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Photodynamic therapy (PDT) is an effective and noninvasive therapeutic strategy employing light-triggered
singlet oxygen (SO) and reactive oxygen species (ROS) to kill lesional cells. However, for effective in vivo de-
livery of PDT agent into the cancer cells, various biological obstacles including blood circulation and condense
extracellular matrix (ECM) in the tumor microenvironment (TME) need to be overcome. Furthermore, the en-
ormous challenge in design of smart drug delivery systems is meeting the difference, even contradictory required
functions, in different steps of the complicated delivery process. To this end, we present that TME-activatable
circular pyrochlorophyll A (PA)-aptamer-PEG (PA-Apt-CHO-PEG) nanostructures, which combine the ad-
vantages of PEG and aptamer, would be able to realize efficient in vivo imaging and PDT. Upon intravenous (i.v.)
injection, PA-Apt—-CHO-PEG shows “stealth-like” long circulation in blood compartments without specific re-
cognition capacity, but once inside solid tumor, PA-Apt—-CHO-PEG nanostructures are cleaved and then form PA-
Apt Aptamer-drug conjugations (ApDCs) in situ, allowing deep penetration into the solid tumor and specific
recognition of cancer cells, both merits, considering anticipated future clinical translation of ApDCs.

1. Introduction conjugated with drugs or other molecules without loss of their activ-

ities. Recent studies showed that conjugating an aptamer to drug in-

As an effective and noninvasive therapeutic strategy for diseases,
primarily cancers, photodynamic therapy (PDT) employs photo-
sensitizers (PS) under light irradiation to produce singlet oxygen (SO)
and reactive oxygen species (ROS), to cause DNA damage and cell
apoptosis [1-3]. However, because the generation of SO exhibits ex-
tremely short lifespans (< 200 ns) and short diffusion range (~20 nm)
[4-6], it is essential to develop an approach for selective generation of
SO in lesional areas for more efficient and reliable PDT with fewer side
effects [7-11]. Aptamers [12-20], also called “chemical antibodies”,
with their flexible design, convenient modification, excellent chemical
stability, high specificity and affinity and limited immunogenicity are
important recognition elements of tumor. Aptamer could be easily
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cluding PS (ApDCs) could efficiently enhance specific accumulation of
active drug in the tumor tissue [21-25]. For instance, porphyrin deri-
vatives, such as 5,10,15,20-Tetrakis-(N-methyl-4-pyridyl) porphine
(TMPyP4), as photosensitizers could be loaded into G-quadruplex DNA
sequences for efficient and selective in vitro destruction of cancer cells
[13]. However, the in vivo application and clinical translation of ApDCs
for targeted cancer treatment, including PDT, is limited by their low
stability in the physiological environment and short blood circulation
time [26-28].

For targeted delivery of active drug into the cytoplasm of cancer
cells in solid tumors, various biological obstacles, including blood cir-
culation and complicated tumor microenvironment (TME) must be
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overcome [29,30]. For a solid tumor, in addition to tumor cells, TME
includes many other types of cells such as immune cells, bone marrow-
derived inflammatory cells, lymphocytes and others, which are sur-
rounded by tumor-associated fibroblasts and extracellular matrix
(ECM), generating monstrous biological barriers for efficient delivery of
anti-cancer agents [31-34]. Thus, prolonged blood circulation time
without nonspecific adsorption during the blood circulation, and pe-
netration deep into tumor tissues and specific recognition of tumor cells
are favorable for improvement of delivery efficacy to target cancer cells
[35-38]. However, during the tortuous delivery process, smart drug
delivery systems must meet various, even contradictory, requirements
in blood circulation and TME [39-41]. For instance, introduction of
targeting ligands endows delivery systems with high selectivity and
enhanced tumor accumulation, while, at the same time, shortening
their blood circulation [29,42,43]. Additionally, for recognition of
cancer cells in solid tumor, targeted delivery systems need to first
deeply penetrate across the condensed extracellular collagen and ma-
trix in the TME [44]. Interestingly, PEGylation can endow a “stealth”
delivery system with prolonged blood circulation, but such strategy
hinders the system's capacity for cellular internalization and then traps
it inside the tumor, inducing gradual clearance by blood circulation
and, hence, reducing the long-term effect [45-47]. Recently, many
multistage and responsive nanocarriers have been designed to circum-
vent the delivery obstacles with different strategies, including negative-
to-positive charge conversion, large-to-small size change, and PEGyla-
tion-dePEGylation [48,49]. Although several encouraging strategies
have been reported in the design of smart responsive nanocarriers, they
only focus on achieving relative mono-functionality and require ela-
borate and complicated synthesis and fabrication. This calls for the
development of a simple and effective drug delivery system at the
molecular level with prolonged blood circulation, deep tumor pene-
tration, and highly selective and specific recognition of tumor cells for
efficient in vivo cancer treatment.

Polyethylene glycol (PEG), a U.S. Food and Drug Administration
(FDA)-approved compound, has been widely used as a modification
agent to endow anticancer agents with “stealth-like” long blood circu-
lation behavior, enhancing their tumor accumulation [50,51]. ApDCs
have been developed as promising targeted drug delivery systems for
enhanced cancer treatment efficacy with few side effects [22]. How-
ever, the biomedical applications of coupling the aptamer-PEG struc-
ture have been relatively less explored to date. Herein, we have de-
signed a circular aptamer-PEG structure which is capable of prolonged
blood circulation, and then responds to the acidic tumor micro-
environment to deeply penetrate the solid tumor and selectively re-
cognize cancer cells for in vivo targeted bioimaging and PDT. In a ty-
pical design, AS1411 aptamer containing G-rich oligonucleotide
sequences with specific recognition of nucleolin, which is a non-ribo-
somal protein normally existing in the nucleus and also highly ex-
pressed on the surface of cancer cells [52], was chosen to be conjugated
with pyrochlorophyll A (PA) [53], an efficient photosensitizer, to form
PA-Apt ApDCs for in vivo targeted bioimaging and PDT The PA-Apt
ApDCs with two terminal amino groups can be coupled by PEG with
aldehyde groups on both termini via formation of Schiff base bonds to
form PA-Apt-CHO-PEG. At physiological pH 7.4, PA-Apt-CHO-PEG
with Schiff base bonds remains collodally stable to hinder cellular up-
take by normal cells and prolong blood circulation. However, after
entering TME at pH 6.5, the Schiff base bonds between aptamer and
PEG would be rapidly cleaved to shed the PEG corona, inducing in situ
formation of targeting ApDCs for penetration across the dense extra-
cellular matrix and selective recognition of cancer cells. As evaluated by
in vitro and in vivo experiments, our PA-Apt-CHO-PEG nanostructures
were found to be efficient PDT agents with dramatic tumor inhibition
efficacy. We first prepared TME-responsive PA-Apt-CHO-PEG nanos-
tructures, which combine the advantages of both PEG, with long blood
circulation and limited cellular uptake by normal cells, and ApDCs,
with deep tumor tissue penetration and specific targeting of cancer
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cells, to design a facile and efficient drug delivery strategy, which is
promising for future clinical translation of ApDCs.

2. Experimental section
2.1. Materials

Pyrochlorophyll A (PA) was purchased from Frontier Scientific, Inc.
N-[e-maleimidocaproic acid) hydrazide, trifluoroacetic acid salt
(EMCHTEA) and sulfosuccinimidyl-4-[N-maleimidomethyl]cyclo-
hexane-1-carboxylate (Sulfo-SMCC crosslinker) were obtained from
Thermo Fisher Scientific. Bifunctional poly(ethylene glycol), N-hydro-
xysuccinimide esters (NHS-PEG-NHS, MW = 6 K) and Hydroxylpoly
(ethylene glycol) (MW = 6 K) were purchased from Biomatrik Inc.
Dimethylformamide (DMF), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), N-(3-dimethylaminopropyl)-N’-ethylcar-
bodiimide  hydrochloride = (EDCHCI), 4-dimethylaminopyridine
(DMAP), and dichloromethane (DCM) were purchased from Sigma-
Aldrich.

Synthesis of dialdehyde poly(ethylene glycol): Dialdehyde poly
(ethylene glycol) (CHO-PEG-CHO) was prepared following a previously
reported protocol [30]. Briefly, 1 mmol of poly(ethylene glycol) was
activated by adding 10 mmol of EDC-HCI and 0.4 mmol of DMAP in
30 mL of dichloromethane (DCM) solution. After adding 3 mmol of 4-
carboxybenzaldehyde, the mixture was then reacted under magnetic
stirring at room temperature for 48 h. After concentrating the solution
by rotary evaporator, the mixture was washed 5 times with 5% NaCl,
and then the organic layer was collected. After precipitating twice with
excess diethylether and vacuum drying, the mixture was dialyzed
against deionized water for 2 days to obtain the final product.

Aptamers: Aptamer AS1411, 5-NH2-TTT(HS)TT TGG TGG TGG
TGG TTG TGG TGG TGG TGG TT-NH2-3’, with disulfide group and two
amino groups was synthesized using an ABI3400 DNA/RNA synthesizer
(Applied Biosystems, Foster City, CA, USA). The final aptamer se-
quences were deprotected in APA solution (ammonium hydroxide/40%
aqueous methylamine 1:1) at 65 °C for 30 min. After purification by
reversed-phase HPLC (ProStar, Varian, Walnut Creek, CA, USA), the
product was freeze-dried for further usage.

Synthesis of Aptamer-PA conjugates: Five pmol of pyro-
chlorophyll A (PA) and 5 mmol of N-[e-maleimidocaproic acid) hy-
drazide and trifluoroacetic acid salt (EMCH-TEA) were dissolved in
1 mL of methanol and then stirred in the dark for 24 h at room tem-
perature. TCEP was employed to reduce the -SH group of AS1411 ap-
tamer (200 nmol) in PBS at pH 7.4 at room temperature for 2 h. Excess
TCEP was removed using a Sephadex® G-25 column (Sigma-Aldrich).
Next, the AS1411 aptamer solution was reacted with the prepared
EMCH-PA dissolved in the DMF for 12 h. After purification by HPLC
and subsequent freeze drying, the PA-Aptamer conjugates were ob-
tained for further usage.

To prepare the pH-responsive PA-Apt—-CHO-PEG nanostructure,
2 umol of pre-prepared CHO-PEG-CHO were added to the above pre-
pared Aptamer-PA conjugates (200 nmol) at pH 7.4 and then reacted
another 24 h at room temperature in the dark. After ultra-centrifugation
at 4000 rpm using 10 kDa Millipore filters to remove excess precursors,
the purified PA-Apt-CHO-PEG nanostructure was collected for further
usage. The nonresponsive PA-Apt-NHS-PEG nanostructure was ob-
tained using the same approach, by replacing CHO-PEG-CHO with
NH2-PEG-NH2.

2.2. Characterization

The hydrodynamic sizes of PA-Apt-CHO-PEG and PA-
Apt-NHS-PEG incubated at different pH values were performed using
dynamic light scattering (DLS) (Zetasizer Nano-ZS, Malvern
Instruments, UK). UV-Vis-NIR absorption spectra of PA-Aptamer, PA-
Apt-CHO-PEG and PA-Apt-NH2-PEG were measured using a
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UV-Vis-NIR spectrometer (PerkinElmer Lambda 750).

2.3. Detection of singlet oxygen

PA-Apt-CHO-PEG and PA-Apt were exposed to 670-nm light for
various time periods at power density of 5 mW/cm? Next, 2.5 uM of
singlet oxygen sensor green dissolved in methanol (SOSG, Molecular
Probes, USA) was added into different samples. Afterwards, the gen-
erated SO was determined by measuring the fluorescence intensity of
SOSG at 530 nm under the condition excitation wavelength of 494 nm
using SpectraMax® i3x Platform.

2.4. Cellular experiments

Nucleolin-overexpressing MCF-7 human breast cancer cells were
cultured in DMEM medium containing 10% fetal bovine serum (FBS),
40U/ml insulin and 1% penicillin/streptomycin at 37 °C under 5% CO,,
conditions recommended by the American Type Culture Collection
(ATCQ).

Cell sample preparation for confocal and flow cytometry. MCF-
7 cells were seeded in 12-well plates at a density of 5 x 10* cells per
well and then incubated with PA-Apt, PA-Apt-NHS-PEG and PA-
Apt-CHO-PEG in serum-free DMEM medium at pH 6.5 or pH 7.4. After
culturing MCF-7 cells at 37 °C for 2 h, the cells were washed twice with
cold PBS and then imaged by confocal imaging (LeciaSP5 laser scanning
confocal microscope). The treated MCF-7 cells at 4 °C were also ana-
lyzed using a BD FACSCalibur™ platform.

To study in vitro PDT efficacy, MCF-7 cells were seeded in 96-well
plates and incubated with various concentrations of free PA, PA-Apt,
PA-Apt-NHS-PEG and PA-Apt-CHO-PEG at pH 6.5 or pH 7.4. After
incubation for 2 h, the treated MCF-7 cells were washed twice with PBS
and then irradiated by 670-nm light at the power density of 5 mW/cm?
for 30 min. The cells were transferred to fresh DMEM cell culture
medium for another 24 h incubation. Then, cell viability was measured
using standard thiazolyltetrazolium (MTT, Sigma Aldrich) assay.

2.5. In vivo imaging

Balb/c mice were purchased from Sochoow University Laboratory
Animal Center and used according to the approved protocol. To develop
the tumor model, Balb/c mice pretreated with estrogens were injected
with 50 pL serum-free DMEM medium containing 1 X 10”7 MCF-7 cells.

For in vivo fluorescence imaging, mice bearing nucleolin-over-
expressing MCF-7 tumors were i.v.-injected with PA-Apt-NHS-PEG or
PA-Apt—-CHO-PEG (1 mg/kg, in terms of PA). In vivo fluorescence
images at different time periods were attained with a Lumina III in vivo
imaging system (PerkinElmer). 24 h after i.v. injection, the mice were
sacrificed to collect their major organs, including the liver, spleen,
kidneys, heart, lung and tumor for ex vivo imaging.

For labeling with °°™Tc, PA-Apt-NHS-PEG or PA-Apt-CHO-PEG
nanostructure was mixed with 2 mCi of Technetium-99 m in the
99mTcQ, form (obtained from Shanghai GMS Pharmaceutical Co., Ltd.)
in the presence of 100 pL of SnCl,. After 1-h reaction at room tem-
perature, excess of *™Tc was removed using ultrafiltration (molecular
weight cutoff MWCO = 10 kDa). For SPECT imaging, MCF-7 tumor-
bearing mice were i.v.-injected with **™Tc-labeled PA-Apt-NHS-PEG or
99mTc]abeled PA-Apt-CHO-PEG and then imaged using an in vivo an-
imal SPECT (MILabs, Utrecht, the Netherlands) imaging system. In
addition, at different time points after i.v. injection of *™Tc-labeled PA-
Apt-NHS-PEG or °°™Tc-labeled PA-Apt-CHO-PEG, 20 pL of blood
sample were collected from each mouse for analysis of blood circula-
tion. At the 24 h time point, tumor and major organs were collected to
measure biodistribution.
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2.6. In vivo PDT treatment

Mice bearing nucleolin-overexpressing MCF-7 human breast tumors
were randomly divided into six groups (5 mice per group): Group 1,
PBS; Group 2, PA-Apt—-CHO-PEG; Group 3, PA with 670-nm light ir-
radiation; Group 4, PA-Apt with 670-nm light irradiation; Group 5, PA-
Apt-NHS-PEG with 670-nm light irradiation; Group 6, PA-
Apt-CHO-PEG with 670-nm light irradiation. At 24 h post-i.v. injection
of various PA derivatives (1 mg/kg, in terms of PA), in vivo PDT
treatment was performed by 670-nm light irradiation at the power
density of 12 mW/cm? for 1 h. Subsequent treatments were conducted 6
days after the first PDT therapy with the same processing parameters.
Tumor sizes and body weights of the groups were measured and re-
corded every other day.

The tumor volume was calculated as tumor volume = (tumor
length) X (tumor width)?/2. Subsequently, relative tumor volumes
were determined as V/V0 (VO was the initial volume). At day 18, mice
were sacrificed, tumor tissues and major organs were harvested, and
paraffin sections were prepared for further TUNEL and H&E staining
according to the manufacturers’ protocols.

3. Results and discussion

AS1411, a well-known tumor-targeting aptamer, owing to its spe-
cific recognition of cell surface nucleolin and cellular internalization by
endocytosis, was chosen as the model targeting aptamer [54]. In par-
ticular, amino groups were introduced on both the 3’ and 5’ ends of
AS1411 aptamer, and a thiol modifier was inserted near the 5’-end (5’-
NH2-TTT(HS)TT TGG TGG TGG TGG TTG TGG TGG TGG TGG TT-NH2-
3’). The thiol modifier allowed covalent conjugation of AS1411 to
pyrochlorophyll A (PA), a typical porphyrin derivative used as a pho-
tosensitizer, to form an AS1411-PA conjugate via N-(e-Mal-
eimidocaproic acid) hydrazide (EMCH), as bifunctional linker. After
conjugation, the AS1411-PA conjugate was purified by HPLC (Sup-
porting Fig. S1). Subsequently, the dual-amino-modified AS1411 ap-
tamer was coupled with bifunctional PEG aldehyde (CHO-PEG-CHO)
via formation of Schiff bases in neutral or alkaline condition to obtain
responsive circular aptamer-PEG (PA-Apt—-CHO-PEG) nanostructures.
As a control, nonresponsive to pH circular aptamer-PEG (PA-Apt-NH-
S-PEG) nanostructures were formed based on an amidation reaction by
using bifunctional PEG succinimidyl ester (NHS-PEG-NHS) to replace
CHO-PEG-CHO. As observed in dynamic light scattering (DLS) mea-
surements, both PA-Apt-CHO-PEG and PA-Apt-NHS-PEG nanos-
tructures showed significantly enhanced hydrodynamic diameters
(~50 nm), in comparison to Apt-PA ApDC at 7-8 nm, indicating the
successful conjugation of Apt-PA and PEG. Interestingly, PA-Apt-CH-
O-PEG can be partly decomposed at the pH 6.9 (Fig. S2). Furthermore,
after 30 min incubation at pH 6.5, the hydrodynamic size of PA-
Apt-CHO-PEG was decreased to about 10 nm, indicating efficient de-
composition of PA-Apt-CHO-PEG into Apt-PA (Fig. 1b). In contrast,
nonresponsive PA-Apt-NHS-PEG remained stable at pH 6.5 with the
hydrodynamic size of ~50 nm (Fig. 1c). As shown in Fig. 1d, gel
electrophoresis was employed to further evaluate the formation of the
circular aptamer-PEG nanostructure. The nonresponsive PA-Apt-NH-
S-PEG nanostructure always remained stable. However, while the
generation of Schiff base bonds of responsive PA-Apt—-CHO-PEG also
promoted stability at pH 7.4, the nanostructure became labile and
cleavable in an acidic environment of pH 6.5.

Next, the UV-vis-NIR absorption of various structures was mea-
sured by UV-vis-NIR spectroscopy (Fig. 1le). Similar to Apt-PA, both
PA-Apt—-CHO-PEG and PA-Apt-NHS-PEG exhibited the typical PA ab-
sorption band at 675 nm, suggesting efficient attachment of PA to these
Apt-PEG nanostructures. Subsequently, the capacity of singlet oxygen
(SO) generation among free PA, Apt-PA ApDCs, and circular Apt-PEG
nanostructures, was detected using singlet oxygen sensor green (SOSG).
As shown in Fig. S3, various types of PA derivatives (i.e. A-Apt and PA-
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Fig. 1. Preparation and characterization of PA-Apt—-CHO-PEG. (a) Schematic illustration for preparation of PA-Apt-CHO-PEG. (b—c) Hydrodynamic sizes of PA-
Apt-CHO-PEG (b) and PA-Apt-NHS-PEG (c) incubated in PBS with different pH values for 30 min. (d) Gel electrophoresis analysis of PA-Apt-CHO-PEG and PA-
Apt-NHS-PEG after treatment with different pH values. Compared to PA-Apt-NHS-PEG, pH-responsive PA-Apt—-CHO-PEG nanostructures are labile and cleavable in
an acidic environment at pH 6.5. (e) UV-vis-NIR spectra of PA-Apt, PA-Apt-CHO-PEG or PA-Apt-NHS-PEG.

Apt-CHO-PEG) exhibited no obvious difference in light-induced SO
generation at the same PA concentration, allowing our structures to be
used as efficient PS for PDT.

Next, we employed confocal imaging microscopy and flow cyto-
metry to study pH-responsive cancer cell binding of the circular PA-Apt-
PEG (PA-Apt-CHO-PEG and PA-Apt-NHS-PEG) nanostructure
(Fig. 2a). Nucleolin-overexpressing MCF-7 human breast cancer cells
were incubated with PA-Apt, PA-Apt-NHS-PEG, or PA-Apt-CHO-PEG
for 2 h at 37 °C and washed with phosphate buffered saline (PBS) for
removal of unbound nanostructure. As expected, strong fluorescence
signals of PA were observed from the MCF-7 cells after treatment with
PA-Apt, indicating strong binding affinity. However, after conjugation
and capping with PEG to form the circular nanostructure, cell binding
of PA-Apt-NHS-PEG and PA-Apt—-CHO-PEG under neutral condition
was significantly decreased. This was attributed to the conjugated PEG

within the circular nanostructure, allowing efficient suppression of
AS1411 G-quadruplex formation, which could specifically recognize
and bind cell membrane surface nucleolin. Interestingly, strong fluor-
escence signals were observed for the PA-Apt-CHO-PEG-treated MCF-
7 cells cultured in medium at pH 6.5 because the Schiff base bonds
between Apt and PEG were cleaved in the slightly acidic pH 6.5, fol-
lowed by the formation of ApDC for targeting delivery of PA. In con-
trast, the cells treated with PA-Apt-NHS-PEG at pH 6.5 showed weak
fluorescence signals, because PA-Apt-NHS-PEG remained extremely
stable without triggering formation of the AS1411 G-quadruplex at pH
6.5 (Fig. 2b). Quantitative flow cytometry data further confirmed that
switching the cell culture pH from 7.4 to 6.5 allowed responsive PA-
Apt—-CHO-PEG to obviously recover nucleolin-specific binding affinity,
while PA-Apt-NHS-PEG showed extremely weak binding affinity to-
wards MCF-7 cells (Fig. 2c).
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Fig. 2. pH-triggered specific recognition of cancer cells and in vitro PDT. (a) Schematic illustration for pH-activatable targeted cancer cell binding of PA-
Apt-CHO-PEG. (b) Confocal images of MCF-7 cells incubated with PA-Apt, PA-Apt-NHS-PEG, and PA-Apt-CHO-PEG at pH 7.4 or 6.5 at 37 °C for 2 h. Scale bar:
50 um. (c) Flow cytometry data of MCF-7 cells treated with PA-Apt, PA-Apt-NHS-PEG, and PA-Apt-CHO-PEG at pH 7.4 or 6.5 at 4 °C. (d) Relative cell viability of
MCF-7 cells treated with various PA derivatives for 24 h in dark. (e) In vitro PDT treatments of MCF-7 cells after incubation with free PA, PA-Apt, PA-Apt-NHS-PEG,
and PA-Apt-CHO-PEG at pH 7.4 or 6.5. PA-Apt-CHO-PEG showed enhanced in vitro PDT efficacy under reduced pH.

Encouraged by the obviously enhanced cellular binding affinity of
PA-Apt-CHO-PEG at the reduced pH value, the in vitro PDT therapeutic
effects of our responsive PA-Apt-PEG nanostructure were then in-
vestigated. As revealed by 3-[4,5-dimethylthiazole-2-yl]-2,5-diphe-
nyltetrazolium bromide (MTT) cell viability assay, free PA, PA-Apt, PA-
Apt-NHS-PEG, and PA-Apt-CHO-PEG in the dark did not show any
obvious toxic effect to MCF-7 cells, demonstrating the excellent bio-
compatibility of these PA derivatives (Fig. 2d). Next, we measured

intercellular 'O, generation after treatment of PA-Apt, PA-Apt-NH-
S-PEG, and PA-Apt-CHO-PEG at pH 7.4 or pH 6.5. As shown in Fig. 54,
At pH 7.4, Only PA-Apt remaining specific targeting ability produced
high PDT-induced intercellular 0,, while PA-Apt-NHS-PEG and PA-
Apt—-CHO-PEG lack of specific targeting ability generated moderate
intercellular 'O,. Interestingly, At pH 6.5, intercellular 'O, generation
of PA-Apt-CHO-PEG-treated MCF-7 cells was obviously improved, be-
cause the Schiff base bonds between Apt and PEG were cleaved in the
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slightly acidic pH 6.5, followed by the formation of ApDC for targeting
delivery of PA. In contrast, the abilities of cells treated with PA-Apt or
PA-Apt-NHS-PEG have no obvious changes in intracellular 'O, gen-
eration. To further evaluate the effect of pH on in vitro cancer killing
efficiency of PA-Apt—-CHO-PEG, PA-Apt conjugates were chosen as
positive control, and nonresponsive PA-Apt—-NHS-PEG based on amide
bonds was employed as negative control. Next, MCF-7 cells incubated
with free PA, PA-Apt, PA-Apt-NHS-PEG, and PA-Apt-CHO-PEG were
cultured at either pH 7.4 or pH 6.5 for 2 h, washed with cold PBS, and
then irradiated by 670-nm light for 30 min at a power density of 5 mW/
cm?. After another 24 h culture, compared with specific targeting of PA-
Apt to achieve high targeting PDT efficiency, free PA, PA-Apt-NH-
S-PEG and PA-Apt-CHO-PEG demonstrated low cancer cell killing
ability at pH 7.4. However, when the experiment was performed at pH
6.5, PA-Apt—-CHO-PEG dramatically improved the phototoxicity to-
wards MCF-7 cells, whereas the cancer killing efficiency of free PA and
nonresponsive PA-Apt-NHS-PEG remained rather low, owing to the
cleavage of the Schiff base bonds at pH 6.5 and in situ formation of
AS1411 G-quadruplex for high binding affinity to MCF-7 cells (Fig. 2e).
These results collectively showed that the PA-Apt—-CHO-PEG nanos-
tructure could be considered as an efficient pH-responsive PDT agent to
enhance the efficacy of photodynamic therapy in the solid tumor with
acidic tumor microenvironment (TME).

Again encouraged by the excellent in vitro PDT efficacy of PA-
Apt-CHO-PEG response to the reduced pH value, we investigated the in
vivo tumor-targeting behavior of our pH-responsive nanostructures.
Balb/c mice bearing MCF-7 tumors were intravenously (i.v.) injected
with PA-Apt-CHO-PEG or PA-Apt-NHS-PEG and then imaged by a
Lumina III in vivo imaging system (PerkinElmer) at different time points
(Fig. 3a). The fluorescence of PA was distributed throughout mouse
body at the early time points, but strong PA fluorescence signals were
observed in tumor at 24 h post-injection (p.i.) of PA-Apt-CHO-PEG.
However, much weaker PA fluorescence was detected in the tumors of
mice treated with PA-Apt-NHS-PEG, indicating the specific tumor
binding capacity of PA-Apt-CHO-PEG in the acidic TME. This phe-
nomenon could be attributed to the Schiff base bonds inside the PA-
Apt-CHO-PEG nanostructure, which were cleaved in acidic TME, fol-
lowed by in situ-triggered AS1411 to form a G-quadruplex, exposing
AS1411 aptamer to recognize the cancer cells.

As a consequence of fluorescence quenching and low signal-to-noise
ratio of PA under in vivo physiological conditions, in vivo fluorescence
imaging could not exactly track the in vivo behavior of our nanos-
tructures. The porphyrin structure of PA allows incorporation of *°™Tc
(Fig. 3b), which emits y-rays and shows the extensive application in
clinical single-photon emission computed tomography (SPECT) [55].
Consequently, °°™Tc-chelated PA-Apt-CHO-PEG nanostructure was
employed to observe the accurate biodistribution profiles of our na-
nostructures by SPECT imaging. After mixing with *™Tc, but without
additional chelator molecules, *™Tc-chelated PA-Apt-PEG exhibited
excellent radiolabeling stability at 37 °C (Fig. 3c). Next, mice bearing
MCF-7 tumors after i.v. injection of **™Tc-PA-Apt-CHO-PEG or *°™Tc-
PA-Apt-NHS-PEG were imaged by in vivo SPECT imaging. Compared to
the mice treated with °*™Tc-PA-Apt-NHS-PEG, which showed no ob-
vious gamma signals, °*™Tc-PA-Apt-CHO-PEG demonstrated strong
tumor accumulation in a time-dependent manner, consistent with the
uncovered in vivo fluorescence imaging results (Fig. 3d). Quantitative
data obtained from region-of-interest (ROI) analysis of the SPECT
images further illustrated that the accumulation in tumor had greatly
increased from 3.16 = 0.23% to 6.42 = 0.45% from 0.5 h to 24 h p.i.,
respectively (Fig. 3e).

In addition to in vivo SPECT imaging, the in vivo behavior of *°™Tc-
PA-Apt-NHS-PEG or °°™Tc-PA-Apt-CHO-PEG was quantitatively in-
vestigated by measuring ex vivo radioactivities. It was found that the
blood levels of °°™Tc-PA-Apt-NHS-PEG or °°™Tc-PA-Apt-CHO-PEG
exhibited relatively long blood circulation half-lives (t;,
20 = 0.82 + 0.18,t1,55 = 7.28 = 1.92;t;,54 = 0.71 = 0.106 h, t;,
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2 = 6.79 = 0.44 h, respectively) and that both remained at the re-
latively high level of ~5%, even at 24 h p.i. (Fig. 3f). Next, we studied
the biodistribution of the circular nanostructures by ex vivo measure-
ment of radioactivity in different organs (Fig. 3g). At 24 h p.i., both
99MTe.PA-Apt—-CHO-PEG and °°™Tc-PA-Apt-NHS-PEG exhibited com-
parable accumulation in the liver and spleen, owing to phagocytosis of
foreign materials and particles by the reticuloendothelial systems. No-
tably, °*™Tc-PA-Apt-CHO-PEG showed high tumor uptake, which was
calculated to be at 6.22 + 0.55 percent-of-injected-dose-per-gram-
tissue (%ID/g) in comparison to °°™Tc-PA-Apt-NHS-PEG with tumor
accumulation at 2.75 * 0.31 %ID/g. Therefore, these results collec-
tively illustrate that our pH-responsive PA-Apt-CHO-PEG nanos-
tructures have prolonged blood circulation and that TME-responsive
specific binding tumor cells would be particularly suitable for highly
efficient tumor-targeting delivery, especially in solid tumors with low
TME pH.

Owing to the efficient decomposition and size reduction of PA-
Apt-CHO-PEG in the weak acidic environment, we then studied its
interstitial penetration behavior inside solid tumor (Fig. 4a). As a
control, nonresponsive circular PA-Apt-NHS-PEG with similar sizes
conjugated by amino bonds remained structurally stable without loss of
size at the reduced pH values. Tumor slices collected from mice i.v.-
injected with PA-Apt, PA-Apt—-CHO-PEG or PA-Apt-NH,-PEG were
stained with anti-CD31 to visualize the blood vessels for confocal
imaging. As shown in Fig. 4b and c, for mice injected with PA-
Apt-NHS-PEG, PA signals were observed near and even partly colo-
calized with anti-CD31-stained blood vessels, indicating that non-
responsive PA-Apt-NHS-PEG with relatively large particle sizes showed
moderate tumor accumulation, but only limited interstitial diffusion
inside the tumor. Meanwhile, PA-Apt ApDCs with smaller sizes ex-
hibited excellent tumor penetration capacity, yet relatively limited
tumor retention, owing to its short blood circulation and weak stability
in the physiological environment. Notably, a large amount of PA
fluorescence signals (cyan) were observed far from the anti-CD31-
stained blood vessels, suggesting efficient tumor accumulation and very
deep penetration of the PA-Apt—-CHO-PEG nanostructure in the solid
tumor. These results could be attributed to the relatively large size and
high stability of PA-Apt-CHO-PEG in the blood circulation, leading to
efficient tumor accumulation and retention. Once inside the tumor
tissues, TME-responsive decomposition occurs with the subsequent re-
lease of ApDCs which are much smaller and more capable of deep in-
terstitial penetration and effective tumor-targeted therapy.

Next, the efficacy of PA-Apt—-CHO-PEG nanostructures for enhanced
PDT was investigated with the MCF-7 mouse tumor model. In our in
vivo PDT experiments, mice bearing MCF-7 tumors were randomly di-
vided into six groups: Group 1, PBS; Group 2, PA-Apt—-CHO-PEG; Group
3, PA with 670-nm light irradiation (PA + L); Group 4, PA-Apt with
670-nm light irradiation (PA-Apt + L); Group 5, PA-Apt-NHS-PEG
with 670-nm light irradiation (PA-Apt-NHS-PEG + L); Group 6, PA-
Apt—-CHO-PEG with 670-nm light irradiation (PA-Apt—-CHO-PEG + L).
At 24 h post-i.v. injection of the various PA derivatives (1 mg/kg, in
terms of PA), PDT was performed by 670-nm light irradiation at the
power density of 12 mW/cm? for 1 h. Subsequent treatments were
conducted 6 days after the first PDT therapy with the same processing
parameters. The tumor sizes were measured with a digital caliper every
two days during the entire treatment period, and the tumors from
various treatment groups were collected (Fig. 5a), photographed, and
then weighed at day 18 post-treatment (Fig. 5b and c). It was found that
PA-Apt-CHO-PEG without 670-nm light irradiation showed no tumor
inhibition effect and that free PA plus 670-nm light had only marginal
inhibitory effect on tumor growth, most likely because of rather low
tumor accumulation of PA. Compared to treatment of PA + L, mice
treated with PA-Apt + L or PA-Apt-NHS-PEG + L exhibited enhanced
tumor inhibition, as a result of specific targeting delivery of PA to tumor
cells or prolonged blood circulation of PA derivatives, respectively.
Growth of tumors in mice treated with PA-Apt-CHO-PEG and 670-nm
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Fig. 3. In vivo imaging of mice bearing MCF-7 tumors post-i.v. injection of PA-Apt-NHS-PEG or PA-Apt-CHO-PEG. (a) In vivo fluorescence images of MCF-7 tumor-
bearing mice after injection of PA-Apt-NHS-PEG or PA-Apt-CHO-PEG through tail vein. (b) Schematic illustration of **™Tc-labeled PA inside the circular PA-Apt-
PEG. (c) Radiolabeling stability of **™Tc-labeled PA-Apt-NHS-PEG or **™Tc-labeled PA-Apt-CHO-PEG in PBS at various time points. (d) In vivo SPECT imaging of
MCF-7 tumor-bearing mice after i.v. injection of **™Tc-PA-Apt-NHS-PEG or “*™Tc-PA-Apt-CHO-PEG. (e) Quantification of SPECT signals in tumor of mice taken at
different time points after i.v. injection of **™Tc-PA-Apt-NHS-PEG or °°™Tc-PA-Apt—-CHO-PEG. (f-g) Blood circulation profiles (f) and biodistribution (24 h p.i.)
profiles of *°™Tc-PA-Apt-NHS-PEG or **™Tc-PA-Apt—-CHO-PEG in mice post-i.v. injection. H, Li, Sp, Lu, Ki, St, I, M, Sk, B and T stand for heart, liver, spleen, lung,

kidneys, stomach, intestine, muscle, skin, bone and tumor, respectively.

irradiation was sufficiently curbed, showing the highest antitumor ef-
ficacy of all treatments. Next, hematoxylin and eosin (H&E) staining
and terminal deoxynucleotidyl transferase-mediated dUTP-biotin nick
end labeling (TUNEL) staining of tumor slices was employed to further
evaluate the enhanced PDT efficacy. The group treated with PA-
Apt-CHO-PEG and 670-nm irradiation showed the most severe tumor
cell damage with condensed nuclei, additional vacuoles and changed
cell shapes revealed by H&E staining (Fig. 5d). Furthermore, Based on

TUNEL staining, tumor on the mice treated with PA-Apt—-CHO-PEG + L
showed the highest apoptosis levels, following the same trend as H&E
results. During treatment, mice in the treatment group (PA-Apt-CH-
O-PEG + L) showed normal behavior, and their body weight remained
stable throughout the experiment (Supporting Fig. S5). To further study
the physiological toxicity of PA-Apt—-CHO-PEG, major organs, including
liver, spleen, kidney, heart and lung, were harvested and sectioned for
H&E staining after 18 days of treatment (Supporting Fig. S6), and no
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Fig. 4. In vivo PDT using PA-Apt—-CHO-PEG. (a) Schematic illustration for TME-responsive decomposition of PA-Apt-CHO-PEG to release ApDCs for deep interstitial
penetration and effective tumor-targeted therapy. (b) Confocal imaging collected from mice treated with PA-Apt, PA-Apt-NHS-PEG, or PA-Apt—-CHO-PEG. The cyan
and red signals stand for PA fluorescence and anti-CD31-stained blood vessels, respectively. (c) The quantification of Pearson's correlation coefficient (Rr) from (b). A
higher value of Rr stands for a higher level of colocalization of fluorescent signals between PA and blood vessels. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

obvious signs of abnormality or acute toxicity of those PA-Apt—CH-
O-PEG nanostructures were evident in the treated mice.

4. Conclusion

In conclusion, we have designed and constructed a closely coupled
PA-Apt—-CHO-PEG nanostructure for in vivo TME-triggered targeted
bioimaging and PDT. Compared to traditional ApDCs, the PA-
Apt—-CHO-PEG nanostructure demonstrated prolonged blood circula-
tion and retention, owing to conjugated PEG, which endows the na-
nostructure with “stealth-like” behavior without specific recognition
capability. Once inside solid tumor with acidic TME, however, the
cleavage of Schiff base bonds between aptamer and PEG induced the
decomposition of the conjugated PA-Apt—-CHO-PEG structure, allowing
in situ formation of ApDCs for diffusion deep inside the tumor, speci-
fically targeting cancer cells. As a result of these mechanisms acting
together, highly efficient in vivo PDT was achieved after systemic in-
jection of PA-Apt—-CHO-PEG into mice at rather low doses. Based on the
excellent in vivo performance of the pH-responsive PA-Apt—-CHO-PEG
nanostructure, we have developed a facile, yet efficient, strategy for
clinical application of ApDCs.
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