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Abstract Nanotheranostics, which combine the therapeutic and diagnostic functions in one integrated system, have received extensive
attentions in cancer treatments because they enable non-invasive diagnosis, tumor-targeted drug delivery, and real-time monitoring of
therapeutic response. However, due to the high systemic toxicity of commonly used chemotherapeutics, current treatment still has limitations.
Herein, to simultaneously achieve safe cancer therapy and therapeutic response monitoring, an iodinated prodrug strategy was proposed. 2,3,5-
Triiodobenzoic acid (TIBA) was used to modify both paclitaxel (PTX) and the polymeric vehicle, so that the encapsulation efficiency of PTX could
be increased and the systemic toxicity could be reduced. As-prepared prodrug nanoparticles could accumulate passively in the tumor site and
promptly release loaded drugs in response to the overexpressed GSH in cancer cells, which then caused efficient cell cycle arrest and apoptosis
like that of the parent PTX. With this rational design, safe and efficient antitumor therapy and real-time computer tomography (CT) imaging could

be simultaneously realized, facilitating potential CT imaging-guided therapy of metastatic breast cancer.
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INTRODUCTION

Cancer nanotheranostics, which combine the therapeutic and
diagnostic functions in one integrated system, have received
extensive attentions because they enable the non-invasive
diagnosis, tumor targeted drug delivery and real-time moni-
toring of therapeutic response.'* Computed tomography (CT)
imaging, which uses high-atomic number elements (such as
iodine, platinum and gold) as the contrast agents,>® has been
widely used in the diagnosis of multiple cancers because of its
wide availability, high spatial resolution, unlimited depth, and
accurate anatomical information.”~ However, the conventional
iodinated contrast agents (e.g., Omnipaque) have shown some
drawbacks, such as narrow imaging window, renal toxicity, and
lack of specificity."'" In contrast, nanosized contrast agents
could better serve as theranostics due to their advantages like
prolonged circulation time and site-specific accumulation.l'>'3]
To simultaneously achieve CT imaging and drug delivery,
lots of nanosized CT contrast agents such as iodinated nano-
assembly, self-assembly structures of gold nanoparticles have
been developed.l'4'5] These systems could not only monitor
the in vivo drug transportation in real time mode, but also dia-

* Corresponding author, E-mail: yugs@mail.buct.edu.cn

Received December 31, 2022; Accepted February 8, 2023; Published
online March 23, 2023

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

gnose the potential metastasis during treatment.'¢'7] Many
chemotherapeutic drugs have been incorporated with these
nanocarriers to achieve efficient tumor growth inhibition, in-
cluding paclitaxel (PTX),'8 doxorubicin (DOX),['*! cisplatin,2%!
etc. However, even though current CT-guided theranostics
have greatly altered the pharmacokinetics of loaded drugs
and facilitated the treatment and diagnosis of tumor, the in-
volvement of toxic chemotherapeutics in these systems still
hindered their safe application.2'l Therefore, it is in urgent
need to develop new theranostics that can overcome the
dose-limiting toxicity of current ones.

As a widely used chemotherapeutics effective for many sol-
id tumors,[22231 PTX is the first line dug for metastatic breast
cancer.2 However, due to its intrinsic hydrophobicity and
crystallinity, the in vivo delivery of PTX remains problema-
tic.[2526] Fortunately, recent advancements of prodrug nano-
technologies have paved the way for in vivo application of
PTX. Compared with parent PTX, prodrug strategies signific-
antly altered its physical and chemical properties, facilitating
the efficient drug loading and cancer cells selective drug ac-
tivation.27.28 Therefore, better safety profiles and cancer se-
lectivity could be achieved with this strategy. Various poly-
meric or small molecular PTX prodrugs have been developed
for either mono- or combinatory therapy.2°-331 These prod-
rugs could be administered alone or in combination with tar-
geted nanocarrier.34 Moreover, multiple prodrug could also
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be accurately delivered with single engineered nanoplatform
to achieve personalized combinatory therapy.35 However,
very few of the reported prodrug nanomedicines could fulfill
the need of CT imaging.

Herein, to simultaneously realize efficient PTX delivery and
CT imaging, a prodrug strategy based on PTX and iodinated
components was proposed. 2,3,5-Triiodobenzoic acid (TIBA)
was introduced to synthesize the PTX prodrug and the corres-
ponding delivery vehicle (Scheme 1). Moreover, a disulfide
linkage was applied to achieve efficient intracellular drug de-
livery and deplete the abundant intracellular glutathione, so
that potential drug resistance could be avoided.[36-38! A stable
nanoparticular drug delivery system was established by
coprecipitation of PTX prodrug and vehicle polymer. There-
fore, as-prepared redox-sensitive prodrug nanomedicine may
provide a new strategy for the safe and efficient delivery of
PTX and facilitate the real-time of the therapeutic effect at the
same time.

MATERIALS AND METHODS

Materials

Bis(2-hydroxypropyl) disulfide was purchased from Aladdin
chemical, Inc. (Shanghai, China). Methoxy poly(ethylene glycol)
(M,,=5000, mPEGg,), 4,4'-azodi(4-cyanovalerate) (V501), 2,3,5-
triiodobenzoic acid (TIBA), 4-tert-butylcatechol, 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI),
N,N-diisopropylethylamine (DIPEA), hydroxyethyl methacryl-
ate (HEMA), anhydrous dimethyl sulfoxide (DMSO) and Tween
80 were obtained from J&K Chemicals (Beijing, China). Dicyc-
lohexyl carbodiimide (DCC) and 4-dimethylaminopyridine
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(DMAP) were obtained from Adamas Co., Ltd. (Shanghai,
China). Paclitaxel (PTX) was purchased from Huafeng Info
United Co., Ltd., (Beijing, China). Nile red, 4’,6-diamidino-2-
phenylindole (DAPI) and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from
Beyotime Biotechnology Co., Ltd., (Nantong, China). LysoTracker
Green DND-26 was purchased from Invitrogen (Beijing local
agent, China). PI/Annexin V-FITC apoptosis detection kit and cell
cycle analysis kit were purchased from Solarbio Life Sciences
Co., Ltd,, (Beijing, China). All other chemicals were of reagent
grade and used without further purification.

Characterization

"H-NMR spectrum was performed on a Bruker AVANCE Il 400
MHz NMR spectrometer (Bruker, Germany) with CDCl; and
DMSO-dg. The morphology of nanoparticles was characterized
with a transmission electron microscope (TEM, HT-7700;
accelerating voltage 120 kV, Hitachi, Ltd.,, Japan). The size
distribution and zeta potential of the nanoparticles were
characterized by dynamic light scattering (DLS) using a Zetasizer
Nano ZS90 (Malvern Instruments, Malvern, UK) with 90° optics
and a He-Ne Laser (4.0 mW, 633 nm). The molecular weights of
all polymers were analyzed by gel permeation chromatography
(GPC, Waters 1515 GPC setup equipped with a Waters 1515
differential refractive index detector) at 40 °C in 1.0 mL/min of
N,N-dimethylformamide (DMF) containing 20 mmol/L lithium
bromide. High performance liquid chromatography (HPLC)
traces were recorded by a Shimadzu LC-20 HPLC system (Japan).
Flow cytometric (FCM) measurements were performed on a
Beckman Coulter CytoFLEX Flow Cytometer (USA). The
fluorescent images were captured on a Leica TCS SP8 confocal
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laser scanning microscope (CLSM, Germany). CT images were
captured on a Quantum GX small animal microCT apparatus
(Perkin Elmer, USA).

Synthesis of PTX-TIBA Prodrug (TPTX)

PTX (0.49 g, 0.57 mmol), TIBA (0.29 g, 0.58 mmol), DCC (0.177 g,
0.86 mmol) and DMAP (0.007 g, 0.06 mmol) were added into
100 mL dry flask, and then anhydrous DMF was added as the
solvent. After stirring for 2 days, the byproduct NN*-
dicyclohexylurea (DCU) was removed by filtration. DMF was
then removed by rotary evaporation, and dichloromethane
(DCM) was added to dissolve the mixture. The crude product
was purified by silica gel chromatography with pure DCM as the
mobile phase. The physical and chemical properties of TPTX
were characterized by '"H-NMR and X-ray diffraction (XRD).

Synthesis of Polymeric Vehicle Containing Disulfide
Bonds (PEG-PSSA)

Synthesis of MA-SS-OH monomer

Bis(2-hydroxypropyl) disulfide (10 mL, 75.98 mmol) and
triethylamine (5 mL, 35.97 mmol) were dissolved in 60 mL of
ethyl acetate, then methacryloyl chloride (7.4 mL, 76.17 mmol)
was added dropwise to the mixture with 4-tert-butyl-catechol as
the stabilizer. The reaction was maintained in an ice bath
overnight and then triethylamine hydrochloride was removed
by filtration. Ethyl acetate was replaced with DCM, and the
crude product was purified by silica gel chromatography with
ethyl acetate/n-hexane (1/3, V/V) as the mobile phase. The
chemical structure was characterized by "H-NMR.

Synthesis of MA-SS-TIBA

MA-SS-OH (1.4 g, 6.30 mmol), TIBA (3.2 g, 6.40 mmol), DCC (1.88
g, 9.11 mmol), and DMAP (0.078 g, 0.64 mmol) were dissolved in
50 mL of anhydrous DMF, and the reaction was maintained at
room temperature for 48 h in a dark environment. After
removing DCU, the filtrate was concentrated and purified by
silica gel column chromatography with DCM as the eluent. The
chemical structure of the product was confirmed by "H-NMR.

Synthesis of PEG-PSSA

MA-SS-TIBA (0.4 g, 0.56 mmol), PEG5-CTA (2.85 g, 0.56 mmol),
V501 (1.4 mg), and DMF (0.7 mL) were added into a Schlenk
tube. After three freeze-vacuum-thaw cycles, the polymerization
was carried out for 24 h under argon atmosphere. After the
reaction, the product was precipitated with cold ethyl acetate,
and centrifuged to collect the precipitated products. The
molecular weight and chemical structure of the polymer were
characterized with GPC and "H-NMR, respectively.

Synthesis of Polymeric Vehicle without Disulfide
Bond (PEG-PA)

Synthesis of HEMA-TIBA

HEMA (2 mL, 16.49 mmol), TIBA (8.24 g, 16.49 mmol), DCC (5.13
g, 2486 mmol), DMAP (0.2 g, 1.64 mmol), and 50 mL of
anhydrous DMF were added in a 100 mL round bottom flask.
The reaction was maintained at room temperature for 48 hin a
dark place. After removing DCU, the crude product was purified
by silica gel using DCM as the eluent. The chemical structure of
the product was characterized by "H-NMR.

Synthesis of PEG-PA

HEMA-TIBA (0.26 g, 0.42 mmol), PEG;-CTA (2.1 g, 0.41 mmol),
V501 (2.8 mg), and 0.9 mL of DMF were added in a Schlenk tube.

After three freeze-vacuum-thaw cycles, the polymerization was
carried out at 70 °C under argon atmosphere for 24 h. After the
reaction, the product was precipitated, centrifuged and
collected. The molecular weight and chemical structure of the
polymer were characterized by GPC and "H-NMR, respectively.

Preparation of Empty and Drug-loaded
Nnanoparticles

Preparation of drug-loaded nanoparticles

Polymer (10 mg) was mixed with 0.5, 1, 2.5 and 5 mg of TPTX,
respectively, and then dissolved in 1 mL of DMF. The mixture
was injected into 7 mL of deionized water with a syringe pump
with a rate of T mL/20min under vigorous stirring. After further
stirring for 2 h, the solution was dialyzed against 3500 Da
dialysis bag in deionized water to obtain the drug-loaded
nanoparticles. At the same time, PTX, Nile red, and Cy7.5 loaded
nanoparticles were also fabricated using the same method.

Preparation of empty nanopatticles

Polymer (10 mg) in 1 mL of DMF was injected into 7 mL of
deionized water with a syringe pump at a rate of 1 mL/20min.
After 2 h stirring, the mixture was dialyzed with a 3500 Da
dialysis bag in deionized water to obtain the empty
nanoparticles.

Drug Loading Capacity of PEG-PA and PEG-PSSA
Polymer

20 mL of 1 mg/mL drug loaded nanoparticles were freeze dried
under vacuum. Dry powder (10 mg) was dissolved in 1 mL of
anhydrous methanol, and then passed through a 450 nm filter
membrane. Finally, the drug content was determined by HPLC.
The drug concentration was calculated according to the
standard curves of PTX and TPTX, respectively. The drug loading
content (DLC%) and drug loading efficiency (DLE%) were
calculated according to the following equations:

DLC% = mdrug/(mdrug + mvehicle) X 100% (1

DLE% = mdrug/madded drug X 100% )

where mypq is the mass of drugs inside nanoparticle, Myepice is
the mass of vehicle, M,gqed grug is the mass of added drugs.

In vitro Release of TPTX from Drug Loaded
Nanoparticles

3 mL of 1 mg/mL drug-loaded nanoparticles was loaded into
the 7000 Da dialysis bag. Drug release experiments were carried
out at 37 °C in a pH 7.4 buffer solution containing different
components (100 ymol/L or 10 mmol/L GSH). 1% Tween 80 was
added to the buffer solution to simulate the leak conditions. At
predetermined time points (i.e., 0.5, 1, 3,6, 21, 34,48,72 h), 1 mL
of dialysate was taken out and replaced with 1 mL of fresh
buffer solution. The cumulative drug release was calculated
according to the following equation:

k=1
Cumulative drug release = C, x V + 2;@1 CeXv (3)

where the PTX concentration measured in x h is recorded as C,,
Cy is any PTX concentration measured before time point k, V is
the total volume of the dialysate and v is the sampling volume.

Cytotoxicity Study of Drug Loaded Nanoparticles on
4T1 Cells

4T1 cells were seeded in a 96-well plate (5x10 cells/well) at 24 h
before the experiments. The culture medium was removed and
replenished with 100 L of fresh medium supplemented with
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various concentration of drugs. The cells were then cultured at
37 °C for 24 h. After replacement with 100 pL of fresh medium,
10 pL of MTT solution (5 mg/mL) was added to incubate for
another 4 h. The MTT-formazan generated by live cells was
dissolved by 150 pL of DMSO, and the absorbance at a
wavelength of 490 nm of each well was measured using a
microplate reader (Multiscan GO, Thermo Scientific).

In vitro Cellular Uptake and Lysosome Colocalization

In vitro cellular uptake

The 4T1 cells were cultured on glass bottom petri dish (5x10°
cells/well) using DMEM medium at 24 h before the experiments.
The cells were incubated with Nile Red labeled PEG-
PSSA/TPTX(SStprx) @and PEG-PA/TPTX(CCrpry) nanoparticles (PTX
dosage: 10 ymol/L) at 37 °C for 1, 3 and 6 h, repectively. After
removing the culture medium, the cells were washed with PBS
for three times, fixed with 4% paraformaldehyde solution for 15
min and stained with 4,6-diamidino-2-phenylindole (DAPI) for
10 min and finally mounted with glycerol. The fluorescence
images were obtained using a CLSM.

Lysosome colocalization

4T1 cells were cultured on glass bottom petri dish (5x10°
cells/well) using DMEM medium at 24 h before the experiments.
The cells were incubated with Nile Red labeled SStpry and CCrpry
nanoparticles (PTX dosage: 10 pmol/L) at 37 °C for 6 h. After
removing the culture medium, the cells were washed with PBS
for three times. The LysoTracker DND-26 (Green) working
solution was diluted to an appropriate concentration with
culture medium and added to the petri dish to incubate for 30
min. After washing with PBS, the fluorescence images were
obtained using a CLSM.

Cell Apoptosis and Cell Cycle Analysis

For the apoptosis study, 4T1 cells in the logarithmic growth
phase were seeded in a 6-well plate at a density of 1.5x10° cells
per well. After incubating for 24 h, cells were treated with PEG-
PA, PEG-PSSA, PTX, TPTX, CCprx OF SStery (PTX dosage: 10
pmol/L) for 12 h at 37 °C. All cells were harvested, suspended in
a binding buffer, stained with fluorescein isothiocyanate (FITC)-
labeled annexin V (annexin V-FITC) and propidium iodide (PI) for
20 min in the dark, and analyzed by FCM.

For the cell cycle study, 4T1 cells were seeded in a 6-well
plate at a density of 1.5x10° cells per well. After incubating for
24 h, cells were treated with PEG-PA, PEG-PSSA, PTX, TPTX,
CCqprx OF SStprx (PTX dosage: 10 ymol/L) for 12 h at 37 °C. Sub-
sequently, cells in each group were harvested, fixed with 70%
ethanol at —4 °C overnight. The treated cells were washed by
PBS, incubated with RNase, followed by PI (0.1 mg/mL) stain-
ing. Cell cycle distribution was analyzed using FCM.

Animal Experiments

BALB/c mice (female, 6 weeks old) were purchased from Beijing
HFK Bioscience (Beijing, China). All animals received care in
compliance with the guidelines outlined in the Guide for the
Care and Use of Laboratory Animals and all procedures were
approved by the China-Japan Friendship Hospital Ethics
Committee (180209).

In vivo Fluorescent Imaging and CT Imaging of Drug
Loaded Nanoparticles

In vivo fluorescent imaging
Each mouse was subcutaneously injected with 100 pL of serum-

free medium containing 3.0x10% 4T1 cells. The mice were
randomly divided into three groups after 1 week of feeding until
the tumor volume was about 120 mm?3. The drug-loaded
nanoparticles containing Cy7.5 (Cy7.5 equivalent, 1 mg/kg)
were injected through tail vein. After injection, the mice were
anesthetized with isoflurane, and the fluorescence distribution
of mice was photographed under A,,=745 nm and A.,,,=800 nm
using a small animal imaging system (IVIS spectrum, Perkin
Elmer) at 1, 3, 6, 12 and 24 h, respectively. After taking 24 h live
photos, the mice were sacrificed under anesthesia, the heart,
liver, spleen, lung, kidney, and tumor were excised and
photographed.

In vivo CT imaging

The iodinated polymer was dissolved in 1 mL of DMF, and
injected into 9 mL of water to fabricate 5 mg/mL nanoparticle
solution. The nanoparticle was lyophilized using PEG,, as freeze-
drying protective additive. Before injection, the nanoparticles
were dissolved by water, glucose was used to regulate osmotic
pressure. At the same time, iohexol solution containing 50
mg/mL iodine was also prepared as control. The CT imaging was
then carried out on a small animal microCT apparatus.

In vivo Antitumor Therapy

To evaluate the in vivo antitumor effect of prodrug
nanomedicine, subcutaneous 4T1 tumor xenograft was
established. When the tumor volume of mice reached 100 mm?,
the mice were randomly divided into 5 groups, and i.v. injected
with PBS, PTX, TPTX, CCyprx, and SStpry, respectively. The tumor
volumes and body weight of mice were examined every 2 days.
At the end of the experiments, the tumors were dissected and
stained with hematoxylin-eosin staining (H&E), TdT-mediated
dUTP nick end labeling (TUNEL) and ki67 to evaluate the
antitumor effect. Besides, major organs were also collected and
subjected to H&E staining.

Statistical Analysis

All data were reported as averages plus/minus the standard
deviation (meanzSD) of at least 3 independent experiments,
unless otherwise noted. Statistical significance was assessed by
one-way ANOVA with Bonferroni post-tests using GraphPad
Prism 8.0 software and p<0.05 was considered statistically
significant.

RESULTS AND DISCUSSION

Synthesis and Characterization of TPTX, PEG-PA, PEG-
PSSA

As a well-known irreversible tubulin stabilizer, PTX can prevent
the depolymerization of tubulin and inhibit cell mitosis and
proliferation.*” Considering that the physical and toxicological
properties of PTX which lead to low encapsulation efficiency
and severe side effects, the prodrug strategy was adopted to
improve the loading efficiency and safety profiles. Meanwhile,
nanotechnology was utilized to enhance the tumor-specific
delivery of as-prepared prodrugs and to improve the ultimate
therapeutic efficacy (Scheme 1). The 2’-hydroxyl group of PTX
was esterified with TIBA under the reaction conditions as
shown in Fig. 1(a). To confirm the successful synthesis of TPTX,
the chemical structures of PTX and TPTX were investigated by
"H-NMR (Figs. 1b and 1¢). As shown in Fig. 1(b), the appearance
of characteristic peaks at 8.31 and 7.74 ppm in the "H-NMR
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Fig.1 (a) Synthetic route to TPTX; (b) "H-NMR sprctrum of TPTX; (c) "H-NMR spectrum of PTX.

spectrum of TPTX indicated the presence of TIBA residue in
the prodrug. Moreover, the chemical shift of 2'-position
proton that changed from 4.81 ppm to 5.73 ppm suggested
the formation of ester bond with stronger electron-
withdrawing ability. Collectively, these results clearly
indicated the successful synthesis of TPTX prodrug. In
addition, the XRD characterization (Fig. S1 in the electronic
supplementary information, ESI) of the resultant TPTX
indicated that the 2’-hydroxyl group modification efficiently
inhibited the crystalline behavior of PTX, as indicated by the
disappearance of the crystalline peak of PTX at 26 of
15.5°-20.4°, facilitating the subsequent drug encapsulation.

To achieve efficient drug loading and strengthen the CT
imaging capacity of as-prepared prodrug, the iodinated poly-
meric vehicles based on TIBA were also synthesized. The re-
ductive intracellular environment in cancer cells was utilized
to facilitate the release of as-designed prodrug.i33 Firstly, one
of the hydroxyl groups of dihydroxyl ethyl disulfide was mod-
ified with methacryloyl chloride to obtain MA-SS-OH (Fig. S2

in ESI). Then, the rest hydroxyl group of MA-SS-OH was re-
acted with TIBA to yield the final MA-SS-TIBA monomer.
Meanwhile, a GSH insensitive monomer HEMA-TIBA was also
synthesized by the esterification between HEMA and TIBA.
The chemical structures of MA-SS-TIBA and HEMA-TIBA could
be found in Figs. S3 and S4 (in ESI). Based on these
monomers, both the GSH-sensitive (PEG-PSSA) (Fig. 2a) and -
insensitive (PEG-PA) (Fig. 2c) block polymers were further pre-
pared by reversible addition-fragmentation chain transfer
radical polymerization using trithiocarbonate modified PEG
(PEG-DDMAT) as the macromolecular chain transfer agent.[#0l
The structures and molecular weight of the resultant poly-
mers could be confirmed by "H-NMR (Figs. 2b and 2d) and
GPC (Fig. 2e). By comparing the integration ratio of peak a
from PEG and peak e from TIBA, the molecular weight of PA
and PSSA block was calculated to be 4.5k and 5.3k, respec-
tively. Meanwhile, relatively narrow molecular weight distri-
bution (PDI<1.20) was observed from the GPC elution curves
of both polymers, indicating their well-defined structures.
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PSSA, PEG-PA, PEG-CTA.

Characterization of Prodrug Nanoparticles

To increase the water solubility of TPTX prodrug and achieve the
efficient in vivo delivery, prodrug nanoparticles based on TPTX
and PEG-PA/PEG-PSSA were fabricated using simple
nanoprecipitation method. The DLC of PTX and TPTX at
various polymer/drug ratios were tested. As shown in Table
S1 (in ESI), in a wide polymer/drug ratio range from 10/0.5 to
10/5, TPTX could be efficiently loaded by both PEG-PA and
PEG-PSSA, with similar actual DLC and theoretical DLC
observed in various polymer/drug ratios. In contrast, there is a
large deviation between the theoretical DLC and the actual
DLC for PTX loaded by PEG-PA polymer. The significantly
enhanced drug encapsulation efficiency of TPTX prodrug
might be attributed to the chemical modification of 2’-OH,
which increased the hydrophobicity and decreased the
crystallinity of PTX. After balancing the CT imaging capability
with potential toxicity, nanoparticles with DLC of 10% were
used in the subsequent experiments.

The hydrodynamic properties of as-prepared nanoparticles
were characterized by DLS. As shown in Fig. 3(a), the sizes of
the PEG-PA, CCqpry, PEG-PSSA and SStpry nanoparticles are
39.1+1.5, 81.2+1.1, 56.2+1.3, 102.7+£1.5 nm, respectively. The
larger size of drug loaded nanoparticles than drug-free nano-
particles could be attributed to the loaded TPTX. And the nar-

row size distribution of the CCpry and SStprx Nanoparticles
(PDI<0.2) could be attributed to the well-defined structure of
the polymer and the strong interaction between the poly-
mers and prodrugs. This could be further confirmed by the
TEM results (Fig. 3c), which showed the spherical morpho-
logy of the nanoparticles. The zeta potentials of these nano-
particles are —9.5+0.4, —12.9+0.5, —9.8+0.5 and —14.9+0.3 mV,
respectively (Fig. 3b). The negatively charged surface may
better protect loaded drugs and avoid nonspecific accumula-
tion in monophagocytic systems.[#]

Notably, due to the strong 7- interaction between prod-
rugs and polymers, superior stability could be obtained for as-
prepared nanoparticles in 10% FBS DMEM (Fig. 3d), ensuring
the stable in vivo transportation. It has been reported that the
content of intracellular GSH of cancer cells was about 1000
times of the extracellular GSH, the GSH-responsiveness may
significantly facilitate the intracellular drug release.*? The re-
lease profiles of TPTX from GSH-sensitive or -insensitive nano-
particles were further investigated using HPLC. The results re-
vealed that approximately 25% TPTX was released from both
SStprx @and CCqpry in 72 h under physiological conditions in
the absence of 100 pmol/L or 10 mmol/L GSH (Fig. 3e). In con-
trast, compared with the insignificant increase of TPTX re-
lease from CCqpry, more than 90% of loaded TPTX was re-
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leased from SStpry in 72 h in the presence of 100 pmol/L or 10
mmol/L GSH, possibly due to the rapid disassembly of the
nanoparticles under reductive environment. The rapid drug
release under the simulated intracellular reductive condition
suggested that the prodrug might be efficiently released
from the nanoparticles inside cells to avoid the acquired drug
resistance  derived from low concentration drug
stimulation.[43]

Cellular Uptake and Lysosomal Colocalization

The efficient cellular uptake and rapid intracellular drug release
is the prerequisite for the therapeutic effect of nanomedicine.**
To investigate the cellular uptake and intracellular drug delivery,
Nile Red-labeled CGCppry and SSypryx nanoparticles were co-
incubated with 4T1 cells. The Nile red fluorescence at different

time after adding nanoparticles were observed by the CLSM
(Fig. 4a). CLSM images show that the intracellular fluorescence
significantly increased with increasing time in both groups.
Moreover, the intracellular fluorescence of the SStpry group was
higher than that of the CCpry group. This could be further
confirmed by the quantitative analysis of intracellular Nile red
content (Fig. 4b), in which SSqpry groups showed higher
intracellular dye content than the insensitive group. The higher
cellular uptake of the GSH-sensitive nanoparticle could be
explained by its larger size, which facilitated endocytosis by
cancer cells.!*”]

After being ingested by cells, most nanoparticles are disin-
tegrated in lysosomes to release the loaded drugs.[*6! To mon-
itor the intracellular drug release of nanoparticles in cancer
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cells, the subcellular colocalization between Nile red labeled
nanoparticles (red) and lysosomes (green). As shown in Fig.
4(c), the Nile red fluorescence of CCqpryx Nanoparticles fully
colocalized with lysosomes, suggesting that lysosomal path-
way was involved in the intracellular transportation of the
nanoparticles. In contrast, the Nile red fluorescence of SSypry
was partially colocalized with lysosomes, indicating the drug
release from the nanoparticles. These results could be further
confirmed by the line profile analyses (Fig. 4d), in which the
partial colocalization of SStpry with lysosomes was clearly
presented. These results indicated that as-prepared GSH-
sensitive nanoparticles could be efficiently endocytosed by
cancer cells to release the loaded drugs in response to the in-
tracellular GSH.

Apoptosis, Cell Cycle Arrest and Cytotoxicity Caused
by the Prodrug Nanoparticles

One of the key features of prodrug nanomedicine is the
selective activation in cancer cells which simultaneously
maintain the activity of parent drug and improve the safety
profiles.””! To evaluate whether the chemical modification
altered the therapeutic effect of the parent PTX, the cell cycle
analysis, apoptosis assay, and cytotoxicity assay was carried out
with 4T1 cells. The typical feature of PTX is the G2/M phase
arrest which caused the apoptosis of cancer cells and sensitize

the treated cells to other treatments.*® Therefore, we first
characterized the cell cycle distribution of 4T1 cells treated with
various drugs (Figs. 5a and 5c). Compared with PBS group, both
PEG-PA and PEG-PSSA treatments cause no obvious cell cycle
arrest. The PTX treatment could significantly increase the G2/M
population from 3.47% to 71.2%. Similarly, a G2/M population of
67.3% could be obtained after the treatment with TPTX
prodrug, suggesting that the chemical modification did not
change the mechanism of action of PTX inside cancer cells. After
loading by PEG-PA (CCpry) and PEG-PSSA (SStpry), the G2/M
population decreases to 35.9% and 49.8%, respectively, possibly
due to their different endocytosis mechanism from free drugs.
The higher G2/M population of GSH-sensitive nanoparticles
than insensitive nanoparticles could be attributed to the rapider
intracellular drug release.

The apoptotic rate of 4T1 cells treated with various drugs
was characterized by the double staining with Annexin V-FITC
and PI (Figs. 5b and 5d). PTX and TPTX caused a similar apop-
totic proportion of 46.5%, located mainly in the late apoptos-
is quadrant. Slightly lower number of apoptotic cells could be
found for SSpry (36.5%) and CCrpry (35.9%) treatments, in ac-
cordance with their cell cycle arrest. To further explore the
dose dependent toxicity of various drugs on 4T1 cells, the sur-
vival rate of tumor cells after various treatments was meas-
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ured with MTT assay (Fig. 5e). The results show that both PEG-
PA and PEG-PSSA were almost non-toxic to cells (Fig. S5 in
ESI). Consistent with the cell cycle arrest and apoptosis assay,
TPTX showed similar cytotoxicity as PTX, with 1C50 of 13.65
and 16.10 pmol/L being observed, respectively. For the drug-
loaded nanoparticles, the IC50 values of CCqpry (47.55 pmol/L)
was significantly higher than SSypryx (20.76 umol/L), further
corroborating the advantage of the GSH-sensitivity of the
vehicle.

Biodistribution and CT Imaging of Prodrug
Nanoparticles

Given that as-prepared prodrug nanoparticles have exhibited
excellent in vitro stability and tumor cell-killing effect, we further
studied the in vivo tumor targeting ability. A subcutaneous 4T1
tumor model was established by injecting 100 pL of serum-free
medium containing 3.0x10° 4T1 cells. Free Cy7.5 and Cy7.5-
loaded nanoparticles were injected through the tail vein to
investigate the biodistribution. Compared with free Cy7.5 which
was rapidly eliminated from the body and rarely enriched in the
tumor site, SStpryx Shows obvious tumor accumulation from 1 h
to 24 h after injection (Fig. 6a), indicating the nanoparticles
accumulation and retention at the tumor site. There are two
possible reasons for the significantly weaker fluorescence of
CCprx at tumor site. One is the smaller size of CGCppry
nanoparticles which might led to rapider elimination and
weaker tumor accumulation.*” The other is the aggregation-
induced fluorescence quenching of Cy7.5 molecules inside
nanoparticles which could be weaken due to the GSH-

responsive disassembly of SSppry nanoparticles.”? After the
injection of nanoparticles for 24 h, the ex vivo imaging and the
quantitative analysis (Fig. 6b) of the fluorescence intensity in
various organs further demonstrated the tumor-targeting ability
of the prodrug nanoparticles.

CT imaging can help the early diagnosis of tumor occur-
rence and metastasis.’" To evaluate the CT contrast enhan-
cing capacity of as-prepared iodinated nanoparticles, com-
mercially available lohexol was used in the experiments. As
shown in Figs. 6(c) and 6(d), similar concentration-dependent
contrast enhancement could be observed for free lohexol,
CCqprx and SStprx. The in vivo contrast enhancement data
after iv. injection of PEG-PSSA could further corroborate
these findings (Figs. 6e and 6f). According to the CT values of
the heart region at 0 h after injection (Fig. 6f), as-prepared
nanoparticles show excellent contrast enhancing ability, with
AHu of 120 being observed. Notably, similar AHu could be
observed at 0 and 1 h after injection, suggesting that as-pre-
pared nanoparticles could enhance the CT contrast in relat-
ively long period which allowed the acquisition of more de-
tailed information. Moreover, this also provided an important
strategy for potential CT image-guided cancer treatment.

In vivo Anti-Tumor Effect of Prodrug Nanoparticles

The in vivo antitumor efficacy of various drugs was evaluated in
a subcutaneous 4T1 model. Mice received iv. injection of 5
mg/kg of PBS, PTX, TPTX, CCypry OF SStpry at every 2 days for a
total of four times. Tumor volume (Fig. 7a) and body weight
change (Fig. 7c) were recorded at every 2 days. At the end of the
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treatment, the mice were sacrificed under anesthesia; then the
tumors and major organs were excised. As shown in Figs. 7(a)
and 7(b), in the PBS group, the tumor volume reaches 25.95
times of the initial value. Compared to PBS group, the tumor
volume at 16 days after treatments with PTX, TPTX, CCpry and
SStprx reaches 3.78, 10.23, 9.0 and 3.13 times of the initial value,
respectively. Even though free PTX significantly inhibited the
tumor growth, it also caused significant body weight loss.
Despite that TPTX exhibited similar in vitro cancer cell killing
effects as PTX, less significant tumor growth inhibition was

achieved, possibly due to the more hydrophobic nature of TPTX.
The less body weight loss for TPTX compared with PTX further
proved the advantages of prodrug strategy in terms of safety.
Moreover, it should be noted that SSipry showed the most
significant tumor growth inhibition effect, with no obvious body
weight being observed at the same time.

At the end of the experiments, the excised tumors were
subjected to H&E, TUNEL, and Ki67 staining (Fig. 7d). Mean-
while, H&E staining was also carried out for the normal organ
slices (Fig. S6 in ESI). As shown in Fig. 7(d), among various
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treatments, PTX and SSqpry led to the most apoptotic cells and
the least proliferated cells in tumor tissues. The massive nec-
rotic region in the PTX and SSypry groups could further reveal
their excellent anticancer efficacy. The steady body weight
and the normal H&E staining results of major organs (heat,
lung, liver, spleen and kidney) collected from SSqpry treated
mice further suggested its safety profiles. The results showed
that the prodrug nanoparticles owned certain selectivity
between cancer cells and normal cells. In addition to differ-
ences in GSH, prodrugs after esterification of PTX may be
more easily activated in cancer cells.3?! Collectively, the above
data indicated that as-prepared GSH-sensitive prodrug nano-
particles could not only inhibit tumor growth but also avoid
the toxic effect of PTX.

CONCLUSIONS

In summary, to achieve the safe imaging-guided tumor therapy,
we have developed a iodinated GSH-responsive prodrug
nanomedicine. With the benefit of the prodrug strategy,
efficient drug loading capacity and cancer cell selectivity could
be achieved. The GSH-sensitivity facilitated the inracellular drug
delivery so that the prodrug nanoparticles could efficiently kill
cancer cells. The in vivo biodistribution and imaging studies
have revealed that the stable nanoparticles could selectively
accumulate in tumor tissue and significantly enhance CT
contrast in the blood pool. Moreover, due to passive targeting

effect and redox-responsive drug delivery, as-prepared
nanoparticles could promptly deliver drugs to tumor cells to
exert highly potent anticancer efficacy. Importantly, unlike the
free PTX which caused significant body weight loss, as-prepared
prodrug nanoparticles did not show significant toxicity.
Collectively, the advantages of as-designed iodinated redox-
responsive nanomedicine made it a potential candidate for
imaging-guided anticancer therapy, with which tumor
inhibition and therapeutic efficacy evaluation were expected to
be achieved at the same time.
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