumor ablation.

sample measured in triplicate using Fluorescence Lifetime
Spectrometer (QM40, Photon Technology International) with
a 463 nm excitation source and the detector of 830 nm.
The results represent average values &+ SD (n = 3). For singlet
oxygen quantum yield (®,) measurement, different formula-
tions including Free ICG/DOX, Micelles and Vesicles were eval-
uated using 1,3-disphenylisobenzofuran (DPBF) as a chemical
quencher and zinc phthalocyanine (ZnPc) as a reference com-
pound (@, = 0.67).>> The solutions of ZnPc (10 M) and
various formulations (20 #M) containing DPBF (30 uM) were
irradiated using 660 nm laser at 600 mW/cm?, and 785 nm laser
at 600 mW/cm?, respectively. Each sample was irradiated for
240 s, and the absorbance of DPBF at 417 nm was measured
every 30 s (n = 3). The values of @, were calculated using the
following relationship @, = @ ,%"P<. W F"P</(W 2"P<.)), where
W and W?"P< are the DPBF photobleaching rates in the presence
of ICG and ZnPc, respectively. I and I*"*¢ are the rates of light
absorption by ICG and ZnPc, respectively.

Drug Release. The drug release behaviors of ICG and DOX
from various formulations were evaluated using dialysis meth-
od. Free ICG/DOX and Micelles were used as the control. The
various formulations (each 1.0 mL) were, separately, added
in the various solutions including the buffers at pH 5.0 and
pH 7.4 in the presence and absence of 10 mM DTT. Then, the
in vitro releases were performed in air Contrast Temperature
Oscillator shaker at 37 °C. Each 1.0 mL sample was taken
from the release medium at 0.17, 0.5, 1, 2, 4, 8, 12, 16, 24, and
48 h with the addition of fresh medium. UV—vis spectrometer
and Fluorescence Spectrophotometer were used to measure
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the concentrations of ICG and DOX, respectively. The results
represent average values £ SD (n = 3).

Photothermal Effect. Free ICG/DOX, Micelles and Vesicles
(each 0.3 mL) at the concentrations of 1, 2, 5, 10, 25, and
50 ug/mL ICG were, separately, stored in the glass vials and
then were irradiated at 785 nm (1.5 W/cm?). Meanwhile, the
temperature of the solution was measured using a thermo-
meter during 300 s. PBS was used as the control in this
experiment. The results represent average values + SD (n = 3).

Photostability. Free ICG/DOX, Micelles and Vesicles (10 ug/mL
ICG, each 0.5 mL) were irradiated at 785 nm (1.5 W/cm?) for 0,
0.5, 1,2,3,5,7,and 10 min, separately. The absorbance of ICG
was measured using a UV—vis Spectrophotometer.

Stability. Free ICG/DOX, Micelles, and Vesicles (each 2.0 mL,
50 ug/mL ICG) were dispersed into serum, cell culture medium,
and buffers at pH 7.4 and pH 5.0 (each 8.0 mL) at 25 °C. The
absorbance and fluorescent spectra of ICG or DOX were mea-
sured after 0, 4, 8, 12, 24, and 48 h.

Cellular Uptakes. 4T1 cells were seeded on 24-well plates
(3 x 10° cells/well) and incubated overnight in RPMI 1640
medium containing 10% FBS. Free ICG/DOX, Micelles, and
Vesicles (4 ug/mL ICG) were separately added into the wells.
After 24 h incubation, the cells were washed 3 times with PBS.
The cells were then incubated with 0.5 mL of trypsin (Sigma-
Aldrich) for 3 min at 37 °C, and counted after centrifuge
collection, followed by ultrasonication. Then, ICG and DOX from
the cells were extracted using methanol. Finally, the concentra-
tions of ICG and DOX were measured using UV—vis and
fluorescent assay, respectively.

Endocytotic Pathways. 4T1 cells (1 x 10° cells/well) were
seeded in 6-well plates for 12 h incubation. Then, PBS as the
control and various inhibitors including chlorpromazine (clathrin,
10.0 ug/mL), filipin (caveolae, 5.0 ug/mL), and amiloride
(macropinocytosis, 100.0 ug/mL) were used in serum-free RPMI
1640 medium for 1 h at 37 or 4 °C, separately. Then, Vesicles
(4.0 ug/mL DOX) were further added for 1 h incubation. Subse-
quently, the cells were washed 3 times using PBS, treated with
trypsin, centrifuged at 4 °C, and finally suspended in 0.5 mL of
PBS. The fluorescent intensity of DOX in cells was analyzed using
flow cytometry (BD LSR II).

Intracellular Distribution Using CLSM. 4T1 cells (5.0 x 10 cells/
well) were seeded in a glass-bottom dish with 1.0 mL of culture
medium for 24 h. Then, the cells were incubated with Vesicles
for 0.5 h at 37 °C, and further subjected to the presence or
absence of 3 min irradiation (785 nm, 1.5 W/cm?). Afterward, the
cells were washed using PBS. Subsequently, 1.0 mL of RPMI
1640 medium containing 200 uL of Lysotraker Green DND-26
(100 nM) was added and the mixture was incubated for another
5 min at 37 °C. Then, Hoechst 33342 was added and the mixture
was incubated for another 10 min. Finally, the cells were rinsed
with PBS and observed using CLSM (Zeiss LSM710).

Observation of Lysosomal Disruption. AO was employed as an
intracellular indicator of acidic lysosomes. AO in lysosomes
emits a red fluorescence (yellow after overlap), and generates
green fluorescence in nuclei and cytoplasma. When acidic
lysosomes are disrupted, the red fluorescence from AO may
disappear and only green fluorescence can be observed. In this
study, 4T1 cells were seeded overnight on glass slides in 35 mm
dishes, and treated with PBS and Vesicles at the doses of 0.2, 0.5,
and 2.0 ug/mL ICG for 6 h, respectively. Then, the cells were
incubated in fresh medium, followed by 3 min irradiation at
1.5 W/cm?. After 1 h, the cells were washed using PBS and
further incubated with 6.0 uM AO (1.0 mL) for 15 min. The cells
were observed using CLSM after wash (Zeiss LSM 710).

MTT Assay. For photothermal cytotoxicity, the cells were
incubated with ICG-Vesicles containing various concentrations
of ICG including 0.1, 0.5, 4, 12, 24, and 48 ug/mL for 24 h, and
then subjected to 3 min irradiation at 1.0, 1.5, and 3.0 W/cm?.
Subsequently, the cell viability was measured using MTT assay.
For synergistic cytotoxicity, 4T1 cells were incubated with dif-
ferent formulations including free ICG/DOX, Micelles and Vesicles
at various concentrations including 0.05, 0.1, 0.2, 0.5, 1.0, 2.0, and
4.0 ug/mL for 24 h in the presence or absence of 3 min irradiation
(785 nm, 1.5 W/cm?), and then the cells were washed using PBS.
After 24 h, the cell viability was evaluated using MTT assay.
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Pharmacokinetic Behavior. Female Balb/c mice (18—20 g) were
randomly divided into three groups (5 mice per group) and
injected intravenously through the tail vein with free ICG/DOX,
Micelles or Vesicles (7.5 mg/kg DOX). The blood samples were
drawn from the orbits at 0.17, 0.5, 1, 2, 6, 12, and 24 h post-
injection, and centrifuged for 10 min at 14000 rpm at 4 °C for
isolating the plasma, followed by the storage at —20 °C. The
plasma samples were mixed with methanol and centrifuged for
10 min at 14000 rpm at 4 °C in order to remove proteins. The
concentrations of DOX were determined using a reversed-
phased high performance liquid chromatography (Angilent1100)
equipped with a reversed-phase column (AlltimaTM C18 5 um,
4.6 mm x 250 mm) at the wavelength of 227 nm and 25 °C.

Biodistribution. The female BALB/c mice (16—18 g) bearing
the tumor-bearing mice were constructed via the subcutaneous
injection of 4T1 cells (2 x 10° cells/each mouse). Then, the tumor-
bearing mice were injected intravenously with free ICG/DOX,
Micelles and Vesicles at the doses of 7.5 mg/kg ICG and 7.5 mg/kg
DOX. Then, the various tissues including heart, liver, spleen, lung,
kidney and tumor were extracted from the mice at 24 h
postinjection and finally imaged using IVIS Lumina Il (745 nm
excitation). The NIRF signals of ICG from free ICG/DOX, Micelles
and Vesicles in the various tissues were quantified to demon-
strate the ex vivo biodistribution of ICG at 24 h postinjection.
Afterward, the tissues were further homogenized in 1.0 mL of
physiological saline. Then, methanol and chloroform were used
to extract DOX from the solutions, and finally, the HPLC analysis
was used to measure the biodistribution of DOX.

In Vivo Imaging. Free ICG/DOX, Micelles and Vesicles were
injected intravenously into the Balb/c nude mice bearing 4T1
tumors at the dose of 7.5 mg/kg ICG (n = 3). Then, the mice were
observed using IVIS Lumina Il under 745 nm excitation at 24, 48,
72, and 96 h postinjection. The average NIRF intensity at tumor
was quantified at different time.

In Vivo Efficacy. 4T1 cells (2 x 10° cells/each mouse) were
subcutaneously transplanted into the flanks of the female Balb/
¢ mice. When the tumors reached a size of 50—80 mm? (about 7
days after transplantation), various formulations including PBS,
free ICG/DOX (7.5 mg/kg ICG and 7.5 mg/kg DOX), Micelles
(7.5 mg/kg ICG and 7.5 mg/kg DOX), DOX-Vesicles (7.5 mg/kg
DOX), ICG-Vesicles (7.5 mg/kg ICG) and Vesicles (7.5 mg/kg ICG
and 7.5 mg/kg DOX) were injected intravenously into the mice
(3 mice/each group) on day 0, 2, and 4. Subsequently, the tumors
were irradiated for 5 min (785 nm, 1.0 W/cm?) or not irradiated at
all at 24 h postinjection. The tumor volumes (V) were measured as
follows: V=L x W?/2, where Wis the tumor size at the widest point,
and L is the tumor size at the longest dimension. The mice were
sacrificed by cervical dislocation under an anesthetic status at
16 days postinjection. The results represent average values + SD
(n = 3). The statistic difference was analyzed using t-test where
P-value of <0.05 is considered significant.

Ex Vivo Histological Staining. The various formulations including
PBS, free ICG/DOX, Micelles and Vesicles were injected intrave-
nously into the Balb/c mice bearing 4T1 tumors (~60 mm>) ata
single dose of 7.5 mg/kg ICG. Then, the tumors suffered from
5 min irradiation (785 nm, 1.0 W/cm?) at 24 h postinjection. The
tumor, heart, liver, spleen, lung, and kidney were dissected from
the mice at 6 h postirradiation, and fixed in a 4% formaldehyde
solution for 24 h at room temperature. The various tissues
were frozen, and the sections with the thickness of 10 um were
made on a cryostat. The H&E staining (BBC Biochemical, Mount
Vernon, WA) was performed, and further observed using an
1X73 bright field microscopy (Olympus).
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