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Abstract

Activatable theranostic agents, which combine fluorescent reporters with masked chemothera-
peutic agents that are activated by tumor-associated stimuli, would be attractive candidates to
improve the tumor selectivity of chemotherapy. This work reports a ROS/GSH dual-activatable and
O,-evolving theranostic nanosystem (RA-S-S-Cy@PLGA NPs) for highly selective therapy against
hypoxic tumors and in situ fluorescence-tracking of cancer chemotherapy.

Methods: In this system, the newly designed theranostic agent (RA-S-S-Cy) is composed of a
disulfide bond as a cleavable linker, a near infrared (NIR) active fluorophore as a fluorescent tracker,
and a natural cyclopeptide RA-V as the active anti-cancer agent. Upon reaction with the high level of
intracellular glutathione (GSH), disulfide cleavage occurs, resulting in concomitant active drug RA-V
release and significant NIR fluorescence increase. To further improve the tumor targeting of
RA-S-S-Cy and achieve redox dual-responsiveness, RA-S-S-Cy was incorporated into the
c¢(RGDfK)-targeted PLGA nanoparticles together with an O,-generating agent (catalase) to produce
RA-S-S-Cy@PLGA NPs.

Results: The cell-specific and redox dual-activatable release of RA-V lead to enhanced therapeutic
outcomes in vivo and in vitro. More significantly, the RA-S-S-Cy@PLGA NPs were successfully
applied for monitoring of drug release and chemotherapeutic efficacy in situ by “turn-on” NIR
fluorescence.

Conclusions: RA-S-S-Cy@PLGA NPs would be efficient theranostic nanosystems for more
precise therapy against hypoxic tumors and provides a potential tool for deeper understanding of
drug release mechanisms.

Key words: cancer, theranostic system, hypoxic tumor, ROS/GSH dual-activatable, cyclopeptide RA-V,
fluorescence imaging

Introduction

Chemotherapy involving the use of cytotoxic
drugs is a dominant treatment modality for various
cancers because of its high efficiency [1]. Although
various anti-cancer drugs have been utilized extensi-

have major limitations such as poor bioavailability,
nonspecific selectivity, multidrug resistance, and high
systemic toxicity [2]. Therefore, the search for new
chemotherapy agents has received broad attention as

vely in clinical practice, traditional chemotherapeutics a promising approach to improve therapeutic
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outcome [3]. RA-V (deoxybouvardin), a unique
homodicyclohexapeptide [4], was isolated by us from
several Rubia plants [5-8], including R. yunnanensis, R.
schumanniana, R. cordifolia and R. podantha. Our
previous studies have shown that RA-V exhibits anti-
tumour activities in vitro and in vivo, and suppresses
inflammation, angiogenesis, and protective tumor cell
autophagy and induces apoptosis [9-13]. Neverthe-
less, RA-V has been limited in its application to cancer
therapy in vivo because of its poor solubility in
physiological conditions. To improve its solubility,
several drug delivery systems had been constructed
by us, such as pH-responsive RA-V/squaraine-loaded
micelles, and multi-organelle-targeted nanoparticles
[14-15]. However, their low tumor selectivity against
human cancer is still a limitation for clinical
applications of RA-V.

To address these problems, an activatable
theranostic agent that combines fluorescent reporters
with masked chemotherapeutic agents that are
activated by tumor-associated stimuli would be an
attractive candidate [16-18]. Typically in such prodrug
systems, the chemotherapeutic agent is linked to a
fluorophore with a cleavable linker, allowing
conversion to the cytotoxic drug in the cells [19]. The
activatable theranostic agent can specifically kill
diseased cells that differ from normal cells by
inclusion of functional groups that are responsive to
tumor markers [20]. Meanwhile, the cleavage of the
linker also produces an easy-to-monitor fluorescence
change [21]. The activatable fluorescence can realize
real-time monitoring of drug release specifically in the
tumor [22]. The cleavable linker in activatable
theranostic agents is typically chosen to respond to
tumor microenvironment-specific features including
hypoxia [23], acidity [24], interstitial hypertension
[25], and chronic inflammatory response [26]. Among
these tumor microenvironment activatable agents,
redox-sensitive drug delivery systems are of
particular interest because of the higher glutathione
(GSH) concentrations present in cancer cells [27]. In
addition to the high level of GSH, a high level of ROS
(such as HxO») is generated by cancer cells compared
to normal cells, which is primarily attributed to
chronic inflammation, cell proliferation or DNA
alterations [28]. Since high levels of ROS and GSH are
recognized as characteristic features of cancer, many
studies have focused on the construction of ROS- or
GSH-activatable theranostic agents [29]. However,
there are limited examples of theranostic agents
specifically responsive to both ROS and GSH stimuli.

We herein reported a redox dual-activatable and
Oz-evolving theranostic nanosystem for highly
selective chemotherapy against hypoxic tumors and
in situ fluorescence-tracking of drug release (Scheme

1). In this study, the theranostic agent (designated
RA-5-5-Cy) was developed with a unique natural
cyclopeptide RA-V as the activatable anticancer agent,
and Cy5.5 was included as a near-infrared (NIR)
fluorophore to monitor activation of RA-V. The
fluorescent dye Cy5.5 was linked to the disulfide
linker by an amide group, and the disulfide linker
could be cleaved by intracellular GSH (Scheme 1A).
When Cy55 and RA-V were linked covalently
through the disulfide linker, the fluorescence of Cy5.5
was quenched due to efficient photoinduced electron
transfer (PET) [30] from the RA-V moiety (electron
donor) to the singlet excited state of the Cy5.5 moiety
(electron acceptor fluorophore). The presence of an
electron-donating methoxyl group in RA-V lead to the
effective PET process. Once the disulfide linker was
cleaved by GSH, the PET efficiency decreased, and the
fluorescence of Cy5.5 was “switched on”. As the
fluorescence of Cy5.5 and cytotoxicity of RA-V were
quenched when linked, cleavage of the disulfide bond
realized an efficient increase in anticancer activity, as
well as enabled monitoring of drug release in a
noninvasive manner. To construct the redox
dual-responsive theranostic nanoparticles (designated
RA-5-5-Cy@PLGA NPs), RA-5-5-Cy was loaded into
(D,L-lactic-co-glycolic acid) (PLGA) nanoparticles
modified with a tumor-targeting cyclic pentapeptide
¢(RGDfK) [31], and catalase was incorporated into the
aqueous core of RA-S-5-Cy@PLGA NPs as an
Os-generating agent (Scheme 1B). H,O, easily
penetrated the lipophilic shells into the aqueous cores
of RA-5-5-Cy@PLGA NPs [32] then it was catalyzed
by catalase to quickly generate O, gas, causing
rupture of the PLGA shell to accelerate degradation of
RA-5-S5-Cy@PLGA NPs and subsequent release of
RA-S-5-Cy. As a result, the released RA-S-5-Cy was
selectively activated by intracellular GSH, resulting in
cellular apoptosis and enhanced NIR fluorescence.
More importantly, the O, produced by RA-S-S-Cy
@PLGA NPs could overcome the hypoxia problem in
tumor tissue to improve chemotherapy efficiency, as
hypoxia poses an obstacle for cancer therapy.

Methods

Materials

Poly(D, L -lactic-co-glycolic acid) (PLGA, with a
lactide/ glycolide molar ratio of 75:25 and an inherent
viscosity of 0.17 dL g1) was obtained from Daigang
BIO Engineer Ltd. Co. (Shandong, China). Catalase,
H>O,, GSH, 1-ethyl-3-[3-(dimethylamino)propyl] car-
bodiimidehydrochloride (EDC), N-hydroxysuccinim-
ide (NHS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT), 9,10-phenan-threnequin-
one, poly(vinyl alcohol) (PVA, MW=57-66 kDa),
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3,3’-dioctadecyloxacarbocya-nineperchlorate ~ (DiO)
and other chemical reagents were all obtained from
Sigma-Aldrich (St. Louis, MO, USA). ¢(RGD{K) was
obtained from Sangon Biotech Ltd. Co (Shanghai,
China). Hoechst 33342, LysoTracker Red, MitoTracker
Red, ER Tracker Red were obtained from Invitrogen
(Carlsbad, CA, USA). RA-V was isolated from Rubia
yunnanensis as described earlier [6]. Ultrapure water
was prepared using a Millipore Simplicity System
(Millipore, Bedford, USA).

Synthesis and characterization of RA-S-S-Cy
RA-V (11 mg, 1.0 eq) and 3,3'-dithiodipropionic

acid (7.6 mg, 2.5 eq) were dissolved in dry ACN (1
mL) under nitrogen atmosphere. HATU (13.8 mg, 2.5
eq) and HOAt (4.9 mg, 2.5 eq) were added at 0 °C after
DIPEA (6.3 pL, 2.5 eq) was added and stirred for 1 h at
0 °C. Then the reaction was maintained at 45 °C for 36
h after the reaction mixture was filtrated and
concentrated in vacuo. The residue was purified by
Prep-HPLC: 45% ACN/H)O to give 83 mg
compound 2 as a white solid in 60% yield. UPLC-MS:
[M+H]*: 949.40, [M+Na]*: 971.41.

Compound 2 (5.5 mg, 1.0 eq) and Cyanine 5.5
amine (4.3 mg, 1.0 eq) were dissolved in dry ACN (1
mL) under nitrogen atmosphere. HATU (6.6 mg, 3 eq)

and HOAt (2.4 mg, 3 eq) were added

e ® at 0 °C after DIPEA (3 pL, 3 eq) was

A a ) B, {@m added and stirred for 1 h at 0 °C.
NSNS m_ A =0 Then the reaction was maintained at

u %ﬁ o o e 45 °C for 24 h after the reaction

PdCyss5 j%«ﬁmj Y & T = mixture was filtrated and concentr-

R 'L(a B ated in vacuo. The residue was

g - R, g purified by silica gel flash chromato-

HP}_LT o 3 HOOG = Sng ~~-COOH M‘l'/\/s‘y\/go graphy (Chloroform: MeOH = 30:1-

2:0 Z.Ne_' HAW o RA-5-5-Cy 10:1) to give 4.0 mg of compound.3
9 ' Z ' (HCI salt) as a dark blue powder in
%B s"‘ 43 % yield. 'TH NMR (600 MHz,
CsDsN, mixture of two rotamers): §

e 9.92 (1H, d, ] = 7.9 Hz), 8.67-8.61 (3H,

#* RA-V overlap), 8.57 (1H, s), 8.43 (1H, m),

8.17 (2H, d, ] = 7.7 Hz), 8.10-8.03 (9H,

B overlap), 7.67-7.61 (8H, overlap),
o 7.56-7.52 (2H, m), 744 (2H, d, | = 8.6

o* 'S ) .- #  Hz),739(1H,d, ]=7.8 Hz), 7.35 (1H,

RA-S-S-CS ot > s), 7.28-7.27 (5H, overlap), 7.08-7.01

b ¢(RGDfK) - (8H, overlap), 6.95 (1H, d, | = 8.2 Hz),

catalase

PLGA shell

Scheme 1. (A) Syntheses of activatable RA-S-S-Cy prodrug. (B) Schematic illustration of the
RA-S-S-Cy@PLGA NPs structure and the mechanism of cytotoxicity and fluorescence enhancement
produced by RA-S-S-Cy@PLGA NPs upon exposure to GSH.

RA-S-S-Cy@PLGA NPs

6.91-6.82 (3H, overlap), 6.59 (1H, d, |
=13.6 Hz), 6.41 (1H, d, ] = 13.6 Hz),
5.91-5.84 (2H, m), 5.73 (1H, d, J=11.3
Hz), 5.53-5.46 (3H, overlap), 5.36 (2H,
brs), 5.04-5.02 (1H, overlap), 4.95
(1H, d, ] = 11.8 Hz), 4.89-4.85 (2H, m),
4.64 (1H, s), 4.23-4.19 (3H, overlap),
410-4.08 (1H, m), 3.93 (1H, t, ] = 12.7
Hz), 3.81 (1H, dd, J = 13.3, 3.4 Hz),
3.71 (BH, s), 3.67-3.59 (6H, overlap),
3.50 (1H, s), 3.44-3.43 (5H, overlap),
3.30-3.24 (5H, overlap), 3.21-3.15 (5H,
overlap), 3.08 (1H, s), 2.99-2.97 (7H,
overlap), 2.88 (2H, t, ] = 6.8 Hz), 2.85
(2H, t, J=7.4Hz),2.61 (1H, d, J=11.0
Hz), 2.54 (1H, d, ] = 7.7 Hz), 2.47-2.45
(5H, overlap), 213-211 (4H,
overlap), 2.05- 2.03 (4H, overlap),
1.90-1.88 (9H, overlap), 1.86-1.85 (5H,
overlap), 1.57-1.56 (6H, overlap),
1.47-1.46 (6H, overlap), 0.89-0.87 (9H,

[[®
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overlap). 3C NMR (150 MHz, CsDsN, mixture of two
rotamers): 6 175.9 and 175.2,175.1 and 174.8, 173.8 and
173.7,173.5and 173.0,172.9 and 172.2,172.4 and 172.1,
171.3, 171.1, 170.6, 170.1, 169.2, 159.2 and 158.5, 155.8
and 153.8, 153.2 and 153.1, 148.7, 148.6, 148.2, 141.1
and 140.4, 140.0 and 139.8, 139.4 and 139.4, 136.8,
134.5,134.2 and 133.6, 132.7 and 132.7, 131.2 and 130.9,
130.6 and 130.5, 128.8, 128.7, 128.5, 128.5, 126.7 and
126.5, 126.0, 125.9 and 125.8, 125.6, 125.4, 125.1, 123.0,
120.1,115.6 and 114.9,114.9 and 114.8,112.0 and 111.8,
104.2,103.9, 80.2 and 79.9, 69.0 and 67.5, 67.1 and 65.0,
58.1 and 57.7, 55.5 and 55.4, 54.9, 51.7, 51.6, 48.4 and
47.2,45.0 and 44.6, 40.3, 39.8, 39.7, 36.7, 35.6 and 35.5,
35.0 and 34.6, 34.4 and 34.4, 32.9, 32.5 and 31.8, 31.1
and 30.7, 30.4 and 30.3, 30.3, 30.1, 30.0, 29.8, 29.6, 27.9,
275,274,273, 271 and 26.6, 26.0 and 24.1, 23.3 and
14.7. HRESIMS caled for CoH111N10O012S2: [M]*
1611.7806, found 1611.7824.

HPLC analysis

Analysis was performed on a Waters Acquity
HPLC with 2998 PDA system (Waters, UK). The
samples were separated on a 4.6 mm x 50 mm, 2.7 pm
CORTECS C18 column (Waters, UK). A gradient of
0.1% formic acid in water (A) and acetonitrile (B) was
used as follows: a linear gradient of 10-100% B over
0-30 min. The flow rate was 0.5 mL min™. The
chromatographic column and autosampler were
maintained at 45 °C and 4 °C, respectively. Every 10
uL sample solution was injected.

LC/MS analysis

Analysis was performed on a Waters Acquity
UPLC with XEVO-TQD-MS system (Waters, UK). The
samples were separated on a 2.1 mm % 50 mm, 1.7 pm
BEH C18 column (Waters, UK). A gradient of 0.1%
formic acid in water (A) and acetonitrile (B) was used
as follows: a linear gradient of 10-100% B over 0-25
min. The flow rate was 0.3 mL min™. The chromate-
graphic column and autosampler were maintained at
45 and 4°C, respectively. Every 2 uL sample solution
was injected.

Fabrication and characterization of
RA-S-S-Cy@PLGA NPs

RA-S-5-Cy@PLGA NPs were prepared using a
water-in-oil-in-water (W/O/W) double-emulsion,
solvent-diffusion-evaporation approach method [33].
A 2.5 mg catalase powder was added to 1 mL PVA
aqueous solution (10 mg mL™1) and then mixed
thoroughly for 15 min. Subsequently, the mixture was
emulsified with 2 mL of PLGA solution (5 mg mL in
CHCl,) containing DiO (1 mg mL™") and RA-5-5-Cy
(1 mg mL™) to obtain the primary W/O emulsion.
The primary emulsification was carried out by using
an ultrasonicator for 1 min in an ice bath. The primary

emulsion was then added to 6 mL of PVA aqueous (20
mg mL1) and emulsified by using an ultrasonicator
for 1 min in an ice bath to form the W/O/W
double-emulsion. To evaporate CH>Cl, and solidify
the particles, the resultant double-emulsion was
transferred into 20 mL of ultrapure water and stirred
overnight at room temperature. After washing three
times with ultrapure water, the PLGA NPs were
collected by centrifugation. The reaction processes for
conjugation of NHy-containing c(RGDfK) with
carboxyl-containing PLGA nanoparticles via covalent
amide bond involves EDC/NHS activation of
carboxylic acids and the following amidation reaction
[34]. A NP suspension (150 pL, 10 mg mL-?) was
treated with 400 mM EDC and 100 mM NHS in water
for 15 min at room temperature with agitation to give
the corresponding PLGA-NHS ester. The activated
NPs were washed twice using the Amicon centrifugal
filter units to remove unreacted EDC and NHS and
then c(RGDfK) was added into the PLGA NPs
suspension at a mass ratio of 10% to PLGA, agitating
for 2 h at room temperature. The resulting NPs were
washed three times with water with Amicon
centrifugal units and re-suspended in water for
storage. The surface morphology of the as-prepared
RA-5-5-Cy@PLGA NPs was investigated by scanning
electron microscopy (SEM, Hitachi s-4800 high
resolution). The transmission electron microscopy
(TEM, JEM-2100) measurement of RA-5-5-Cy@PLGA
NPs was prepared by dropping the solution onto a
carbon-coated copper grid following negative
staining with 2.0% (w/v) phosphotungstic acid. The
particle size of RA-S5-5-Cy@PLGA NPs were
measured by dynamic light scattering (DLS) (a
Mastersizer 2000 particle size analyzer) with a fixed
scattering angle of 90°. Zeta potential measurement
was performed at 25 °C on a Malvern Zeta sizer-Nano
Z instrument. An ultrasound imaging system with a 7
MHz linear-array transducer (Toshiba Nemio 30,
Japan) was utilized to visualize the O, bubbles
generated by RA-S5-5-Cy@PLGA NPs in a test tube
containing H>O» at 25 °C.

Cell culture and confocal fluorescence imaging

Human colon cancer cell line (HCT-116 cells)
and human breast cancer cell line (MCF-7 cells) were
seeded at a density of 1x10¢ cells mL-" in RPMI 1640
supplemented with 10% FBS, NaHCO; (2 g L) and
1% antibiotics (penicillin/streptomycin, 100 U mL"7).
The cells were maintained in a humidified incubator
at 37 °C, in 5% CO/95% air. One day before imaging,
cells were passed and plated on 18-mm glass bottom
dishes. Cell imaging was carried out after washing
cells with PBS three times. Confocal fluorescence
microscopy images of the cells were obtained using a
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ZEISS Laser Scanning Microscope: LSM 710.

Cytotoxicity assay

The cytotoxicities of empty NPs, RA-5-5-Cy@
PLGA NPs (without catalase), free RA-V, RA-S-5-Cy,
and RA-5-S5-Cy@PLGA NPs were investigated by the
MIT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide] assay. Cells (10¢ cells mL™) were
dispersed within replicate 96-well microtiter plates to
a total volume of 200 pL/well. The empty NPs,
RA-5-5-Cy@PLGA NPs (without catalase), free RA-V,
RA-5-5-Cy, and RA-5-5-Cy@PLGA NPs at specific
concentrations were added to the culture medium.
Cells were incubated for an additional 48 h and then
20 pL of 5 mg mL-* MTT solution in pH 7.4 PBS was
added to each well. After incubation for 4 h, the
culture plates were centrifuged and the medium was
removed. DMSO (150 pL) was added to each well and
the absorbance of the dissolved formazan was
measured at 570 nm using an ELISA plate reader.
Calculation of the half lethal dose (IC50) values was
done according to Huber and Koella [35].

In vivo imaging study

Tumor models were established in BALB/c nude
mice by injecting 1x10¢ HCT-116 cells subcutaneously
into the selected positions. All animal operations were
performed in accordance with institutional animal use
and care regulations approved by the Model Animal
Research Center of China Pharmaceutical University.
Time-dependent in wvivo fluorescence images of
subcutaneous HCT-116 tumor-bearing mice after i.v.
injection of 10 mg kg™ RA-5-5-Cy@PLGA NPs (~30
pg RA-5-5-Cy per 1 mg RA-5-5-Cy@PLGA NPs), Cy
NPs, or RA-5-5-Cy@PLGA NPs (without catalase). At
8 h and 24 h, the mice were placed in the chamber of
an in vivo imaging system (CRi, MA, USA). After the
24 h scanning, the mice were euthanized and the
tumor, heart, liver, spleen, lung, kidney and intestine
were excised for ex vivo imaging.

In vivo antitumor efficacy on subcutaneous
tumor model

In vivo targeted treatment was performed using
HCT-116 tumor-bearing mice. The tumor-bearing
mice were randomly divided into different groups
and treated i.v. with saline, empty NPs, RA-5-5-Cy@
PLGA NPs (without catalase), RA-V cNPs, RA-S-S-
Cy, and RA-5-5-Cy@PLGA NPs at a RA-V dosage of 1
mg kg1, respectively. Each group contained six mice.
From day 0, the mice were intravenously injected with
sample every two days for 12 days, and tumors were
measured using a caliper every two days. The
therapeutic effects were evaluated by monitoring the
tumor volumes and by H&E staining.

Results and Discussion

Characterization of RA-S-S-Cy and
RA-S-S-Cy@PLGA NPs

RA-5-5-Cy is comprised of RA-V as an antitumor
agent, Cy5.5 as an imaging agent, and a disulfide
linker that is readily cleaved by GSH, which is
relatively abundant in cancer cells. RA-5-5-Cy was
prepared according to the synthetic route outlined in
Scheme S1. The structure of RA-5-5-Cy was
characterized with TH NMR, 13C-NMR and HRMS
(Figures S1-S3). The chromatograms from HPLC and
LCMS (Figure S4 and Figure S5) were used to assess
the purity of the conjugate.

The loading capacity and the encapsulation
efficiency of RA-V in RA-5-5-Cy@PLGA NPs were
determined with HPLC to be about 3%+0.1% and 65+
2.5%, respectively. Transmission electron microscopy
(TEM) indicated that RA-S-S-Cy@PLGA NPs were
spherical with a relatively uniform size (Figure 1A).
The average hydrodynamic diameter of RA-5-5-Cy@
PLGA NPs was approximately 220 nm (PDI=0.11) as
measured by dynamic light scattering (DLS) (Figure
1B). The zeta potential of the NPs was -20 mV,
suggesting stability in aqueous medium. After
conjugation with c(RGDfK), the zeta potential of
RA-5-5-Cy@PLGA NPs changed to -16 mV due to the
positive charge from arginine in c(RGDfK),
confirming the presence of c(RGDfK) at the surface.
The long-term stability of RA-S-5-Cy@PLGA NPs, in
terms of size and fluorescence, was investigated by
DLS and fluorescence spectroscopy, respectively. The
hydrodynamic diameter and fluorescence of
RA-5-5-Cy@PLGA NPs did not change for at least one
week in two commonly used biological media (Figure
S6 and Figure S7), indicating that RA-5-5-Cy@PLGA
NPs have long-term stability in physiological
environments. The morphological changes of
RA-5-5-Cy@PLGA NPs in the presence of HO, were
investigated by SEM. When incubated with 100 uM
H>O,, small pores were observed on the shell of
RA-5-5-Cy@PLGA NPs after 4 h and the pore size
increased over time. After 24 h incubation with HxO,,
the shells of RA-5-S-Cy@PLGA NPs were completely
ruptured. In contrast, the RA-5-S-Cy@PLGA NPs
without H>O; incubation and RA-5-5-Cy@PLGA NPs
(without catalase) in the presence of H»O, had a
smooth surface and a dense morphology over 24 h
(Figure 1C). Ultrasound imaging demonstrated that
once HyO, infiltrated the PLGA shell wall and was
catalysed by catalase in the aqueous core, O, bubbles
were generated instantly to disrupt RA-5-5-Cy@
PLGA NPs (Figure 1D).
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Figure 1. (A) TEM micrographs of RA-S-S-Cy@PLGA NPs. Scale bar: 200 nm. (B) Size distribution of RA-S-S-Cy@PLGA NPs characterized by DLS at 25 °C. Insets:
TEM micrograph of RA-S-S-Cy NP. Scale bars: 50 nm. (C) SEM micrographs of RA-S-S-Cy@PLGA NPs incubated with and without 100 pM HO, or
RA-S-S-Cy@PLGA NPs (without catalase) incubated with 100 pM H,O for 24 h. Scale bars: 50 nm. (D) Ultrasound images of RA-S-S-Cy@PLGA NPs suspended in

media with H2O; at different concentrations.

Fluorescence response of RA-S-S-Cy and in
vitro release of RA-V from RA-S-S-Cy

The responsiveness of RA-S-5-Cy to GSH was
investigated by its fluorescence intensity response. As
shown in Figure 2A, a 10-fold fluorescence
enhancement was observed with increasing amount
of GSH due to cleavage of the disulfide linker. There
was good linearity (R=0.995) between fluorescence
intensity at 710 nm and the amount of GSH (0-24
equivalence). The fluorescence intensity of RA-S-5-Cy
in the absence and presence of GSH at different pH
values was also investigated. As shown in Figure 2B,
RA-S5-5-Cy was stable between pH 4.5 and 10.5, but
when exposed to 1 mM GSH, significant fluorescence
enhancement was observed over a pH range of
4.5-7.5, which can be explained by the pH-dependent
conformational behavior of GSH [36]. The results
indicated that RA-5-5-Cy could wundergo thiol-
induced cleavage within the physiological pH range.
Interference of other intracellular substances was

tested to study the selectivity of RA-S5-S-Cy. Figure S8
shows that RA-S5-5-Cy exhibited significant
fluorescence enhancement when treated with GSH,
whereas its response toward other substances was
negligible, indicating the specificity of RA-S-5-Cy to
GSH. The GSH-triggered drug release from RA-S-S-
Cy was monitored by high performance liquid
chromatography (HPLC) (Figure S9). In the presence
of 1 mM GSH, cumulative release of RA-V reached
~100% within 24 h. Fluorometric time-dependent
analysis showed that the amount of RA-V released
was correlated with the increase in fluorescence
intensity at 710 nm in the presence of GSH (Figure
2C). Furthermore, the drug release and fluorescence
responsiveness of RA-5-5-Cy@PLGA NPs were both
investigated in the presence or absence of H.O, and
GSH (Figure S10 and Figure 2D). The results showed
that RA-S-5-Cy@PLGA NPs could achieve precisely
triggered smart release in response to H»O,/GSH-
dual stimuli, thereby enhancing therapy efficiency.
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Figure 2. (A) Fluorescence spectra of RA-S-S-Cy (5 pM) recorded in the presence of different concentrations of GSH in PBS buffer. (B) Fluorescence intensity at
710 nm determined in the absence and presence of GSH (1 mM) at different pH values. All measurements were made at 37 °C using an excitation wavelength of 630
nm. (C) Fluorescence response of RA-S-S-Cy (5 pM) as a function of time in the presence and absence of GSH. Excitation was at 630 nm. (D) Fluorescence response
of RA-S-S-Cy@PLGA NPs as a function of time in the presence and absence of GSH (I mM) and H203 (50 uM). Excitation was at 630 nm.

Cellular selectivity and localization of
RA-S-S-Cy@PLGA NPs

In order to visualize and localize RA-5-5-Cy@
PLGA NPs in cancer cells, a fluorescent tracker,
3,3'-dioctadecyloxacarbocyanineperchlorate  (DiO),
was inserted into the shell of RA-S-5-Cy@PLGA NPs.
After incubating with a,[3; integrin-rich HCT-116 cells
for 2 h, green fluorescence of DiO was observed in the
cytoplasm, indicating efficient internalization of
RA-S-5-Cy@PLGA NPs into HCT-116 cells. In
contrast, MCF-7 cells, which lack significant express-
ion of a,Ps [37], showed very weak fluorescence signal
after incubation with RA-5-S-Cy@PLGA NPs for 2 h
(Figure 3). To further confirm that the specific
internalization of RA-5-5-Cy@PLGA NPs was due to
selective recognition of c(RGDfK), immunoglobulin G
antibody [38] was used to replace the c(RGDfK) on
RA-S-5-Cy@PLGA NPs as a negative control. The
resulting RA-5-5-Cy@PLGA NPs (modified with IgG)
were not efficiently uptaken by HCT-116 cells after 2 h
incubation (Figure 3). The results suggested that
RA-5-5-Cy@PLGA NPs are specifically recognized by
av3 integrin-rich tumor cells by virtue of ¢(RGDfK).

To further confirm that cRGDfk plays an
important role in the selective internalization of

RA-5-5-Cy@PLGA NPs into ayfs integrin-rich tumor
cells, the cellular uptake of RA-5-S-Cy@PLGA NPs
(without cRGD) was also investigated. HCT-116 cells
showed negligible fluorescence signal after being
incubated with RA-5-5-Cy@PLGA NPs (without
cRGD) for 2 h. As an additional control, excess cRGD-
fk was added for 30 min before RA-S-S-Cy@PLGA
NPs incubation; internalization of RA-S-5-Cy@PLGA
NPs into HCT-116 cells was obviously blocked
(Figure 3), which indicated that the targeted delivery
of RA-5-5-Cy@PLGA NPs was aided by the specific
interaction of ¢(RGDfK) with a3 integrin.

To investigate the subcellular localization of
RA-5-5-Cy@PLGA NPs, intracellular co-localization
assays were carried out with ER Tracker Red,
LysoTracker Red, Mito Tracker Red and Hoechst
33342. According to Figure 4, the co-localization
staining clearly showed that the fluorescence appears
mainly around the lysosome (colocalization efficient=
96%), whereas negligible fluorescence was observed
in mitochondria (colocalization efficient=3.2%), endo-
plasmic reticulum (colocalization efficient=4.1%) or
nucleus (colocalization efficient=0.9%). This observa-
tion suggested that RA-S5-5-Cy@PLGA NPs was
internalized into lysosomes of ayf; integrin-rich cells
via receptor-mediated endocytosis.
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Figure 3. Confocal fluorescence imaging of HCT-116 cells and MCF-7 cells. HCT-116 cells were incubated with 50 pg mL™! RA-S-S-Cy@PLGA NPs (without
cRGD), RA-S-S-Cy@PLGA NPs (modified with IgG) or 50 pg mL™! RA-S-S-Cy@PLGA NPs for 2 h. For a competitive inhibition assay, HCT-116 cells were pretreated
with excess free cRGD followed by incubation with 50 ug mL™! RA-S-S-Cy@PLGA NPs for 2 h. MCF-7 cells were incubated with 50 ug mL™! RA-S-S-Cy@PLGA NPs

for 2 h. Scale bars: 20 ym.

Real-time monitoring of intracellular release
of RA-V

The unique redox dual-responsiveness and the
activatable fluorescence of RA-5-5-Cy@PLGA NPs
made them suitable for selective imaging of cancer
cells and monitoring of drug release in situ. To assess
this capability, the intracellular delivery of RA-S-S-
Cy@PLGA NPs and the redox-triggered release of
RA-V were tracked in real-time by confocal fluoresc-
ence imaging. Phorbol myristate acetate (PMA),
through the activation of NADPH oxidase and the
formation of superoxide, is converted to other reactive
oxygen species such as H>O» [39]. Thus, HCT-116 cells
were stimulated by PMA to induce H,O, generation
[40]. The PMA-stimulated HCT-116 cells displayed
strong green fluorescence in lysosomes after a 2 h
incubation of RA-S-5-Cy@PLGA NPs (Figure 5),
showing that RA-5-5-Cy@PLGA NPs were efficiently
uptaken by cancer cells via receptor-mediated
endocytosis. The PMA-stimulated HCT-116 cells were
then incubated with fresh culture medium for an
additional 4 h; the green fluorescence of DiO in
lysosomes had no obvious change, whereas the red
fluorescence of Cy5.5 in cell cytoplasm was increased

significantly (Figure 5). The results demonstrate the
specific H>Oo-mediated release and subsequent
GSH-induced activation of RA-5-5-Cy. The redox-
activatable fluorescence imaging capability of RA-S-S-
Cy@PLGA NPs allowed for more precise theranostics
at the subcellular level, providing a convenient
method for real-time monitoring of drug delivery and
therapeutic efficacy in a noninvasive manner.

Evaluation of antitumor activity of
RA-S-S-Cy@PLGA NPs in vitro

The in witro cytotoxicity of empty NPs,
RA-S-5-Cy@PLGA NPs (without catalase), free RA-V,
RA-S-5-Cy, and RA-S5S-Cy@PLGA NPs was
investigated by the MTT assay. The empty NPs
showed no cytotoxicity to HCT-116 cells and NCM460
cells (Figure S11). RA-5-5-Cy showed stronger
cytotoxicity than free RA-V to HCT-116 cells. The
enhancement was attributed to the GSH-triggered
rapid release of RA-V in the cells, which led to a
buildup of intracellular local drug and thus induced
cell apoptosis. Moreover, the positive charge of the
NHs* group on the Cy5.5 of RA-5-5-Cy enhanced
selective cellular uptake [41]. RA-5-5-Cy@PLGA NPs
showed significant cytotoxicity to HCT-116 cells,
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which was higher than that of free RA-V (Figure 6),
indicating the enhancement of antitumor activity by
incorporating RA-V into the redox-responsive nano-
system. To investigate whether the c¢(RGDfK) and
H>Os-responsive features of RA-S-5-Cy@PLGA NPs
played a key role in improving the antitumor activity
of RA-V, RA-5-5-Cy@PLGA NPs (without catalase)
and RA-5-5-Cy were also used for comparison in MTT
assay. As shown in Figure 6, RA-S5-5-Cy@PLGA NPs
(without catalase) and RA-5-5-Cy exhibited lower
cytotoxicity at the same concentration compared to
RA-S5-5-Cy@PLGA NPs. The MTT assay results
revealed that the cytotoxicity of RA-V in
RA-S-S-Cy@PLGA NPs was improved by exploiting
H>Os-responsive payload release and GSH-activated

RA-S-S-Cy@PLGA NPs ER Tracker Red

MitoTracker Red

RA-S-S-Cy@PLGA NPs

Hoechst 33342

RA-S-S-Cy@PLGA NPs

RA-S-S-Cy@PLGA NPs LysoTracker Red

disulfide bond breaking, which increase the local drug
concentration to effectively induce tumor cells
apoptosis. After being uptaken by HCT-116 cells via
receptor-mediated endocytosis into the lysosome
(Figure 4) and triggered by the intracellular stimulus,
RA-S-5-Cy@PLGA NPs rapidly released their drug
payload, leading to a buildup of an intracellular local
drug concentration that was higher than the
cell-killing threshold and thus led to cell death. These
observations suggested that the role of the
RGD-targeted and redox-responsive nanosystem was
analogous to that of a “Trojan Horse” which hides
and transports soldiers (anticancer drugs) across the
walls of the castle (cell membranes) [42].

Overlay

Overlay

Overlay Magnified images

Magnified imagég %

Overlay

Figure 4. Co-localization images of RA-S-S-Cy@PLGA NPs in HCT-116 cells. HCT-116 cells were incubated with RA-S-S-Cy@PLGA NPs at 37 °C for 2 h, and then
incubated with 100 nM LysoTracker Red, ER Tracker Red, Hoechst 33342 and MitoTracker Red 10 min. Scale bar: 20 um.
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Figure 6. MTT assay of HCT-116 cells in the presence of different
concentrations of empty NPs, RA-S-S-Cy@PLGA NPs (without catalase), free
RA-V, RA-S-S-Cy, and RA-S-S-Cy @PLGA NPs. Data are mean + SD (n=3). *P <
0.05, *P < 0.01, ***P < 0.001.

In vivo targeted imaging and in situ tracking of
drug release in subcutaneous tumor-bearing
mice

Owing to the intrinsic redox-activatable fluore-
scence of RA-5-5-Cy@PLGA NPs, in situ monitoring
of drug release specifically in tumors could be
realized by non-invasive near-infrared fluorescence
imaging. To assess this, time-dependent in vivo
imaging was performed in subcutaneous HCT-116
tumor-bearing BALB/c nude mice. After injection of

10 mg kg RA-5-5-Cy@PLGA NPs, the fluorescence
in the tumor region increased significantly and could
be distinguished from the normal tissues within 24 h
post injection (Figure 7A). The ex vivo fluorescence
images showed that only the tumor tissue displayed
strong fluorescence signal, while other organs (liver,
lung, etc.) displayed negligible fluorescence signal,
indicating tumor-specific activation of the RA-S-S-
Cy@PLGA NPs (Figures 7B-C). To further confirm
that the highly specific tumor imaging was attributed
to HyO»r-triggered payload release and GSH-
activatable fluorescence of RA-S-5-Cy@PLGA NPs,
Cy NPs (RA-5-5-Cy replaced with Cy5.5) and
RA-S-5-Cy@PLGA NPs (without catalase) were used
for in vivo imaging as controls. At 24 h post injection of
Cy NPs, the fluorescence in liver and kidney were
higher than that of RA-S-5-Cy@PLGA NPs-treated

mice, which suggested that the redox
dual-responsiveness played a key role in
tumor-specific ~ fluorescence  activation. = The

fluorescence in the tumor after treatment with
RA-5-5-Cy@PLGA NPs (without catalase) was very
weak because the fluorescence of Cy5.5 in RA-5-5-Cy
was quenched when linked to RA-V. Due to the lack
of HoOsx-triggered drug release feature, RA-5-5-Cy@
PLGA NPs (without catalase) could not release
RA-5-5-Cy and activate the fluorescence of Cy5.5. To
demonstrate the role of ¢(RGDfK) moiety in enhanc-
ing selective celluar uptake of RA-5-5-Cy@PLGA NPs,
a RA-5-5-Cy@PLGA NPs treatment group and a free
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cRGD peptide blocking group were also used for in
vivo imaging. The tumor-targeted fluorescence
activation of RA-5-S-Cy@PLGA NPs (without cRGD)
was lower than that of RA-5-S-Cy@PLGA NPs, and
the fluorescence activation of RA-S-S-Cy@PLGA NPs
was blocked by excess free ¢(RGDfK) (Figure S12).
These results confirm that RA-5-S-Cy@PLGA NPs
could achieve in vivo targeted tumor imaging and in
situ tracking of drug release, which provides signi-
ficant advancement in cancer therapeutic monitoring
and deeper exploration of theranostic drug-delivery
systems.

Evaluation of the antitumor activity of
RA-S-S-Cy@PLGA NPs in vivo

The in wvivo targeted antitumor activity of
RA-S-5-Cy@PLGA NPs was investigated using a
xenograft mouse model of HCT-116 cells. To assess
tumor growth inhibition, tumor-bearing mice were
intravenously injected with saline, empty NPs, RA-S-
S-Cy@PLGA NPs (without catalase), RA-V cNPs,
RA-5-5-Cy, and RA-5-5-Cy @PLGA NPs, and the
tumor volume was measured after treatment (Figure
8A). Tumor growth was significantly suppressed after
administration of RA-S5-5-Cy@PLGA NPs and the

Mice 8 h 24 h

Cy@PLGA NPs RA-S-S-Cy@PLGA NPs

RA-S-S-Cy@PLGA NPs
(without catalase)

Figure 7. (A) Time-dependent in vivo fluorescence images of subcutaneous HCT-116 tumor-bearing mice after i.v. injection of 10 mg kg™ ! RA-S-S-Cy@PLGA NPs,
Cy@PLGA NPs, or RA-S-S-Cy@PLGA NPs (without catalase). The fluorescence images were acquired using an IVIS Spectrum instrument equipped with 675/30 nm
excitation and 720/20 nm emission filters. (B) Ex vivo fluorescence imaging of tumor and normal tissues harvested from the euthanized tumor-bearing nude mice at
24 h post injection of RA-S-S-Cy@PLGA NPs. (C) Ex vivo fluorescence intensity of the major organs and tumor tissues of nude mice 24 h after receiving
RA-S-S-Cy@PLGA NPs, Cy@PLGA NPs, or RA-S-S-Cy@PLGA NPs (without catalase) via tail vein injection. Data are mean * SD (n = 6). *P < 0.05, **P < 0.01, *¥**p
<0.001.

body weights of the mice showed no significant
changes (Figure 8D), indicating the high in wvivo
antitumor efficiency of RA-5-S-Cy@PLGA NPs. Also,
the tumor volume was decreased in wvivo with
increasing RA-5-5-Cy@PLGA NPs dose (Figure S13).
Its therapeutic efficacy was comparable to the same
dose of RA-V cNPs, which are RA-V-loaded control
NPs formed from a widely applied commercial
polymer Pluronic F-127. Since the PEO-PPO-PEO
block copolymer has no biological responsiveness, it
was used as a control polymer to demonstrate the role
of redox dual-responsive vesicle in improving the
antitumor activity of RA-V. The mice treated with
RA-V cNPs exhibited lower tumor growth inhibition
rates compared with those treated with RA-S-S-Cy@
PLGA NPs, validating the enhancement in RA-V
efficiency by its incorporation inside the redox
dual-responsive vesicles. Similarly, the mice treated
with RA-5-5-Cy@PLGA NPs (without catalase) or
RA-S-S5-Cy exhibited lower antitumor effect than
those treated with RA-S5-5-Cy@PLGA NPs. The results
suggested that the ROS/GSH dual-responsive feature
led to precisely triggered release of the payload,
which enhanced the antitumor activity of RA-V.
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Figure 8. (A) Change in tumor volume with various treatments. Data are mean + SD (n=6), *P < 0.05, **P < 0.01, **P < 0.001. (B) Histological observation of the
tumor tissues from various treatment groups stained with H&E. Scale bar: 100 um. (C) Survival rates of tumor-bearing mice with various treatments (n = 6). (D) Body

weight variation of tumour-bearing mice during treatment.

Hematoxylin and eosin (H&E) staining of tissue
sections from the different treatment groups at day 7
post-treatment was performed to further assess the in
vivo chemotherapeutic effect of RA-S-5-Cy@PLGA
NPs (Figure 8B). Large numbers of apoptotic and
necrotic tumor cells were observed after treatment
with RA-5-5-Cy@PLGA NPs, while fewer apoptotic
cells were observed in the tumors of control mice after
other treatments. More importantly, the survival rates
were significantly improved in the mice treated with
RA-5-5-Cy@PLGA NPs compared to other groups
(Figure 8C). The results indicated that RA-S-5-Cy@
PLGA NPs exhibited high in vivo anti-tumor efficiency
owing to the targeted ROS/GSH dual-activatable
cytotoxicity in the tumor. Moreover, H&E-stained
images of tissue sections from different organs of mice
after RA-S-S-Cy@PLGA NPs treatment and age-
matched healthy mice without treatment showed that
RA-5-5-Cy@PLGA NPs selectively treated the tumors
and no obvious pathological abnormalities were
observed on major normal organs including heart,
liver, spleen, lung and kidney of mice. (Figure S14).

Overcoming tumor hypoxia by
RA-S-S-Cy@PLGA NPs

First, generation of O, from RA-5-5-Cy@PLGA
NPs was investigated by ultrasound imaging, which

showed that a large number of O, bubbles were
produced when RA-S-S-Cy@PLGA NPs were incubi-
ted with a low concentration of H»O, (Figure 1D).
Furthermore, to confirm whether RA-S-5-Cy@PLGA
NPs could overcome hypoxia in wvivo, hypoxia-
inducible factor (HIF)-la staining assay [43] was
carried out. As shown in Figure S15, the tumor tissues
of the untreated group and the RA-S5-5-Cy@PLGA
NPs (without catalase) treated-group were stained
dark brown with hypoxic characteristics, indicating
accumulation of HIF-1a under hypoxic conditions. In
contrast, for the RA-S5-5-Cy@PLGA NPs treated-
group, few cells were stained dark brown, suggesting
that RA-5-5-Cy@PLGA NPs could overcome hypoxia
in the tumor owing to generation of O..

Conclusion

In summary, we have successfully constructed a
ROS/GSH dual-activatable and O,-evolving therano-
stic nanosystem (RA-5-5-Cy@PLGA NPs) for highly
efficient therapy against hypoxic tumors and for
real-time monitoring of drug release. Modification
with ¢(RGDfK) on the PLGA shell targeted RA-S5-S-
Cy@PLGA NPs to tumor cells via a,fs; integrin-
mediated uptake. After being selectively taken up by
a3 integrin-rich cancer cells, intracellular H>O»
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penetrated into the RA-5-5-Cy@PLGA NPs, leading to
release of the theranostic molecular probe
(RA-5-5-Cy) accompanied by production of gaseous
O.. Subsequently, the fluorescence and cytotoxicity of
RA-5-5-Cy were activated upon specific GSH-induced
cleavage of the disulfide bond. This ROS/GSH
dual-responsive feature enables controllable release of
the anticancer agent RA-V, which significantly
improved its chemotherapeutic efficiency in the
tumor. More importantly, the activatable NIR
fluorescence made it possible to realize in vivo and in
situ dynamic monitoring of drug release, making
significant advances toward investigations of further
mechanisms of RA-V internalization and cytotoxicity
in tumor cells. Overall, RA-5-5-Cy@PLGA NPs would
be efficient theranostic nanosystems that could
achieve more precise therapy in hypoxic tumors by
monitoring prodrug activation by NIR fluorescence
imaging.
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