Downloaded viaNANJING UNIV on April 25, 2021 at 14:47:13 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IENAPPLIED MATERIALS

XINTERFACES

Research Article

www.acsami.org

Near-Infrared Photo-controlled Permeability of a Biomimetic
Polymersome with Sustained Drug Release and Efficient Tumor
Therapy

Yuling He, Shuwen Guo, Yue Zhang, Ying Liu,* and Huangxian Ju

I: I Read Online

Article Recommendations ‘

Cite This: ACS Appl. Mater. Interfaces 2021, 13, 14951-14963

ACCESS | [l Metrics & More | @ Supporting Information

ABSTRACT: Synthetic polymersomes have structure similarity to bio-
vesicles and could disassemble in response to stimuli for “on-demand” release
of encapsulated cargos. Though widely applied as a drug delivery carrier, the
burst release mode with structure complete destruction is usually taken for
most responsive polymersomes, which would shorten the effective drug
reaction time and impair the therapeutic effect. Inspired by the cell organelles’
communication mode via regulating membrane permeability for trans-
portation control, we highlight here a biomimetic polymersome with
sustained drug release over a specific period of time via near-infrared
(NIR) pre-activation. The polymersome is prepared by the self-assembling
amphiphilic diblock copolymer P(OEGMA-co-EoS)-b-PNBOC and encap-
sulates the hypoxia-activated prodrug AQ4N and upconversion nanoparticle
(PEG-UCNP) in its hydrophilic centric cavity. Thirty minutes of NIR pre-activation triggers cross-linking of NBOC and converts
the permeability of the polymersome with sustained AQ4N release until 24 h after the NIR pre-activation. The photosensitizer EoS
is activated and aggravates environmental hypoxic conditions during a sustained drug release period to boost the AQ4N therapeutic
effect. The combination of sustained drug release with concurrent hypoxia intensification results in a highly efficient tumor
therapeutic effect both intracellularly and in vivo. This biomimetic polymersome will provide an effective and universal tumor
therapeutic approach.
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B INTRODUCTION

Synthetic amphiphiles have biolipid-like structures and can
self-assemble into polymersomes in aqueous solutions with

structure’s integrity.lg’27 As an attractive trigger for perme-
ability control, light provides spatio-temporal precision.”*™’
Polymersome membranes equipped with azobenzene turned

structures like naturally originated vesicles."”” Compared with
liposomes, the mechanical robustness and convenience of
functionalization® > increase polymersome stability during the
delivery process and improve targeting with controlled release,
therefore making them particularly appealing as biomimetic
nanocarriers and nanoreactors.””® By endowing them with
responsiveness toward stimuli such as specific biomarkers’ ™"
and microenvironments,'”~"* “on-demand” drug delivery has
been achieved. However, the complete disruption of the
polymersome structure results in the uncontrolled burst release
mode.'*"® This could not maintain the drug release profile
over a long period of time,'"~*" therefore requiring frequent
dosing” or resulting in a multidrug resistance (MDR)
effect””** and impairing the therapeutic effect.

Different from complete structure dissociation, the cell
organelles exchange specific biomolecules and support intra-
cellular communication through tuning the permeability of
their dynamic bilayer phospholipid membranes.”>*® Permeable
nanoshells with subnanometer pores could provide reaction
control and selective transport via keeping the membrane
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permeable due to the photo-triggered isomerization upon
exposure to NIR'”*'~** and X-ray'® with sustained diffusion of
payloads. However, constant light irradiation was required
during the performance period over hours; otherwise, the
system slowly reversed to the original impermeable state and
suppressed drug release.”® Constant NIR light irradiation is
inconvenient and hazardous, therefore the capability of
sustained drug release in response to NIR irradiation pre-
activation is highly desired.

Taking advantage of the photo-triggered cross-linking
reaction, here we fabricate a biomimetic polymersome with a
sustained drug release over a long period of time via NIR pre-
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activation. The amphiphilic diblock copolymer P(OEGMA-co-
Eo0S)-b-PNBOC (POPN) is synthesized via reversible
addition—fragmentation chain transfer (RAFT) polymerization
of the hydrophobic monomer NBOC and hydrophilic block
P(OEGMA-co-EoS) (Scheme 1a) and self-assembles via a

Scheme 1. Schematic Illustration of (a) Composition of the
Amphiphilic Diblock Copolymer POPN, (b) AQ4N/PEG-
UCNPs-Polymersome Assembly with Permeability
Conversion, and (c) Its Intracellular Delivery and
Mitochondrion Location with NIR Pre-activated Sustained
AQA4N Release and Singlet Oxygen Generation
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hydrophobic—hydrophobic interaction into a biomimetic
polymersome with a vesicle-like structure of the bilayer
membrane and aqueous solution-filled centric cavity. The
hydrophobic block PNBOC that stacks together as the
polymersome membrane contains a photo-labile functional
group, 2-nitrobenzyl, which liberates 2-nitrobenzaldehyde and
CO, upon UV irradiation and leaves the primary amine in
PNBOC." The freshly generated primary amine immediately
cross-links with the ester group from the neighboring PNBOC
through amidation reaction, leading to the hydrophobic-to-
hydrophilic transition of the polymersome membrane with the
corresponding conversion of the polymersome from imperme-
able to permeable. Water-dispersed upconversion nano-
particles with the PEG ligand (PEG-UCNPs) are encapsulated
in the centric cavity of the polymersome, which convert NIR
irradiation to UV emission to achieve permeability of the
polymersome. The hydrophilic prodrug AQ4N, as the model

drug, is also encapsulated in the centric cavity of the
polymersome with PEG-UCNPs to demonstrate the sustained
drug release from polymersome (Scheme 1b).

The as-prepared polymersome is further functionalized with
glycyrrhetinic acid (GA) to facilitate intracellular delivery and
locate it in proximity to the mitochondrion. Upon NIR pre-
activation for 30 min, the polymersome membrane gradually
converts from impermeable to permeable while its structure
retains its integrity, which results in the sustained release of the
encapsulated AQ4N in a steady manner up to 24 h.
Meanwhile, the photosensitizer eosin Y contained in the
hydrophilic block P(OEGMA-co-EoS) is also activated by
another emission of PEG-UCNPs at 526/544 nm. Taking
advantage of the oxygen supply from the mitochondrion, the
polymersome also demonstrates effective conversion of
molecular oxygen (*0,) to singlet oxygen ('O,), which
consumes microenvironment oxygen and damages tumor
vasculatures to further aggravate the tumor hypoxic situation
to boost the effect of the hypoxia-activated prodrug AQ4N
(Scheme 1c). Owing to the sustained release mode with NIR
irradiation pre-activation, the AQ4N action period matches
with the hypoxia intensification duration, which effectively
enhances its therapeutic efficiency. This biomimetic polymer-
some with permeability transition upon NIR pre-activation
provides a universal and robust fashion for sustained drug
release and would benefit cancer therapy.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the PEG-UCNPs-
Polymersome. Oligo(ethylene glycol) monomethyl ether
methacrylate (OEGMA) was mixed with synthetically derived
eosin Y (derived EoS) (Figure Sla) to synthesize the
hydrophilic block P(OEGMAg-co-E0Sy,);; (Figure S2a)
via RAFT polymerization with 4-cyano-4-
(propylsulfanylthiocarbonyl)sulfanyl pentanoic acid (ECT)
(Figure S1b) as an RAFT agent.’® The hydrophobic monomer
2-nitrobenzyloxycarbonylaminoethylmethacrylate (NBOC)
was synthesized (Figure Slc) and reacted together with the
above obtained hydrophilic block P(OEGMA, 44-co-E0S; )11
to synthesize the amphiphilic diblock copolymer POPN via
RAFT polymerization (Figure S2b). Considering the effect of
the hydrophobic chain length on the morphology of the self-
assembled nanostructure, the DP (polymerization degree) for
the hydrophobic block PNBOC in POPN was optimized
among 18, 37, 46, and 53, and the corresponding structural
parameters are listed in Table S1. The as-synthesized
amphiphilic diblock copolymers POPN (P1—P4) were
dispersed in THF and self-assembled, respectively, via a
hydrophobic—hydrophobic interaction upon the addition of
water to generate biomimetic nanostructures. P1 had the short
length of PNBOC with a lower DP of 18 and self-assembled
into a micelle structure with a diameter of 22 + 3.1 nm (Figure
1a), while P2—P4 had the longer length of PNBOC with a
higher DP and self-assembled into biomimetic vesicle-like
structures with diameters of 34 + 4.2, 190 + 4.7, and 530 +
24.6 nm, respectively (Figure 1b—d). The corresponding
hydrodynamic diameters of the self-assembled nanostructures
from P1—P4 were 43 + 3.0, 64 + 4.4, 220 + 3.8, and 587 +
13.9 nm, respectively, by dynamic light scattering (DLS)
measurements (Figure S3). The self-assembled diblock
copolymer P3 P(OEGMA g5-c0-E0Sg g,)11-b-PNBOC,4 with a
membrane thickness of 16 + 3.3 nm demonstrated an
appropriate size for in vivo delivery with an extended
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Figure 1. (a—d) TEM images of the self-assembled nanostructures composed of P(OEGMA g5-c0-E0S ;) 1,-b-PNBOC 4 (P1), P(OEGMA 5-co-
E0Sy,)11-b-PNBOC;, (P2), P(OEGMA, 4g-c0-E0Sg ;) ;-b-PNBOC,, (P3), and P(OEGMA, 95-c0-E0S(,0,)11-b-PNBOCs; (P4). (e) FT-IR spectra
of oleic acid-stabilized UCNPs (UCNPs-OA) and PEG-UCNPs. (f) Upconversion luminescence spectra of PEG-UCNPs and UV—vis absorption
spectra of POPN. (g) TEM image and (h) DLS analysis of the PEG-UCNPs-polymersome.
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Figure 2. (a) UV—Vis absorption spectra of the PEG-UCNPs-polymersome and (b) its absorbance intensity at 280 nm in response to different
NIR exposure times (the inset for (a) is the absorbance between 230 and 285 nm). (c) FT-IR spectra of the PEG-UCNPs-polymersome before
(NIR(-)) and after NIR irradiation (NIR(+)). (d) "H NMR spectra recorded for the PEG-UCNPs-polymersome before (NIR(—)) and after NIR
irradiation (NIR(+)) (CDCl;, 400 MHz). (e) Optical transmittance of the PEG-UCNPs-polymersome at 700 nm in PBS (pH 7.4) according to
time in the presence (NIR(+)) and absence (NIR(—)) of NIR irradiation. (f) DLS analysis and (g) optical transmittance of the THF-dispersed
PEG-UCNPs-polymersome after different times of NIR irradiation. (h) Schematic illustration and fluorescence spectra of the DAPI and DNA/
PEG-UCNP-encapsulated polymersome mixture solution in the 60 and 120 min NIR irradiation (60 min, 120 min) and in the absence of NIR
irradiation (0 min, 120 min NIR(—)). The data error bars in (b), (e), (f), and (g) indicate means + SD (n = S).

circulation time and enhanced accumulation in cancer sites’’
and a high loading capacity, thus this was chosen as the
biomimetic polymersome for therapy (Figure lc and Figure
S3, P3).

reported solvent thermal method, and the doped Gd** shrank
the particle size.”® The surface ligand oleic acid (OA) was then
exchanged with synthesized PEG-POOH to obtain PEG-
stabilized UCNPs (PEG-UCNPs) that well dispersed in

Tm3" (2%), Er** (0.2%), Gd>* (10%), and Yb>* (20%) co-
doped upconversion nanoparticles (UCNPs (NaY-
F4:Yb,Gd,Tm,Er)) were synthesized according to a previously

14953

aqueous solution. The ligand exchange process increased
UCNPs’ particle size from 13 # 1.0 nm (oleic acid-stabilized
UCNPs) to 16 + 1.3 nm (PEG-UCNPs), while the
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Figure 3. (a) TEM images of the AQ4N/PEG-UCNPs-polymersome. (b) UV—Vis absorption spectra of the AQ4N, PEG-UCNPs-polymersome,
and AQ4N/PEG-UCNPs-polymersome. (c) Release efficiency of AQ4N from the AQ4N/PEG-UCNPs-polymersome in the absence and presence
of different time NIR irradiations. (d) UV—Vis absorption spectra and (e) relative DPBF absorbance at 422 nm for the PEG-UCNPs-polymersome
solution in the absence (NIR(—)) and presence (NIR(+)) of a 30 min NIR irradiation. (f) Fluorescence spectra of [Ru(dpp);]ClL, in the PEG-
UCNPs-polymersome solution in the absence (NIR(—)) and presence (NIR(+)) of a 30 min NIR irradiation. The data error bars in (c) indicate

means + SD (n = 5).

hydrodynamic diameter increased from 15 + 1.3 (oleic acid-
stabilized UCNPs) to 19 + 1.8 nm (PEG-UCNPs) (Figure
S4). Compared with oleic acid-stabilized UCNPs, PEG-
UCNPs demonstrated characteristic absorbance peaks at
2905 and 1109 cm™ for the C—H vibration and C—0-C
vibration of PEG, respectively, indicating the successful
functionalization of UCNPs with the PEG ligand (Figure
le). Upon a 980 nm excitation, the obtained PEG-UCNPs
showed upconversion emission peaks at 290, 345, and 363 nm
corresponding to Iy - °Hy, Iy —» °F, and 'D, — ’Hq
transitions of Tm*'; 455 and 475 nm corresponding to 'D, —
°F, and 'G, — *Hg transitions of Tm*"; 411, 526, and 544 nm
corresponding to 2H9/2 - 4115/2, ZHH/Z - 4115/2, and 453/2 -
*1;5/, transitions of Er’*; and 650 nm corresponding to *F,/, —
*1;5), transitions of Er’* (Figure 1f), respectively. After that, the
nontoxic PEG-UCNPs were encapsulated into the interior
aqueous cavity of the polymersome during the diblock
copolymer POPN self-assembly process. The PEG-UCNP-
encapsulated polymersome (PEG-UCNPs-polymersome)
maintained its original morphology with the particle size
increased to 205 + 4.6 nm (Figure 1g). DLS measurements
showed a hydrodynamic diameter of 230 + 3.8 nm (Figure 1h)
with a polydispersity index (PDI) of 0.256, indicating a
relatively uniform size distribution.

POPN demonstrated a broad absorbance at 250—387 nm
due to the 2-nitrobenzyl functional group contained in the
hydrophobic monomer NBOC (Figure 1f). 2-Nitrobenzyl is
labile to UV irradiation and falls from nontoxic NBOC with
the generation of the primary amine group. In the POPN self-
assembled polymersome, the freshly generated primary amine
cross-linked with the ester group from the neighboring NBOC,
leading to the hydrophobic-to-hydrophilic transition of
PNBOC with the corresponding transition of the polymersome
from impermeable to permeable (Scheme 1b). To demonstrate
the UV-responsive degradation of the 2-nitrobenzyl group,
POPN was exposed under a 360 nm irradiation for 10 min and
showed an obvious decrease for the 2-nitrobenzyl characteristic
absorbance peak at 280 nm (Figure SS).

14954

NIR Photo-Controlled Membrane Cross-linking for
the PEG-UCNPs-Polymersome. The upconversion lumines-
cence peaks of PEG-UCNPs at 290 and 345/363 nm upon
NIR irradiation well overlapped with the characteristic
absorption of POPN (Figure 1f), endowing the PEG-
UCNPs-polymersome responsiveness to NIR irradiation.
Upon a 980 nm irradiation, the characteristic absorption
peak of NBOC at 280 nm exhibited successive decrease
according to time and saturated at 100 min (Figure 2ab),
indicating the complete inter-cross-linking of NBOC. FT-IR
characterization was also performed to trace the primary amine
generation process and subsequent cross-linking reaction for
NBOC in the PEG-UCNPs-polymersome. After NIR irradi-
ation, —NO, characteristic absorbance peaks at 1351 and 1528
cm™! for the N—O vibrations and the aromatic ring
characteristic absorbance peak at 700—900 cm™' for the C—
H vibration disappeared (Figure 2c) accompanied by the
disappearance of the aromatic ring chemistry shift at 8.1-7.4
ppm in 'H NMR (Figure 2d), indicating the efficient cleavage
of the 2-nitrobenzyl group from NBOC. Meanwhile, the
—COO- characteristic absorbance peak at 1732 cm™'
corresponding to the C=O vibration showed a considerable
decrease with an increase in the —CONH-— characteristic
absorbance peak at 1633 cm™' corresponding to the C=0
vibration (Figure 2c), indicating the efficient cross-linking of
the neighboring NBOC via amidation reaction. The membrane
cross-linking upon NIR irradiation enhanced the permeability
of the self-assembled polymersome, thus increasing the optical
transmittance of the polymersome from 84.0 to 85.2% (Figure
2e). Furthermore, the PEG-UCNPs-polymersomes with differ-
ent NIR irradiation times were diluted with excess THF, which
disassembled the uncross-linked PEG-UCNPs-polymersome
while keeping the cross-linked PEG-UCNPs-polymersome’s
integrity. In the absence of NIR irradiation, the PEG-UCNPs-
polymersome was completely disassembled in THF with a
hydrodynamic diameter of 20 + 3.7 nm for dispersed PEG-
UCNPs (Figure 2f) and an optical transmittance of ~98%
(Figure 2g). With the extended NIR irradiation time, the
hydrodynamic diameter of the THF-dispersed PEG-UCNPs-
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Figure 4. (a) Confocal fluorescence images of mitochondrial co-localization of the AQ4N/PEG-UCNPs-polymersome(GA) and AQ4N/PEG-
UCNPs-polymersome (scale bar: 20 ym). (b) Confocal fluorescence images of PEG-UCNPs-polymersome(GA)-treated HepG2 cells incubated
with an ROS/hypoxia detection kit in normoxic/hypoxic environments with the presence/absence of NIR light irradiation (scale bar: 50 ym). (c)
ROS and hypoxia generation measurements via flow cytometry analysis for AQ4N/PEG-UCNPs-polymersome(GA)-treated HepG2 cells in
normoxic/hypoxic environments with the presence and absence of NIR irradiation (2 W/cm?). (d) Time-dependent confocal fluorescence images
of PEG-UCNPs-polymersome(GA)-treated HepG2 cells in a hypoxia incubator (5% O,) in the presence and absence of NIR irradiation (2 W/
cm?). [Ru(dpp);]Cl, fluorescence was recorded in a Adex/em of 488/600—700 nm (scale bars: 20 um). (e) Semiquantitative analysis of
[Ru(dpp);]Cl, fluorescence intensity (d) using Image-Pro Plus 6.0 software. The data error bars in (e) indicate means + SD (n = S).

polymersome linearly increased and saturated at 232 + 4.9 nm
with a 120 min NIR irradiation (Figure 2f), and the optical
transmittance in THF decreased to 86.8% (Figure 2g). These
results indicated the successful POPN cross-linking upon NIR
irradiation and the corresponding formation of the rigid and
permeable polymersome structure. To confirm the effect of
polymersome permeability on molecule passage, the dye 4,6-

14955

diamidino-2-phenylindole (DAPI) was mixed with the DNA/
PEG-UCNP-encapsulated polymersome and showed a strong
DAPI fluorescence at 420 nm. After NIR irradiation, the
permeability transition of the polymersome allowed DAPI to
diffuse into the aqueous cavity of the polymersome and to
embed into the polymersome-encapsulated DNA strands,
which resulted in the gradual shift of the characteristic
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fluorescence peak to 440 nm.”” In the absence of NIR
irradiation, incubation of DAPI and the DNA/PEG-UCNP-
encapsulated polymersome for 120 min did not cause a
fluorescence peak shift, confirming the impermeability of the
polymersome in the absence of NIR irradiation (Figure 2h).

Hypoxia-Activated Prodrug AQ4N Loading in the
Polymersome with NIR-Controlled Sustained Release
and Hypoxia Generation. AQ4N, a hypoxia-activated
prodrug that displays high toxicity selectively to hypoxic
environment,”” was loaded into the aqueous cavity of the
polymersome with PEG-UCNPs during the POPN self-
assembly process (AQ4N/PEG-UCNPs-polymersome). The
successful encapsulation of AQ4N showed a dark polymer-
some interior cavity with a particle size of 209 + 2.9 nm for the
TEM image (Figure 3a) and a hydrodynamic diameter of 234
+ 2.5 nm with a PDI of 0216 (Figure S6a) for DLS
measurement, similar to that of the PEG-UCNPs-polymer-
some (Figure 1gh). Compared with the PEG-UCNPs-
polymersome, the AQ4N/PEG-UCNPs-polymersome showed
a characteristic absorbance peak of AQ4N at 633 nm (Figure
3b). The loading efficiency and loading capacity of AQ4N in
the PEG-UCNPs-polymersome were, respectively, calculated
as 98 (w/w) and 49% (w/w) by comparing the absorbance of
the AQ4N/PEG-UCNPs-polymersome at 633 nm with the
AQ4N absorbance standard calibration curve (Figure S6b),
which was comparable to that of the previously reported
loading capacity.”’ Upon NIR light irradiation-induced
permeability conversion of the polymersome, the encapsulated
pro-drug AQ4N diffused across the polymersome membrane
with a sustained release fashion. AQ4N release rates depended
on the polymersome cross-linking efficiency with different NIR
irradiation times. An NIR pre-activation time of 30 min
resulted in sustained AQ4N release, and the release percentage
reached 92 + 2.6% at 21 h. Sixty minutes of NIR pre-activation
accelerated the AQ4N release rate, and the release percentage
reached 93 + 2.8% at 15 h. A fast release was achieved with 90
and 120 min NIR light irradiations, and the release percentages
reached 91 + 2.7% in 8 h and 91 + 2.8% in 6 h, respectively
(Figure 3c). The polymersome permeability could be
modulated by the NIR irradiation duration to realize the
desired AQ4N release rate. The AQ4N/PEG-UCNPs-poly-
mersome remained impermeable in the absence of NIR light
irradiation, which demonstrated only a 10.2 + 2.5% leakage
within 24 h in PBS (pH 7.4) (Figure 3c), indicating the
stability of the AQ4N/PEG-UCNPs-polymersome during
circulation in a physiological environment. Moreover, the
AQ4N/PEG-UCNPs-polymersome showed a satisfactory
physiological stability upon incubation with DMEM containing
10% fatal bovine serum, which showed a stable particle size
and PDI over 24 h (Figure S7).

The photosensitizer eosin Y was contained in the hydro-
philic block of P(OEGMA-co-EoS). It is capable of generating
reactive oxygen species (ROS) under 526/544 nm emissions
from PEG-UCNPs encapsulated in the polymersome upon
NIR irradiation. ROS generation from the PEG-UCNPs-
polymersome was determined with an ROS sensing probe. 1,3-
Diphenylisobenzofuran (DPBF), which reacts with ROS
irreversibly to give a characteristic absorption peak at 422
nm, was incubated with the PEG-UCNPs-polymersome under
30 min of NIR irradiation and decreased its characteristic
absorbance of 30% (Figure 3d,e), indicating an efficient
production of ROS with NIR irradiation. O, in the
microenvironment was consumed during the conversion of

the molecular oxygen (*0,) to singlet oxygen ('0,) process*

and boosted the effect of the hypoxia-activated prodrug AQ4N.
The corresponding hypoxic condition generation upon O,
consumption was further evaluated by incubating the PEG-
UCNPs-polymersome-dispersed solution with tris(4, 7-diphen-
yl-1,10-phenanthroline) ruthenium(II) dichloride ([Ru-
(dpp);]CL,), an oxygen-sensitive probe, which reversibly
converts between quenching and luminescence under hyper-
oxic and hypoxic conditions. With NIR light irradiation,
[Ru(dpp);]Cl, demonstrated a stronger characteristic fluo-
rescence intensity at 620 nm, indicating efficient generation of
hypoxic conditions in the microenvironment (Figure 3f).

Internalization of the AQ4N/PEG-UCNPs-Polymer-
some and Intracellular ROS/Hypoxia Intensification.
Glycyrrhetinic acid (GA), which targets protein kinase C
(PKC) a overexpressed on the tumor cell membrane and
interacts with the mitochondrial respiratory chain,*> was
conjugated to POPN before the polymersome self-assembly
process to enhance in vivo delivery specificity and locate
polymersomes in the vicinity to the mitochondrion. GA-
mediated endocytosis was verified by confocal fluorescence
images. The strong fluorescence of AQ4N was detected from
AQ4N/PEG-UCNPs-polymersome(GA)-incubated HepG2
cells, while excess GA-pretreated HepG2 cells showed little
fluorescence after incubation with the AQ4N/PEG-UCNPs-
polymersome(GA) (Figure S8). The subsequent intracellular
mitochondria targeting of the AQ4N/PEG-UCNPs-
polymersome(GA) was confirmed by co-staining experiments.
HepG2 cells were incubated with the AQ4N/PEG-UCNPs-
polymersome(GA) and AQ4N/PEG-UCNPs-polymersome,
respectively, and subsequently stained with Mito-Tracker
green. The red fluorescence of AQ4N was well overlapped
with green fluorescence of Mito-Tracker for AQ4N/PEG-
UCNPs-polymersome(GA)-incubated HepG2 cells, indicating
the successful location of the polymersome in the vicinity of
the mitochondria (Figure 4a). In comparison, red and green
fluorescences were separated for AQ4N/PEG-UCNPs-poly-
mersome-incubated HepG2 cells.

ROS generation and corresponding local hypoxia intensifi-
cation in living cells were investigated with intracellular ROS/
hypoxia detection kits via confocal laser scanning microscopy
(CLSM). HepG2 cells were incubated in a normoxic
environment with sufficient oxygen supply and a hypoxic
environment (mimic tumor microenvironment), respectively,
and treated with the PEG-UCNPs-polymersome(GA) in the
presence and absence of NIR light irradiation (2 W/em?, 30
min with a 5 min interval for every 10 min). Under NIR light
irradiation, abundant ROS generation was detected from
HepG2 cells in a normoxic environment (Figure 4b, ROS,
normoxic environment, NIR(+)) while general ROS gener-
ation was detected from a hypoxic environment (Figure 4b,
ROS, hypoxic environment, NIR(+)). The ROS generation
under NIR light irradiation in a hypoxic environment further
consumed oxygen and resulted in an intensive red fluorescence
from the hypoxic detection probe (Figure 4b, hypoxia, hypoxic
environment, NIR(+)), indicating the remarkably intensified
intracellular hypoxic condition upon NIR irradiation. The
intracellular ROS generation and hypoxia intensification were
further quantified by flow cytometry assays, where B1 and B2
portions indicate ROS generation extent and B2 and B4
portions indicate a hypoxic extent.”” HepG2 cells incubated
with the PEG-UCNPs-polymersome(GA) under NIR light
irradiation showed the ratio of ROS generation as 24.7% even
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Figure S. (a) Relative cell proliferation percentages for HepG2 cells treated with PBS, NIR(—) (1); AQ4N/PEG-UCNPs-polymersome(GA),
NIR(—) (2); PEG-UCNPs-polymersome(GA), NIR(+) (3); AQ4N/PEG-UCNPs-polymersome(GA), NIR(+) (4); and mixture of the PEG-
UCNPs-polymersome(GA) and free AQ4N, NIR(+) (5). The immunofluorescence images of (b) HIF-1a staining tumor slices with (c) relative
hypoxic positive areas and (d) anti-CD31 staining tumor slices with (e) relative blood vessel areas from PEG-UCNPs-polymersome(GA)-treated
tumor-bearing mice in the presence and absence of NIR irradiation (scale bars: 200 ym). (f) Relative tumor volume at different days and (g)
histological observations of tumor tissues stained with H&E and TUNEL for HepG2 cell tumor-bearing nude mice after being treated with PBS,
NIR(-) (1); AQ4N/PEG-UCNPs-polymersome(GA), NIR(—) (2); PEG-UCNPs-polymersome(GA), NIR(+) (3); AQ4N/PEG-UCNPs-
polymersome(GA), NIR(+) (4); and mixture of the PEG-UCNPs-polymersome(GA) and free AQ4N, NIR(+) (). NIR irradiation was performed
with 980 nm light, 2 W/cm?, for 30 min with a § min interval for every 10 min. The error bars in (a), (c), (e), and (f) indicate means + SD (n = 5)

(scale bar: 100 um).

in a hypoxic environment, which effectively intensified
intracellular hypoxic conditions from 23.9 (NIR(—)) to
65.0% (NIR(+)) (Figure 4c, hypoxic environment). The
intensified hypoxic condition could be kept for a certain period
of time. After the NIR irradiation of PEG-UCNPs-
polymersome(GA)-treated HepG2 cells under a hypoxic
environment with 5% O,, the intracellular hypoxic condition
was measured according to time using the hypoxia probe
[Ru(dpp);]CL,. HepG2 cells showed a strong fluorescence of
[Ru(dpp);]CL, after NIR irradiation, demonstrating that NIR
irradiation could effectively intensify intracellular hypoxic
conditions. Though gradually attenuated with time, the
intensification effect was able to be kept for 24 h. Despite
the low [Ru(dpp);]Cl, fluorescence in 3 h due to the high
oxygen level in cells, the hypoxic condition for PEG-UCNPs-
polymersome(GA)-treated cells in the absence of NIR
irradiation demonstrated unchanged levels in 24 h with
constant [Ru(dpp);]Cl, fluorescence (Figure 4d). The semi-
quantitative analysis of intracellular [Ru(dpp);]Cl, fluores-
cence also showed a higher intensity for HepG2 cells in the
presence of NIR irradiation compared with that in the absence
of NIR irradiation (Figure 4e). The long duration time of
intensified hypoxic conditions upon a 30 min NIR irradiation

overlapped with the prodrug AQ4N sustained release period,
which could promote the AQ4N therapeutic effect.
Intracellular Therapeutic Effect of the AQ4N/PEG-
UCNPs-Polymersome(GA) and In Vivo Application. The
therapeutic effect of the AQ4N/PEG-UCNPs-polymersome-
(GA) was evaluated with standard MTT assay, and its
performance was studied in normoxic and hypoxic conditions
with a $% O, level (mimic tumor microenvironment).”* The
PEG-UCNPs-polymersome(GA) only demonstrated the PDT
therapeutic effect under NIR irradiation due to the activation
of the photosensitizer derived EoS contained in POPN. The
PDT efficiency was impaired by an O,-deficient environment
(Figure Sa, column 3). The in situ ROS generation by NIR
irradiation (2 W/cm?, 30 min with a S min interval for every
10 min) intensified the intracellular hypoxic conditions, thus
notably boosting the therapeutic effect of the hypoxia-activated
prodrug AQ4N. The AQ4N/PEG-UCNPs-polymersome(GA)
showed an impressive cell proliferation suppression of 73 +
2.8% under NIR irradiation in a hypoxic environment, while
the cell proliferation suppression was only 35 + 2.6% under
NIR light irradiation in a normoxic environment (Figure Sa,
column 4). On the contrary, the AQ4N/PEG-UCNPs-
polymersome(GA) barely affected cell proliferation in the
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absence of NIR light irradiation both in normoxic and hypoxic
environments (Figure Sa, column 2) due to the impermeability
of the polymersome, which prevents AQ4N release. To
demonstrate the superiority of the AQ4N sustained release
mode, the same amount of free AQ4N was transfected into
HepG2 cells with the PEG-UCNPs-polymersome(GA) to
imitate the “all-at-once” drug release mode. Though the PEG-
UCNPs-polymersome(GA) kept the same hypoxia intensifica-
tion effect compared with the AQ4N/PEG-UCNPs-
polymersome(GA) under NIR light irradiation, the burst
release of AQ4N only resulted in S0 + 2.7% of cell
proliferation suppression (Figure Sa, column 5) due to the
active efflux of AQ4N by transporters like P-glycoprotein (P-
gp) on the cell membrane. Flow cytometry assay results also
confirmed the good therapeutic effect of the AQ4N/PEG-
UCNPs-polymersome(GA), which showed the highest apop-
tosis rate of 66.1% for HepG2 cells with NIR light irradiation
in hypoxic conditions (Figure S9, item 4). These results
indicated that the impressive therapeutic effect of AQ4N for
HepG2 cells was attributed to the sustained release of AQ4N
triggered by NIR irradiation accompanied by a long duration
time of hypoxia intensification. In addition, the AQ4N/PEG-
UCNPs-polymersome(GA) demonstrated good biocompati-
bility with a 93 + 3.1% cell viability even at a high
concentration of 200 ug/mL (Figure S10). In addition, merely
980 nm NIR irradiation demonstrated a little effect on cell
viability (Figure S11).

The in vivo tumor microenvironment hypoxia intensification
induced by NIR irradiation (2 W/cmz) for PEG-UCNPs-
polymersome(GA)-treated mice was further evaluated by
immunofluorescence staining of HIF-1a, the hypoxia-inducible
factor. The tumor slices from 24 h post NIR irradiation
showed bright immunofluorescence of HIF-la compared to
those without NIR irradiation (Figure Sb). The hypoxia-
positive area in tumor slices was 34 + 3.4% in the presence of
NIR irradiation and 9 =+ 2.3% in the absence of NIR irradiation
(Figure Sc), indicating that NIR irradiation also aggravated the
microenvironment hypoxic condition in tumors. The in situ
ROS generation upon NIR irradiation not only depleted
oxygen but also strongly destroyed tumor blood vessels, which
would cut down tumor oxygen supply, and further aggravated
tumor hypoxic conditions with a long duration time.*
Immunofluorescence staining of anti-CD31 from tumor slices
demonstrated the amount of tumor blood vasculatures 24 h
post NIR irradiation. Tumor slices from the PEG-UCNPs-
polymersome(GA)-treated mice group with NIR light
irradiation showed a much lower fluorescence of anti-CD31
compared to those without NIR light irradiation (Figure 5d),
indicating that the blood vessel area reduced from 9.5 + 1.3%
for tumor slices in the absence of NIR irradiation to 2.1 +
1.8% for those in the presence of NIR irradiation (Figure Se).
The in vivo antitumor efficiency was evaluated using HepG2
cell tumor-bearing nude mice. The AQ4N/PEG-UCNPs-
polymersome(GA)-injected mice with 30 min of NIR
irradiation demonstrated the best inhibition for tumor growth
comparing with the mouse groups treated with PBS, the
AQ4N/PEG-UCNPs-polymersome(GA) in the absence of
NIR light irradiation, the PEG-UCNPs-polymersome(GA)
with NIR light irradiation, and the mixture of the PEG-
UCNPs-polymersome(GA) and free AQ4N with NIR light
irradiation (Figure Sf and Figure S12a), demonstrating the
prominent in vivo antitumor capability of the AQ4N/PEG-
UCNPs-polymersome with NIR light-activated sustained drug

release. In addition, the AQ4N/PEG-UCNPs-polymersome-
(GA)-treated group demonstrated the maximum necrosis of
tumor cells in H&E images with the highest level of cell
apoptosis in TUNEL images (Figure Sg). There was no
noticeable change of mouse body weight from different groups
during the treatment process (Figure S12b) and no obvious
pathological abnormalities in normal organs (Figure S12c),
indicating satisfactory biocompatibility and therapeutic specif-
icity of the AQ4N/PEG-UCNPs-polymersome(GA).

B CONCLUSIONS

In conclusion, the as-presented biomimetic polymersome
demonstrated the capability of permeability engineering with
NIR irradiation pre-activation, which resulted in sustaining
drug release until 24 h and simultaneous in vivo hypoxic
condition intensification. The combination effect showed the
most efficient tumor therapy both intracellularly and in live
mice. We believe that it will provide a universal and effective
therapeutic approach with a sustained release mode for tumor
therapy.

B EXPERIMENTAL SECTION

Synthesis of Derived Eos. Eosin Y (647 mg, 1 mmol), 4-
chloromethylstyrene (152 mg, 1 mmol), and K,CO; (297 mg, 2.2
mmol) were dissolved in anhydrous DFM (S mL) in a Schlenk flask
under N, protection. After being refluxed at 80 °C for 6 h, the
mixture’s pressure was reduced to evaporate the solvent, and the
residual solid was subsequently dissolved in dichloromethane, washed
with saturated NaCl solution, dried with anhydrous MgSO,, filtered,
and concentrated under reduced pressure. The as-obtained crude
product was purified by silica gel column chromatography with
dichloromethane and ethyl acetate (v/v, from 100:1 to 10:1 as a
gradient eluent). Finally, 4-vinylbenzyl 2-(2,4,5,7-tetrabromo-6-
hydroxy-3-oxo-3H-xanthen-9-yl) benzoate eosin Y (derived EoS)
was obtained as a red solid (663 mg, 83% yield). 'H NMR (DMSO-
dg, 400 MHz, 298 K) § (ppm): 8.22 (d, 1H, Ar-H, J = 7.79 Hz), 7.90
(m, 2H, Ar-H), 7.48 (d, 1H, Ar-H, ] = 7.51 Hz), 7.25 (d, 2H, Ar-H, |
=8.19 Hz), 6.92 (s, 1H, Ar-H), 6.72 (d, 2H, Ar-H, ] = 8.21 Hz), 6.65
(m, 1H, —CHCH,), 5.77 (d, 1H, —CHCHH, J = 17.87 Hz), 5.28 (d,
1H, ~CHCHH, ] = 10.88 Hz), 5.00 (s, 2H, ~COO—CH,—) (Figure
Sla).

Synthesis of ECT. 4-Cyano-4-(propanesulfanylthiocarbonyl)-
sulfanyl pentanoic acid (ECT) as an RAFT agent was synthesized
according to the previous report.*® Sodium hydride (60% in oil) (3.15
g, 79 mmol) was dispersed in diethyl ether (150 mL). 1-Propanethiol
(5.787 g, 76 mmol) was then added in over 10 min via stirring at 0
°C. Accompanied by hydrogen production, the grayish sodium
hydride was transformed to white slurry of sodium thiododecylate.
Carbon disulfide (6.0 g, 79 mmol) was then added into the slurry to
generate sodium s-propane trithiocarbonate as a yellow precipitate,
which was collected by filtration for future use.

The above prepared sodium s-propane trithiocarbonate (7.85 g, 49
mmol) was dissolved in diethyl ether (100 mL) and slowly added
with solid iodine (6.3 g, 25 mmol). After the reaction mixture was
stirred at room temperature for 1 h, sodium iodide as a white solid
was produced and removed by filtration. The yellow-brown filtrate
was washed with the sodium thiosulfate solution to remove excess
iodine, washed with water, dried with sodium sulfate, and evaporated
by the rotary evaporator to obtain bis(propane sulfanylthiocarbonyl)
disulfide for future use.

A mixture of 4,4-azobis(4-cyanopentanoic acid) (4.339 g, 1.5
mmol) and the above prepared bis(propane sulfanylthiocarbonyl)
disulfide (6.5 g, 1 mmol) was refluxed in dry ethyl acetate (150 mL)
for 18 h under N, protection. The reaction mixture was then extracted
with water, dried with sodium sulfate, and evaporated by the rotary
evaporator to get the crude product. After purification by silica gel
column chromatography with petroleum ether and ethyl acetate (v/v,
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1:1) as the eluent, the RAFT agent ECT was obtained as a pale yellow
solid (8.34 g, 77% yield). '"H NMR (CDCl,, 400 MHz, 298 K) §
(ppm): 3.30 (t, 2H, —CH,S, J = 7.13 Hz), 2.66 (dd, 2H, —CH,COO,
J, = 8.11 Hz, J, = 9.05 Hz), 2.54 (m, 1H, ~CHHCCN), 2.41 (m, 1H,
—CHHCCN), 1.88(s, 3H, —CH3), 1.75 (m, 2H, —CH,CH,), 1.02 (t,
3H, —CH,CHj, ] = 7.35 Hz) (Figure S1b).

Synthesis of NBOC. 2-Nitrobenzyl alcohol (1 g, 6.53 mmol) and
2-isocyanatoethyl methacrylate (1.52 g, 9.8 mmol) were dissolved in
anhydrous THF (20 mL) in a Schlenk flask under N, protection with
the addition of the catalytic amount DBTL (S0 yL). The mixture was
stirred overnight at room temperature, and the reaction process was
monitored by thin-layer chromatography (TLC) until completion.
After removing the solvent under reduced pressure, the as-obtained
crude product was dissolved in dichloromethane, washed with
saturated NaCl solution, dried by MgSO,, and concentrated under
reduced pressure. After further purification by silica gel column
chromatography with dichloromethane and ethyl acetate (v/v, 10:1)
as the eluent, 2-nitrobenzyloxycarbonylaminoethylmethacrylate
(NBOC) was obtained as a yellow solid (2.34 g, 93% yield). 'H
NMR (CD;0D, 400 MHz, 298 K) § (ppm): 8.12 (d, 1H, Ar-H, ] =
7.54 Hz), 7.67 (m, 2H, Ar-H), 7.54 (t, 1H, Ar-H, ] = 8.04 Hz), 6.11
(s, 1H, —CCHH), 5.61 (s, 1H, —CCHH), 5.45 (s, 2H, Ar-CH,—),
421 (t, 2H, —CH,COO—, ] = 5.50 Hz), 3.44 (t, 2H, -NHCH,—, ] =
5.14 Hz), 1.92 (s, 3H, —CH;) (Figure Slc).

Synthesis of GA-NH,. Glycyrrhetinic acid (GA, 470.64 mg, 3
mmol) and N-hydroxysuccinimide (NHS, 115.09 mg, 3.6 mmol) were
dissolved in dry dichloromethane (50 mL) in a Schlenk flask under N,
protection with the subsequent addition of N-dicyclohexylcarbodii-
mide (DCC, 206.33 mg, 3.6 mmol) at 0 °C. After being stirred
overnight at room temperature, the reaction mixture was filtered to
remove dicylcohexylurea as the byproduct during the reaction
process. The filtrate was then collected, drop-wise added with
ethylenediamine (S mL), and stirred at room temperature for 24 h.
After removing the solvent with rotary evaporator, the remaining solid
was dissolved in DMF (5 mL) and poured into distilled water under
stirring, and the as-obtained precipitate was dried in vacuum at 60 °C
to obtain GA-NH, as a white solid (370 mg, 79% yield).

Synthesis of the Hydrophilic Block P(OEGMA, ¢5-cO-
EoS; )11 and Diblock Copolymer P(OEGMA gg-c0-E0Sq 45)11-
b-PNBOC via RAFT Polymerization. P(OEGMA-co-EoS) was
prepared via reversible addition—fragmentation chain transfer
(RAFT) polymerization. OEGMA (2.02 g, 4.04 mmol), derived
EoS (61.43 mg, 0.08 mmol), ECT (57.15 mg, 0.206 mmol), and
AIBN (3.38 mg, 0.0206 mmol) were dissolved in 1,4-dioxane (1.4
mL). The reaction tube was carefully degassed by three freeze—
pump—thaw cycles and sealed under N,. After stirring for S h at 70
°C, the reaction tube was quenched with liquid nitrogen, exposed to
air, and added with excess diethyl ether for precipitation. The
obtained precipitate was re-dissolved with a small amount of
dichloromethane and precipitated with excess diethyl ether, and the
cycle was repeated thrice. After being dried in a vacuum oven
overnight at room temperature, P(OEGMA-co-EoS) was obtained as a
red solid (1.28 g, 60% yield) (Figure S2a). The molecular weight and
molecular weight distribution of P(OEGMA-co-EoS) were deter-
mined by GPC using DMF as the eluent, revealing an M, (average
molecular weight) of S kDa and M,/M, (molecular weight
distribution) of 1.18. The degree of polymerization (DP) of
P(OEGMA-c0-EoS) was determined to be ~11 by 'H NMR
spectroscopy (Figure S2a). The molar content of the derived EoS
moiety was determined to be 2% by 'H NMR spectroscopy (Figure
S2a). Thus, the as-synthesized polymer was denoted as
P(OEGMA45-c0-E0S).0)11-

To prepare P(OEGMA43-c0-E0Sg,)1,-b-PNBOC, the above
obtained P(OEGMAg5-c0-E0S0,);; (288 mg, 0.05 mmol) was
mixed with NBOC (616 mg, 2 mmol) and AIBN (1.6 mg, 0.01
mmol) and dissolved with 1,4-dioxane (1.3 mL) in a reaction tube
with a magnetic stirring bar. The reaction tube was degassed by three
freeze—pump—thaw cycles and sealed under N,. After stirring at 70
°C for 24 h, the reaction tube was quenched with liquid nitrogen,
exposed to air, and added with excess of diethyl ether for

precipitation. The obtained precipitate was re-dissolved into dichloro-
methane (2 mL) and re-precipitated with diethyl ether (200 mL), and
the process was repeated thrice (Figure S2b). After being dried under
vacuum, P(OEGMA 5-c0-E0S g,)1;-b-PNBOC was obtained as a red
solid (0.5 g, 56% yield). The molecular weight and molecular weight
distribution were determined to be 10.6 and 1.10 by GPC using DMF
as the eluent, respectively, and the degree of polymerization (DP) was
determined by 'H NMR analysis. By adjusting the NBOC amount,
the DP of PNBOC was adjusted among 18, 37, 46, and 53 (Table
S1).

GA-NH, was conjugated to the main chain of the above obtained
P(OEGMA 45-c0-E0Sy ;) ;-b-PNBOC,; diblock copolymer via amide
reaction. Briefly, P(OEGMA g5-c0-E0Sg0,)11-b-PNBOC,s (80 mg)
was dissolved in THF solution (10 mL), and EDC (20.7 mg, 0.108
mmol)/NHS (10.36 mg, 0.09 mmol) was added to activate the
carboxyl group of P(OEGMAs-c0-E0S(,)1,-b-PNBOC,s. After
reaction for 4 h at room temperature, the GA-NH, (25 mg) was
added to the above reaction mixture and continuously reacted for 18
h. The mixture was precipitated in excess cold diethyl ether, and the
precipitate was washed two times with cold diethyl ether to remove
excess GA-NH,. The as-obtained precipitate was dried in vacuum at
40 °C to obtain GA-conjugated P(OEGMAg5-co-E0Sg,)1,-b-
PNBOC,,

Synthesis of PEG-Stabilized UCNPs (UCNPs-PEG). Upconver-
sion nanoparticles NaYF,:Yb,Gd,Tm,Er (UCNPs) were synthesized
according to a previously reported method with a small
modification.” In brief, YCI, (132.78 mg, 0.68 mmol), GdCly
(26.37 mg, 0.1 mmol), YbCl; (54.68 mg, 0.2 mmol), TmCl; (5.51
mg, 0.02 mmol), and ErCl; (0.55 mg, 0.002 mmol) were added into a
mixture of oleic acid (8 mL) and 1-octadecene (15 mL), heated to
160 °C under vacuum, and stirred for 60 min to remove water and
oxygen, which resulted in a clear solution. After cooling down to room
temperature, the methanol solution (10 mL) of NH,F (148 mg, 4.0
mmol) and NaOH (100 mg, 2.5 mmol) was added wisely into the
mixture under stirring for 30 min. The reaction mixture was heated to
90 °C for 1S min and 325 °C under a nitrogen atmosphere. The
reaction progress was monitored by the upconversion luminescence
measurement, and the reaction mixture was cooled down to room
temperature when the upconversion luminescence appeared. The as-
obtained UCNPs were precipitated with excess ethanol, centrifuged at
12,000 g for S min, repeatedly washed with ethanol, and re-dispersed
in 10 mL of cyclohexane for further use.

PEG-phosphate (PEG-POOH) was synthesized according to a
previously reported method with a small optimization** and used as a
stabilizing ligand for UCNPs. Briefly, phosphoryl trichloride (POCL,,
2.127 g, 13.87 mmol) was added into anhydrous THF (10 mL) under
a flowing N, atmosphere and mixed with anhydrous THF (30 mL)-
dissolved mPEG (5.08 g, 9.25 mmol), and the reaction mixture was
heated to 55 °C under flowing N, to remove the byproduct HCL
After reaction for 6 h, the reaction mixture was subsequently cooled to
room temperature, added with cold water (5 mL), and continuously
stirred for 1 h at room temperature. THF was then removed via rotary
evaporation, and the aqueous solution was lyophilized to obtain PEG-
POOH. PEG-stabilized UCNPs (PEG-UCNPs) were prepared
according to a previously reported method.”” The above prepared
UCNPs (S mg/mL) was dispersed in cyclohexane (S mL) and mixed
with a DMF (5 mL) solution of NOBF, (0.01 M) at room
temperature, shaken gently for 30 min, centrifuged, and re-dispersed
in DMF. Subsequently, PEG-POOH (80 mg) was added into the
above obtained DMF-dispersed UCNP solution (10 mL, 2.5 mg/
mL), heated to 7S °C, and vigorously stirred for 12 h to get PEG-
UCNPs.

Self-Assembly of the Biomimetic Polymersome and
Encapsulation of AQ4N and PEG-UCNPs. The above prepared
P(OEGMA-co-EoS)-b-PNBOC with different hydrophobic block DP
values from 18 to 53 were self-assembled, respectively, into various
morphologies in an aqueous solution (Table S1, P1—P4). The block
copolymer (2 mg) was dissolved in THF (1 mL) and stirred at 25 °C
for 30 min. Water (1 mL) was subsequently added slowly to the THF
solution within 1 h, which was followed by the injection of 7 mL of
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water within 2 h. After another 4 h of stirring, THF was removed by
dialysis (M,, = 3.5 kDa) against deionized water to obtain the
assembly.

Hydrophilic PEG-UNCPs and AQ4N as the hypoxia-activated
prodrug were encapsulated into an aqueous cavity of polymersomes
P(OEGMA 45-c0-E0Sy ;) 1;-b-PNBOC,4 (P3) during its self-assembly
process. After dissolving 2 mg of diblock copolymers P3 in THF (1
mL) and maintaining stirring at 25 °C for 30 min, the AQ4N (1 mg)
and PEG-UCNP (S mg) aqueous solution (1 mL) was slowly added
in within 1 h, which was followed by the injection of 7 mL of water
within 2 h. After another 4 h of stirring, THF and non-encapsulated
AQ4N were removed by dialysis (M,, = 3.5 kDa) against deionized
water, non-encapsulated PEG-UCNPs were removed by centrifuga-
tion at 8000 g for S min, AQ4N- and PEG-UCNP-encapsulated
polymersomes (AQ4N/PEG-UCNPs-polymersome) were obtained
and characterized with the TEM image and DLS measurement. Only
PEG-UCNP-encapsulated polymersomes (PEG-UCNPs-polymer-
somes) were prepared with the same procedure without the addition
of AQ4N.

AQA4N Release from the AQ4N/PEG-UCNPs-Polymersome.
In vitro AQ4N release from the AQ4N/PEG-UCNPs-polymersome
was performed at 37 °C with a 980 nm light exposure. AQ4N/PEG-
UCNPs-polymersome (10 mg) was dispersed in 10 mL of PBS (pH
7.4) and sealed in a dialysis tube (M, = 3.5 kDa), immersed in 20 mL
of PBS, and gently shaken in a shaker at 250 rpm at 37 °C. The UV—
vis absorption measurement of PBS was performed at predetermined
time intervals with the supplement of 20 mL of fresh PBS. The
amount of cumulative AQ4N released was quantified by comparing
with an AQ4N standard calibration curve (y = 0.07 + 4.96x, R* = 0.99,
Figure S6b).

In vitro ROS Generation and Oxygen Consumption Rate
Assay. The ROS probe DPBF was used to detect ROS generation in
vitro. Briefly, 4 mL of AQ4N/PEG-UCNPs-polymersome(GA) (0.25
mg/mL) was mixed with 20 yL of the DPBF ethanol solution (5 mg/
mL) and irradiated with a 980 nm laser at 2 W/cm? and the
absorbance of DPBF was recorded at 420 nm after 30 min of
incubation. The same experiment was also carried out in the absence
of a 980 nm laser irradiation as a control.

[Ru(dpp);]ClL, served as the indicator probe to measure oxygen
consumption. Briefly, 150 uL of the PEG-UCNPs-polymersome(GA)
(0.25 mg/mL) containing 30 uL of the DPBF (5 mg/mL) solution
was placed in a 96-well plate and covered with oil. After that, the
samples were exposed to a 980 nm laser with a power density of 2 W/
cm?® at different time intervals. Immediately after 20 uL of
[Ru(dpp);]Cl, ethanol solution was added into the samples, the
samples were detected by a fluorescence spectrometer with an
excitation/emission wavelength of 455/600—700 nm. The PEG-
UCNPs-polymersome(GA) in the absence of a 980 nm laser
irradiation as a control was also measured using the same method
mentioned above.

Intracellular Delivery and Mitochondrial Co-localization of
AQ4N. To demonstrate the intracellular delivery specificity, HepG2
cells were incubated with the AQ4N/PEG-UCNPs-polymersome and
AQ4N/PEG-UCNPs-polymersome(GA) at 37 °C for 6 h, stained
with 0.1 yg/mL DAPI for 5 min, and washed with PBS twice to take
the CLSM image. To further confirm the GA-assisted internalization
process of the polymersome, HepG2 cells were pretreated with 2.5
mg/mL GA for 2 h, washed with PBS, then incubated with the
AQ4N/PEG-UCNPs-polymersome(GA) for another 6 h before
observing the CLSM image.

To visualize the co-localization of the internalized AQ4N/PEG-
UCNPs-polymersome(GA) with mitochondrial compartments,
HepG2 cells were incubated with the AQ4N/PEG-UCNPs-
polymersome(GA) and AQ4N/PEG-UCNPs-polymersome, respec-
tively, at 37 °C for 6 h, and mitochondrial compartments were stained
with 250 nM Mito-Tracker dyes at 37 °C for 15 min to observe the
CLSM images.

Intracellular ROS Generation and Hypoxia Extent Detec-
tion. An oxidative stress/hypoxia detection kit was used to
demonstrate the intracellular ROS generation and hypoxia extent.

The PEG-UCNPs-polymersome(GA) was incubated with HepG2
cells under a normoxic environment and hypoxic environment,
respectively, for 6 h, and the culture medium was subsequently
replaced with fresh DMEM containing a hypoxia and oxidative stress
reagent. After being continuously cultured for 30 min, the HepG2
cells were exposed to a 980 nm laser irradiation at a power density of
2 W/cm? for 30 min (5 min interval for every 10 min), washed with
PBS, followed by taking the green fluorescence of ROS and red
fluorescence of hypoxia with CLSM. The PEG-UCNPs-polymersome-
(GA) in the absence of a 980 nm laser irradiation was also measured
with oxidative stress/hypoxia detection kit as a control. Moreover,
flow cytometry was also performed to detect ROS/hypoxia generation
efficiency. The HepG2 cells were incubated with the PEG-UCNPs-
polymersome(GA) and treated with the same procedure as described
above. Finally, HepG2 cells were collected by centrifugation at 800 g
for 5 min, washed with PBS twice, and measured by flow cytometry
over FLI1 for the oxidative stress channel and FL3 for the hypoxia
channel.

The duration time of an intensified hypoxic microenvironment
induced by ROS generation and O, consumption was also studied
using [Ru(dpp);]CL,. HepG2 cells were treated with the PEG-
UCNPs-polymersome and incubated for 6 h in the incubator with 5%
of O,. After 30 min of irradiation (5 min interval for every 10 min of
light exposure to avoid heating), [Ru(dpp);]Cl, was added, and the
fluorescence images were observed by CLSM at different time
intervals with the fluorescence intensity calculated by Image-Pro Plus
6.0 software.

MTT Assay. The cytotoxicity of the AQ4N/PEG-UCNPs-
polymersome(GA) toward HepG2 cells was evaluated via MTT
assay. HepG2 cells at a density of 1 X 10* cells/well were seeded in
96-well plates and incubated for 24 h. The cell culture medium was
then replaced with fresh DMEM containing serial concentrations of
AQ4N/PEG-UCNPs-polymersome(GA) and continuously incubated
for 48 h. Then, S mg/mL MTT (20 uL) was added into each well
subsequently and incubated for 4 h. After removing the culture
medium, 80 uL of DMSO was added to dissolve the crystal
precipitates, and the optical density was measured at 490 nm with a
Bio-Rad microplate reader. The relative cell viability was calculated by
(Aest/Acontrl) X 100%. HepG2 cells incubated with PBS in the
absence of the AQ4N/PEG-UCNPs-polymersome(GA) served as
controls.

The cell proliferation for HepG2 cells incubated with the AQ4N/
PEG-UCNPs-polymersome(GA) and PEG-UCNPs-polymersome-
(GA) under normoxic/hypoxic environments in the presence of
NIR laser for 30 min was evaluated by MTT assay according to the
same procedure as described above. The AQ4N/PEG-UCNPs-
polymersome(GA) in the absence of NIR laser irradiation and PBS-
treated HepG2 cells served as the control. To demonstrate the
contribution of AQ4N sustained release, the mixture of free AQ4N
and PEG-UCNPs-polymersome(GA)-treated HepG2 cells was also
irradiated with NIR light (2 W/cm? 30 min, 5 min interval for every
10 min) under normoxic/hypoxic environments, and the cell
proliferation was measured with MTT assay.

Cell Apoptosis Assay. HepG2 cells at a density of 1 X 10° cells/
well were seeded into a 6-well plate and incubated for 24 h. The cells
were then incubated with the AQ4N/PEG-UCNPs-polymersome-
(GA) and PEG-UCNPs-polymersome(GA) under normoxic/hypoxic
environments, respectively, in the presence of NIR laser for 30 min.
After 48 h of incubation, the cells were collected, washed with PBS
twice, stained with Annexin V-FITC/propidium iodide for 15 min,
and measured by flow cytometry over FL1 (Annexin V-FITC) and
FL3 (PI) channels. AQ4N/PEG-UCNPs-polymersome(GA)-incu-
bated HepG2 cells and PBS-treated HepG2 cells in the absence of
NIR laser irradiation served as controls, and the mixture of free AQ4N
and PEG-UCNPs-polymersome(GA)-treated HepG2 cells in the
presence of NIR (2 W/cm? 30 min, 5 min interval for every 10 min)
was also carried out to confirm the contribution of AQ4N sustained
release.

Tumor Hypoxic Region and Blood Vessels Density
Determination. The immunofluorescence staining was utilized to
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indicate the intracellular hypoxic region and decrease in blood vessel
density in the tumor. HepG2 tumor-bearing mice were intratumorally
injected with 80 uL of the PEG-UCNPs-polymersome(GA) (0.2 mg/
mL) and irradiated with a 980 nm laser at a power density of 2 W/
cm? for 30 min (S min interval for every 10 min). The mice without
NIR irradiation were used as controls. The mice were sacrificed 24 h
post NIR irradiation, and the obtained tumor was fixed with 4%
paraformaldehyde, embedded in paraffin, sliced, stained with hypoxia-
inducible factor (HIF)-1a to label the tumor hypoxic regions and rat
anti-mouse CD31 antibody to label blood vessels, respectively,
according to the procedure provided by the manufacturers. The
stained tumor slice was observed by CLSM, and the images of the
hypoxic region and blood vessel density were statistically analyzed
using Image-Pro Plus 6.0 software.

In Vivo Antitumor Efficiency. All animal experiments were
approved by the Model Animal Research Center of KeyGEN
BioTECH and followed the Institutional Animal Use and Care
Regulations. Specific pathogen-free female BALB/c nude mice were
purchased from KeyGEN BioTECH (Nanjing, China). The tumor
models were established by a subcutaneous injection of HepG2 cells
with a cell concentration of 1.0 X 107 cells/mL into the selected
positions of the nude mice. When the tumor volume reached 80 mm?,
the tumor-bearing mice were randomly divided into four groups and
intratumorally injected with 80 uL of PBS, PEG-UCNPs-
polymersome(GA), AQ4N/PEG-UCNPs-polymersome(GA) (two
groups), and the mixture of free AQ4N and PEG-UCNPs-
polymersome(GA) at a dose of 1.2 mmol AQ4N per mouse. The
mouse groups treated with the PEG-UCNPs-polymersome(GA),
AQ4N/PEG-UCNPs-polymersome(GA), and the mixture of free
AQ4N and PEG-UCNPs-polymersome(GA) were irradiated with a
980 nm laser at a power density of 2 W/cm? for 30 min (5 min
interval for every 10 min), while PBS- and AQ4N/PEG-UCNPs-
polymersome(GA)-treated mouse groups without 980 nm irradiation
served as controls. Both injection and irradiation were carried out at
day 4 and day 8 repeatedly. The therapeutic effect was evaluated by
measuring tumor volumes using a vernier caliper, and the tumor
volumes were calculated as V = (L X W?)/2, in which L and W are the
length and width of the tumor, respectively. In addition, the body
weights of each group of mice were recorded during the therapeutic
process. After 16 days of treatment, all mice were sacrificed. The
obtained tumors were fixed with 4% paraformaldehyde, embedded in
paraffin, sliced, stained with hematoxylin—eosin (H&E) and TUNEL,
and observed by fluorescence microscopy (IX71, Olympus). More-
over, the histopathological analyses of the heart, spleen, kidney, liver,
and lung at day 16 were conducted via the same method mentioned
above and observed by fluorescence microscopy.
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