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Abstract Clinical chemotherapy for prostate cancer is still compromised by high treatment thresholds

and severe off-target toxicity of drugs. Given the limited progress in improving therapeutic outcomes and

reducing toxicity with the existing toolbox, efforts to broaden the chemotherapeutic window are highly

desired. Here, we discover that gossypol (GSP, a natural compound) dramatically enhances the chemo-

sensitivity of cabazitaxel (CTX), even at previously ineffective concentrations. Based on this interesting

finding, we exploit a carrier-free chemotherapeutic nano-booster for prostate cancer treatment, which is

molecularly co-assembled by GSP and cabazitaxel (CTX). GSP not only readily forms nanoassembly

with CTX, but also functions as a chemotherapeutic enhancer that unlocks an ultra-low-dose chemother-

apeutic window. Not only that, precise dual-drug nanoassembly confers CTX a significantly larger

maximum tolerable dose. As expected, the nano-booster exerts striking therapeutic benefits in mouse

prostate tumor xenograft models. This study advances chemotherapeutic window expansion and self-

sensitized chemotherapy toward clinical applicability.
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1. Introduction

Prostate cancer is a serious threat to men’s health with high
morbidity and mortality1,2. However, clinical treatment of prostate
cancer remains challenging. Despite the rapid progress of targeted
therapy and immunotherapy, the clinical application of these new
anticancer modalities still falls short of expectations3-5. Owing to
the genome instability and mutability of prostate cancer cells,
single target-based anticancer therapeutics inevitably suffer from
drug resistance, including targeted drugs and immune checkpoint
inhibitors6-10. Currently, surgery, chemotherapy, endo-
crinotherapy, and radiotherapy remain staples of cancer treatments
applied in clinics. Among them, chemotherapy plays a vital role in
treating inoperable patients1,2. Notably, most conventional che-
motherapeutics, unlike targeted drugs, do not act on specific single
targets in cancer cells. Rather, chemotherapeutic drugs gain a
therapeutic advantage by exploiting the speed difference of cell
proliferation between normal and tumor cells, offering a broad-
spectrum approach and often serving as a last resort against
multi-resistant cancers that have received targeted therapy or
immunotherapy11-14. Clinical studies have shown that prostate
cancer cells are particularly sensitive to mitotic spindle inhibitors.
Cabazitaxel (CTX), a second-generation semi-synthetic taxane, is
highly effective against prostate cancer cells by promoting
microtubule polymerization, inhibiting depolymerization, and
preventing spindle formation. CTX has been approved to treat
prostate cancer. However, the clinical potential of CTX is grossly
underestimated due to its unsatisfactory therapeutic efficacy and
severe off-target toxicity.

Biomedical nanotechnology has played a significant role in
advancing anticancer drug delivery15-17. Over the past half-
century, chemotherapeutic nanomedicines have made remarkable
progress in clinical cancer treatment, especially liposomal and
micellar nano-formulations6,18-20. Several nanomedicines have
been approved for clinical use, such as nanoparticle albumin-
bound-paclitaxel (Abraxane�) and liposomal doxorubicin
(Doxil�)21-23. Despite significant progress, currently available
nanomedicines still fall short of expectations. Particularly,
chemotherapeutic nanomedicines have faced long-standing criti-
cism for their unsatisfactory therapeutic efficacy, even with
negligible advantages over conventional formulations24. It is
worth noting that nanomedicines substantially enhance the safety
of antineoplastic agents, a well-recognized strength of biomedical
nanotechnology in the context of anticancer drug delivery25.
However, the use of nanocarriers has not effectively alleviated the
issue of off-target toxicity associated with chemotherapeutics. For
instance, although Doxil� notably decreases the cardiac toxicity
risks of doxorubicin, it is associated with a high incidence of hand
and foot syndrome observed in cancer patients receiving multiple
intravenous doses of Doxil�26,27. Obviously, biomedical nano-
technology has not delivered the expected benefits in tumor-
specific drug delivery. Significantly, growing evidence indicates
that the inferior clinical outcomes of conventional chemothera-
peutic nanomedicines could be attributed to the very limited

improvement of tumor-specific drug accumulation with nano-
carriers, even less than 0.7% of the total doses in most reported
clinical cases28,29.

Over the past decades, a subset of active-targeting nano-
medicines has been fabricated by decorating specific ligands on
nanocarriers, both chemical and biological, with the expectation
of enhancing drug accumulation through specific recognition of
receptors overexpressed on tumor cells30-32. Disappointingly,
due to clinical trial results falling below expectations, active-
targeting nanomedicines have not yet become available for clin-
ical use5,33-35. The tumor-targeting failure of these nano-
therapeutics could probably be traced to the impractical design of
nanocarriers that ignored the complex in vivo microenviron-
ments36. Particularly, emerging evidence suggests that the ligands
modified on nanoparticles are often obscured by the formation of a
protein corona in the bloodstream, severely blocking the recog-
nition of targeting receptors37,38. As the existing strategies have
failed to significantly improve drug accumulation in tumors, there
is a growing expectation for the development of synergistic
sensitization strategies to reduce chemotherapeutic thresholds39.
The desired sensitization approach aims to selectively target and
kill tumor cells while sparing normal cells. However, the risk of
overlapping toxicity inevitably increases with multidrug combi-
nations40. Given the existing deficiencies of both monotherapies
and multidrug combinations, there’s an urgent need to develop
novel chemotherapeutic regimens with high efficiency and safety,
ultimately unlocking the full potential of chemotherapy in clinical
application.

Herein, we reported a self-sensitizing chemotherapeutic
modality that enabled bidirectional therapeutic window expansion
for chemotherapy (Fig. 1). Importantly, we were surprised to find
that gossypol (GSP) greatly increased the sensitivity of cancer
cells to several clinically available chemotherapeutics at previ-
ously ineffective concentrations, unlocking ultra-low-dose
chemotherapeutic windows. Notably, since the concentration
range of GSP used for chemotherapy sensitization elicited negli-
gible effect on cell viability, it served as a chemotherapeutic
booster instead of a secondary therapeutic drug. For proof-of-
concept, cabazitaxel (CTX), a first-line chemotherapeutic drug
with high activity and severe toxicity, was selected as the model
drug to further explore the feasibility of GSP-aided chemotherapy.
Significantly, GSP and CTX were found to readily co-aggregate
into carrier-free binary nanoassemblies (NAs), which enabled
the advantage of synchronous co-loading and co-delivery of the
two compounds. Following optimization of the nanoassembly
engineering, tumor-specific detachable PEG decoration on the
NAs was implemented to achieve long blood circulation and
tumor-specific drug release. As expected, the precisely engineered
binary NAs displayed satisfactory therapeutic effects and favor-
able safety in prostate tumor-bearing C57BL/6 mouse models,
even at a low CTX dose of 1 mg/kg. To our knowledge, this study
represents the first endeavor to broaden the chemotherapeutic
windows of CTX for prostate cancer treatment. This study drives a
conceptual step forward in chemotherapeutic nanomedicines.
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2. Materials and methods

2.1. Materials

Cabazitaxel (CTX), Cy7, trypsin-Ethylenediaminetetraacetic acid
(trypsineEDTA), Radio Immunoprecipitation Assay (RIPA)-lysis
buffer, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide (MTT), EdU-488 cell proliferation detection kit, cell cul-
ture media and trypsin were purchased from Meilun Biotechnology
Co., Ltd. (Dalian, China). Gossypol (GSP) was purchased from
Macklin (Shanghai, China). DSPE-PEG2K, Cy7-DSPE-PEG2K, and
Cy7-DSPEeSSePEG2K were purchased from Shanghai Advanced
Vehicle Technology Co., Ltd. DSPEeSSePEG2K was obtained
from Xi’an Ruixi Biological Technology Co., Ltd. The fetal bovine
serum (FBS) and penicillin-streptomycin were purchased from
GIBCO, Invitrogen Corp. (Carlsbad, California, USA). The anti-
bodies were purchased from Abclonal Technology Co., Ltd.

Annexin V-FITC/PI Apoptosis Detection Kit and Mitochondrial
membrane potential test kit (JC-1) were purchased from Beijing
Solarbio Science & Technology Co., Ltd. The living cell/dead cell
staining kit was purchased fromShanghai BeiboBiotechnologyCo.,
Ltd. Mouse testosterone ELISA kit was purchased from Shanghai
ELISA Biotechnology Co., Ltd. Mitochondrial membrane potential
detectionKit (JC-1) was purchased fromBeijing Solarbio Science&
Technology Co., Ltd. Hoechst 33342 was obtained from BD Bio-
sciences (USA). Glass bottom cell culture dishes, cell culture dishes
and plates were purchased from Wuxi NEST Biotechnology Co.,
Ltd., China. All other solvents mentioned in the article were of
analytical grade or chromatographic grade.

2.2. Cell culture

The mouse breast tumor cell line (4T1 cells), mouse prostate cancer
cell line (RM-1 cells), mouse fibroblast cell line (3T3 cells), and

Figure 1 Schematic presentation of a natural chemotherapeutic enhancer-enabled therapeutic window broadening for prostate cancer

treatment.
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human normal hepatic cell line (L02 cells) were obtained from the
cell bank of the Chinese Academy of Sciences (Beijing, China). The
4T1 cells, RM-1 cells, and L02 cells were cultured with RPMI 1640
medium containing 10% FBS, streptomycin (100 units/mL), and
penicillin (100 units/mL). The 3T3 cells were cultured inDMEM/F-
12 medium with 10% FBS, streptomycin (100 units/mL), and
penicillin (100 units/mL). All these cells were maintained in a hu-
midified cell incubator (37 �C, 5% CO2).

2.3. In vitro GSP-sensitized cytotoxicity of multiple
chemotherapeutics

RM-1 cells, 4T1 cells, 3T3 cells, and L02 cells were used as cell
models, respectively. MTT assay was used to compare the in vitro
cytotoxicity of CTX and CTX/GSP (supplemented with 500 nmol/L
GSP), DTX and DTX/GSP (supplemented with 500 nmol/L GSP),
DOX and DOX/GSP (supplemented with 500 nmol/L GSP), OXP
and OXP/GSP (supplemented with 500 nmol/L GSP), DDP and
DDP/GSP (supplemented with 500 nmol/L GSP), as well as GEM
and GEM/GSP (supplemented with 500 nmol/L GSP). In brief,
cells (2 � 103 cells/well) were seeded into 96-well plates before
drug treatment. After incubation for 12 h, the old culture medium
was discarded, and the cells were exposed to serial dilutions of
drug-containing media, respectively. After that, the culture was
continued for 48 h in the incubator. At the end of the culture,
20 mL of MTT solution (5 mg/mL) was added to each well and
cultured for another 4 h. Finally, the cell culture medium con-
taining MTT was removed and 200 mL of DMSO was added. The
96-well plate was shaken in the oscillator for 10 min to fully
dissolve formazan crystals, and the absorbance was measured at
492 nm by a microplate reader (ThermoFisher Scientific, USA).
The median inhibition concentrations (IC50 values) were calcu-
lated by GraphPad Prism 8.0.

2.4. Determination of the optimal formulation ratio of binary
molecular nanoassembly

The binary molecular nanoassembly was fabricated by a one-step
nanoprecipitation method. The dose ratio was screened by
analyzing and comparing the particle size (nm) and polydispersion
index (PDI) of binary molecular nanoassemblies with different
molar ratios. 2 mL of 0.5 mg/mL binary molecular nano-
assemblies with different molar ratios (GSP: CTX Z 20: 1-1: 10)
were prepared. The particle size and PDI of the binary molecular
nanoassembly were measured by a Malvern particle size analyzer.

MTT assay was used to investigate the cytotoxicity of binary
molecular nanoassemblies with different molar ratios on tumor
cells to further determine the optimal dose ratio. Using RM-1 cells
and 4T1 cells as cell models, the prepared binary molecular
nanoassemblies with different molar ratios (GSP: CTX Z 20:1,
15:1, 10:1, 8:1, 6:1, 5:1, 3:1, 1:1) were diluted in a gradient
according to the concentration of cabazitaxel, and then the drug-
containing medium was co-incubated with RM-1 cells and 4T1
cells for 48 h, respectively. The other operations were the same as
above. The median inhibition concentrations (IC50 values) were
calculated by GraphPad Prism 8.0.

2.5. Preparation and characterization of binary molecular
nanoassembly

The non-PEGylated binary molecular nanoassemblies (np-GC
NAs) were fabricated by the one-step nanoprecipitation method.

Briefly, CTX (2.00 mg) was dissolved in 400 mL of an ethanol/
tetrahydrofuran mixture (1:1, v/v), and GSP (2.00 mg) was dis-
solved in 400 mL of the same mixed solvent. The mixtures of CTX
and GSP at a molar ratio of 1:3 were obtained by taking 70 mL
CTX reserve solution and 130 mL GSP reserve solution. Then, the
mixed solutions were added dropwise into deionized water (2 mL)
under robust stirring for 3 min. After that, the organic solvents in
the nanosystems were removed by rotary evaporation at 30 �C to
obtain a nanoassembly with a concentration of 0.5 mg/mL.
Finally, the prepared nanoassembly was stored in the refrigerator
at 4 �C. Additionally, the PEGylated binary molecular nano-
assembly (p-GC NAs) and the SS-PEGylated binary molecular
nanoassembly (sp-GC NAs) were constructed at the molar ratio of
1:3 (CTX/GSP) with a very similar procedure except for dropping
DSPE-PEG2K (30%, w/w) and DSPEeSSePEG2K (30%, w/w)
into deionized water after dropping the CTX/GSP mixtures into
deionized water.

To prepare Cy7-labeled PEGylated binary molecular nano-
assembly and SS-PEGylated binary molecular nanoassembly for
cellular uptake, biodistribution and pharmacokinetic study, DSPE-
PEG2k and DSPEeSSePEG2k labeled with Cy7 were used instead
of DSPE-PEG2k and DSPEeSSePEG2k. The preparation methods
were the same as above.

The particle size, polydispersity index (PDI) and zeta potential
of binary molecular nanoassembly were characterized by Zeta-
sizer Nano ZS (Malvern, UK). The morphology of the binary
molecular nanoassembly was observed by transmission electron
microscopy (TEM, Hitachi, Japan). The TEM samples were pre-
pared by dropping binary molecular nanoassembly solution on a
300-mesh carbon-coated copper grid and dried naturally, and then
the 2% phosphotungstic acid was dropped on the carbon coated
copper grid and dried thoroughly.

2.6. Molecular co-assembly mechanisms

The molecular interaction between CTX and GSP in the binary
molecular nanoassembly was investigated using molecular dock-
ing simulation technology to explore the mechanism driving the
assembly of the binary molecular nanoassembly. The chemical
structures of CTX and GSP were converted into 3D structures, and
subsequently, energy minimization conversion was carried out
under the MFF94 force field. Finally, semi-flexible docking was
performed using the AutoDock Vina program to output the
optimal conformation and corresponding assembly forces.

At the same time, the Zetasizer Nano ZS (Malvern, UK) was
used to determine the diameters of the binary molecular nano-
assembly after incubation with sodium dodecyl sulfate (SDS,
50 mmol/L), sodium chloride (NaCl, 50 mmol/L) and urea
(50 mmol/L), to further verify the intermolecular forces driving
the assembly of the binary molecular nanoassembly.

2.7. Stability

The colloidal stability of the binary molecular nanoassembly was
investigated by monitoring the particle size change. Briefly, 1 mL
of np-GC NAs, p-GC NAs or sp-GC NAs was injected into 19 mL
of phosphate buffer solution (PBS, pH 7.4) and incubated in a
constant temperature shaker at 37 �C (100 rpm). At predetermined
times (0, 0.0167, 0.5, 1, 2, 4, 6, 8, 12 and 24 h), the particle size
changes of the binary molecular nanoassembly were determined
by Zetasizer Nano ZS (Malvern, UK). To further investigate the
stability of np-GC NAs, p-GC NAs and sp-GC NAs under
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simulated physiological conditions, 10% FBS (v/v) was added to
PBS (pH 7.4), and the remaining procedures were as above.

The np-GC NAs, p-GC NAs, and sp-GC NAs at concentrations
of 1 mg/mL were stored in a refrigerator at 4 �C and kept out of
light. The particle sizes of the np-GC NAs, p-GC NAs, and sp-GC
NAs were measured at predetermined times (Days 0, 1, 2, 4, 6, 8
11, and 26), respectively.

2.8. In vitro drug release

The in vitro drug release behavior of CTX and GSP from the binary
molecular nanoassembly in the presence or absence of DTT
(5 mmol/L) was investigated by high-performance liquid chroma-
tography (HPLC). Since both CTX and GSP were hydrophobic
molecules, PBS (pH 7.4) containing 20% tetrahydrofuran (THF)
was used to solubilize them. Briefly, 0.5 mL of 1 mg/mL of p-GC
NAs or sp-GC NAs were added to dialysis bags, and the dialysis
bags were immersed in 30mL of PBS solution containing 20%THF
in the presence (5 mmol/L) or absence (0 mmol/L) of DTT, and the
mixture was placed in a constant temperature shaker (100 rpm) at
37 �C. At presupposed time points (0, 0.05, 1, 2, 4, 6, 8, and 12 h),
200 mL of release medium was taken out and the same volume of
medium was added to the conical flask. HPLC determined the
accumulative release of CTX and GSP from p-GC NAs or sp-GC
NAs. The chromatographic separation conditions: C18 chromato-
graphic column (4.6 mm� 250 mm, 5 mm); CTX: Mobile phase A:
methanol, 80%; Mobile phase B: deionized water; GSP: Mobile
phase A: methanol, 90%; Mobile phase B: deionized water con-
taining 2& phosphoric acid, 10%. The flow rate was 1.0 mL/min,
and the test wavelength of CTX and GSP was 230 nm.

2.9. Cellular uptake

The cellular uptake behavior of the binary molecular nano-
assembly was investigated in RM-1 cells. Briefly, RM-1 cells were
seeded in 24-well plates (5 � 104 cells/well). After incubation for
12 h, the original culture medium was discarded, 1 mL of fresh
culture medium containing Cy7 Sol, Cy7-p-GC NAs, and Cy7-sp-
GC NAs (200 ng/mL, Cy7 equivalent) was added to each well, and
the cells were cultured for 0.5 and 4 h, respectively. Then, the
drug-containing medium were removed and cellular uptake was
stopped with ice-cold PBS. Subsequently, RM-1 cells were fixed
with 4% paraformaldehyde for 10 min and washed three times
with PBS. Thereafter, the nuclei were stained with Hoechst 33342
and washed three times with PBS. Finally, the intracellular fluo-
rescence signals were observed by confocal laser scanning mi-
croscopy (CLSM, C2, Nikon, Japan). RM-1 cells without any
treatment were used as controls.

For quantitative evaluation of cellular uptake, RM-1 cells were
seeded into 12-well plates (2 � 105 cells/well) for 12 h. The dose
concentration and incubation process were the same as above. At
the end of incubation, the drug-containing medium was discarded,
and ice-cold PBS was used to stop cellular uptake and wash away
the remaining drug. The cells were separated and collected after
treatment with trypsin, and resuspended in PBS. The intracellular
fluorescence signals were estimated by the FACSCalibur flow
cytometer (BD, USA).

2.10. Cytotoxicity

The cytotoxicity of the binary molecular nanoassembly against
RM-1 cells, 4T1 cells, 3T3 cells, and L02 cells was measured by

MTT assay. Briefly, cells in 96-well plates (2000 cells/well) were
cultured in a cell incubator (37 �C, 5% CO2) for 12 h. Then the
original cell culture medium was replaced with a fresh culture
medium containing a series of concentrations of CTX, GC, p-GC
NAs, and sp-GC NAs, and sequentially cultured for 48 h. The cells
without any treatment were used as control. The other operations
were the same as in section 2.3.

2.11. Live/dead cell co-staining

The co-staining of live/dead cells treated with the binary molec-
ular nanoassembly against RM-1 cells was investigated by laser
confocal microscopy. In brief, RM-1 cells were seeded in 24-well
glass bottom dishes covered with coverslips and cultured for 12 h
(5 � 104 cells/well). Then, the old medium was discarded, and the
cells were cultured with fresh medium containing CTX, GSP, GC,
p-GC NAs, and sp-GC NAs (100 nmol/L, CTX equivalent, and/or
300 nmol/L, GSP equivalent) for 24 h, respectively. After that, the
drug-containing media were removed, and the cells were washed
three times with PBS. Subsequently, the cells were stained with
Calcein-AM and PI for 30 min respectively and washed with PBS.
Finally, the cellular fluorescence was observed by confocal laser
scanning microscopy (CLSM, C2, Nikon, Japan). The cells
without any treatment were used as controls.

2.12. Apoptosis assay

The apoptosis of RM-1 cells treated with the binary molecular
nanoassembly was investigated by flow cytometry. In short, RM-
1 cells were seeded in a 12-well glass bottom dish and cultured for
12 h (2� 105 cells/well). Then, the old medium was discarded, and
the cells were cultured with fresh medium containing CTX, GSP,
GC, p-GC NAs and sp-GC NAs (100 nmol/L, CTX equivalent and/
or 300 nmol/L, GSP equivalent) for 24 h, respectively. After that, the
old cell culturemediumwas collected into a centrifuge tube, and the
cells were digested with trypsin without EDTA. Subsequently, the
digestion was terminated with the old culture medium, and the cells
were gently blown down and dispersed. Thereafter, the cells were
collected into the centrifuge tube again, the supernatant was
removed by centrifugation at low temperature, the cells were
washed with cold PBS, and the cells were resuspended with 100 mL
of 1� Binding Buffer. Finally, 5 mL of Annexin V/FITC was added
and incubated in the dark for 5 min, later on, 5 mL pyridine iodide
solution (PI) and 1 � Binding Buffer (400 mL) were added suc-
cessively. The intracellular fluorescence signals were estimated by
the FACSCalibur flow cytometer (BD, USA). The cells without any
treatment were used as controls.

2.13. EdU assay for analyzing cell proliferation

The cell proliferation treated with the binary molecular nano-
assembly against RM-1 cells was determined with EdU assay
using Meilun EdU Cell Proliferation Kit with Alexa Fluor 488
according to the manufacturer’s protocol. The same procedure for
cell culture and administration as in section 2.12 was followed. At
the end of incubation, an EdU working solution was added for
EdU labeling, and the cells were fixed at room temperature for
15 min, followed by cell permeation for 10 min. Click reaction
solution was added and incubated at room temperature for 30 min
in the dark. Then the nuclei were labeled with Hoechst 33342
solution. Finally, the proliferation of antitumor cells was observed
by confocal microscopy.
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For the quantitative evaluation of cell proliferation, the basic
operation was the same as above. Briefly, RM-1 cells were seeded
into 24-well plates (5 � 104 cells/well) for 12 h. After EdU
labeling was completed, the cells were digested with trypsin and
transferred to a 1.5 mL EP tube. The supernatant was removed by
centrifugation at low temperature for 5 min (1000 rpm, 4 �C), and
no staining with 1 � Hoechst 33342 solution was required. The
cells were resuspended with 500 mL wash solution, filtered
through a 70 mm cell filter membrane, and then added to flow
cytometry. Quantitative observation of antitumor cell proliferation
was conducted by flow cytometry. The cells without any treatment
were used as controls.

2.14. Western blotting

RM-1 cells were seeded into cell culture dishes (2� 106 cells/well)
for 12 h. Then, the old medium was discarded, and the cells were
cultured with fresh medium containing CTX, GSP, GC, p-GC NAs,
and sp-GC NAs for 40 h (10 nmol/L, CTX equivalent and/or
30 nmol/L, GSP equivalent), respectively. The cells without any
treatment were used as controls. At the end of the culture, the cells
were washed twice with cold PBS and collected. After centrifuga-
tion at low temperature for 5 min (1000 rpm, 4 �C), the supernatant
was removed, and 150 mL of RIPA lysate was added for lysis for
15 min. After centrifugation, the supernatant protein solution was
taken for quantification by the BCA colorimetric method, and
5� protein supernatant dilution was added to the supernatant. Boil
for 10 min. Proteins were isolated with 10% protein preform gel (10
wells, Tris-Gly, 1.0 mm), and the protein bands were transferred to
PVDF membranes and blocked with 5% milk for 1 h. The protein
bands were incubated overnight with corresponding primary anti-
bodies Bcl-2, Bax, Pro-Caspase 3, and b-Actin in a refrigerator at
4 �C. After incubation, the non-specifically bound primary antibody
liquidwaswashedwith 1�TBST, and the corresponding secondary
antibodywas incubated at 37 �C for 1 h. Themembranewas washed
and developed with a hypersensitive ECL solution.

2.15. Mitochondrial membrane potential assay

The mitochondrial membrane potential of RM-1 cells treated with
binary molecular nano-assembly was studied using confocal and
flow cytometry. The cell culture and administration procedures
were the same as in Section 4.12. Old cell cultures were collected
into centrifuge tubes and 1 mL of cell culture solution was added,
followed by 1 mL of JC-1 staining working solution, which was
mixed thoroughly and incubated in a cell culture incubator at
37 �C for 20 min. When the incubation was finished, the super-
natant was aspirated and washed twice with cold JC-1 buffer.
Finally, the mitochondrial membrane potential of the cells was
observed by confocal microscopy. Cells without any treatment
were used as controls.

For quantitative evaluation of mitochondrial membrane
potential, the basic procedure was the same. Briefly, RM-1 cells
were inoculated in 12-well plates (5 � 104 cells/well) for 12 h. At
the end of the administration incubation, cells were digested with
trypsin and transferred to 1.5 mL EP tubes. The supernatant was
centrifuged at low temperature for 5 min (1000 rpm, 4 �C), fol-
lowed by the addition of 0.5 mL of cell culture medium to
resuspend the cells, and then 0.5 mL of JC-1 staining working
solution, The rest of the operation was performed as above.
Finally, mitochondrial membrane potential was quantified by flow
cytometry. Cells without any treatment were used as controls.

2.16. Mitochondrial permeability transition pore (MPTP) assay

The mitochondrial permeability transition pore (MPTP) of
RM-1 cells treated with binary molecular nano-assembly was
studied using confocal and flow cytometry. The cell culture and
administration procedures were the same as in Section 4.12. The
culture solution was aspirated, and the cells were washed twice
with PBS. Add 250 mL of Calcein AM Staining Solution, Fluo-
rescence Quenching Solution or Ionomycin Control and shake
gently so that the dye covers all cells evenly. Subsequently, the
cells were incubated at 37 �C for 30 min. At the end of the in-
cubation, the culture medium was replaced with fresh pre-warmed
culture medium at 37 �C and incubated at 37 �C for another
30 min to ensure that the intracellular esterase fully hydrolyzed
Calcein AM to produce green fluorescent Calcein. The culture
medium was then aspirated, washed twice with PBS, and the cells
were subsequently stained for 10 min with Hoechst 33342 Live
Cell Staining Solution, washed twice with PBS, and finally the
mitochondrial permeability transition pore opening of the cells
was observed by confocal microscopy. Cells without any treat-
ment were used as controls.

For quantitative evaluation of mitochondrial permeability
transition pore opening, the basic procedure was the same as
above. Briefly, RM-1 cells were inoculated in 12-well plates
(5 � 104 cells/well) for 12 h. At the end of the administered
incubation, cells were digested with trypsin and transferred to
1.5 mL EP tubes. The supernatant was centrifuged at low tem-
perature for 5 min (1000 rpm, 4 �C), and the cells were resus-
pended by adding 1 mL of cell culture medium. The rest of the
procedure was performed as above. Finally, mitochondrial
permeability transition pore opening was quantified by flow
cytometry. Cells without any treatment were used as controls.

2.17. Animal studies

SpragueeDawley (SD) rats and C57BL/6 mice were supplied by
the Animal Centre of Shenyang Pharmaceutical University (She-
nyang, China). The use of animals was approved by the Animal
Ethics Committee of Shenyang Pharmaceutical University
(No.19169). All animal procedures were performed in accordance
with the Guidelines for Care and Use of Laboratory Animals of
Shenyang Pharmaceutical University and approved by the Animal
Ethics Committee of Shenyang Pharmaceutical University.

2.18. Pharmacokinetics

SpragueeDawley (SD) rats (200e220 g) were randomly divided
into three groups to study the pharmacokinetic behavior of the
binary molecular nanoassembly in vivo (n Z 6). Cy7 Sol, Cy7-p-
GC NAs, and Cy7-sp-GC NAs (2 mg/kg, Cy7 equivalent) were
injected into the tail vein of rats, respectively. After intravenous
injection, blood was collected from the ophthalmic vein of rats at
predetermined time points at 0.033, 0.083, 0.25, 0.5, 1, 2, 4, 8 and
12 h. The plasma was obtained via centrifugation (8000 rpm,
3 min). The plasma concentrations of Cy7 were determined by a
microplate reader (ThermoFisher Scientific, USA) at EX 744 nm
and EM 776 nm.

2.19. Biodistribution

The in vivo biodistribution of binary molecular nanoassembly was
investigated using the RM-1 prostate tumor-bearing C57BL/6
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mice model (n Z 3). To establish the tumor-bearing mice model,
100 mL of PBS containing RM-1 cells (5 � 106 cells) was inoc-
ulated subcutaneously into the right rear flank of male C57BL/6
mice. Once the tumor volume reached about 400 mm3, Cy7 Sol,
Cy7-p-GC NAs, and Cy7-sp-GC NAs (2 mg/kg, Cy7 equivalent)
were injected into the tail vein, respectively. Fluorescence imaging
was performed at 2, 4, 8, 16, and 24 h post-injection using a small-
animal in vivo imaging system (PerkinElmer, IVIS spectrum,
USA). Finally, the mice were euthanized at 4 h, the time point
when the fluorescence intensity at the tumor site was the strongest
in vivo imaging. The main organs (heart, liver, spleen, lung and
kidney) and tumors of the mice were isolated and harvested for
fluorescence imaging.

2.20. In vivo antitumor efficacy

The in vivo antitumor efficacy of the binary molecular nano-
assembly was evaluated using the RM-1 prostate tumor-bearing
C57BL/6 mice model. The establishment method for the tumor-
bearing mice model was similar to section 4.19. Once the tumor
volume reached approximately 100 mm3, the mice were randomly
divided into 6 groups (n Z 5). The mice were administered with
saline, CTX Sol, GSP Sol, GC Sol, p-GC NAs, and sp-GC NAs
(4 mg/kg, CTX equivalent and/or 7.5 mg/kg, GSP equivalent)
three times every 3 days. Tumor volume and body weight of the
tumor-bearing C57BL/6 mice were measured and recorded daily.
Two days after the last administration, all tumor-bearing C57BL/6
mice were weighed and sacrificed, and the heart, liver, spleen,
lung, kidney and tumor tissues of the mice were isolated and
obtained. Subsequently, the obtained tumor tissues were photo-
graphed and weighed, then the main organs and tumors were fixed
in a tissue fixative solution containing 4% paraformaldehyde.
Wuhan Xavier Biotechnology Co., Ltd. was commissioned to slice
and stain the tumor tissue sections and perform follow-up
photographic scanning. The apoptosis and/or necrosis of tumor
cells in tumor-bearing C57BL/6 mice in different treatment groups
were evaluated by TUNEL and H&E staining. Untreated RM-1
prostate tumor-bearing C57BL/6 mice were used as controls.

2.21. Western blotting of tumor tissue

The sensitization mechanism of the binary molecular nano-
assembly in vivo was verified by western blotting. The tumor
tissues isolated from the pharmacodynamic evaluation were added
into 300 mL RIPA lysate and treated by an ultrasonic cell shredder
for 30 min. After centrifugation, the supernatant protein solution
was taken and quantified by the BCA colorimetric method.
5 � protein loading dilution was added into the supernatant and
boiled for 10 min. Western blotting was performed as in Section
4.14.

2.22. Analysis of serum testosterone in tumor-bearing C57BL/6
mice

The inhibition ability of the binary molecular nanoassembly on
testosterone production was evaluated by measuring the serum
testosterone content of tumor-bearing C57BL/6 mice. The
experiment was carried out according to the instructions of the
“Mouse Testosterone ELISA Assay Kit”. Standard wells (50 mL
standards of different concentrations), blank control wells (no
sample and enzyme reagent, the other operations were the same),
and sample wells were set respectively. First, 40 mL of sample

dilution was added to the sample wells, followed by 10 mL of the
sample. After gently stirring and mixing, 100 mL of enzyme
reagent was added to each well and incubated at 37 �C for 60 min.
Then, discard the liquid shake it dry, then fill each well with
washing liquid. After that, add 50 mL of color developer A and
then 50 mL of color developer B to each well, gently shaken, and
kept away from light for 15 min at 37 �C. Finally, add 50 mL of
stop solution per well to terminate the reaction. The absorbance of
each well at 450 nm wavelength was measured by a microplate
reader (ThermoFisher Scientific, USA).

2.23. Hemolysis experiments assay

Fresh blood was taken from the orbits of healthy SD rats, loaded
into 1.5 mL centrifuge tubes containing heparin, and centrifuged
(8000 rpm, 3 min) after shaking well to isolate the erythrocytes.
The erythrocytes were separated by centrifugation (8000 rpm,
3 min). 50 mL of erythrocytes were taken and diluted to 1 mL with
saline. Then 50 mL each of CTX Sol, GSP Sol, GC Sol, p-GC
NAs, and sp-GC NAs were taken and added to the saline con-
taining erythrocytes, and incubated at 37 �C for 3 h. Subsequently,
the above samples were centrifuged at 10,000 rpm for 3 min.
Finally, 200 mL of the supernatant was taken, and its UV ab-
sorption at 540 nm was measured by a multifunctional enzyme
marker, with the saline group and the pure water group used as the
negative and positive control group, respectively.

2.24. GSP-rendered ultra-low-dose chemotherapeutic window
in vivo

GSP-rendered ultra-low-dose chemotherapeutic window in vivo
was evaluated using an RM-1 prostate tumor-bearing C57BL/6
mice model. The establishment method for the tumor-bearing
mice model was similar to Section 4.19. Once the tumor vol-
ume reached approximately 100 mm3, the mice were randomly
divided into 12 groups (n Z 5), which were divided into group a
(Saline), group b (CTX Sol1: 1 mg/kg, CTX equivalent), group c
(CTX Sol2: 2 mg/kg, CTX equivalent), group d (CTX Sol4: 4 mg/kg,
CTX equivalent), group e (CTX Sol6: 6 mg/kg, CTX equivalent),
group f (CTX Sol8: 8 mg/kg, CTX equivalent), group g (GSP Sol:
14.9 mg/kg, GSP equivalent), group h (sp-GC NAs1: 1 mg/kg,
CTX equivalent), group i (sp-GC NAs2: 2 mg/kg, CTX equiva-
lent), group j (sp-GC NAs4: 4 mg/kg, CTX equivalent), group k
(sp-GC NAs6: 6 mg/kg, CTX equivalent) and group l
(sp-GC NAs8: 8 mg/kg, CTX equivalent). The tumor-bearing mice
were intravenously administered every other day for a total of five
injections. One day after the last administration, the orbital blood
of mice was taken for a whole blood index test, and the rest of the
pharmacodynamic evaluation procedures were the same as in
Section 4.20.

2.25. Statistical analysis

All the data were calculated and presented as mean
value � standard deviation (SD). One-way analysis of variance
(ANOVA) or Student’s t-test was performed to analyze the sta-
tistical differences between comparative groups, and when P
values were less than 0.05, differences were deemed statistically
significant. Asterisks indicate *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001, ns, not significant.

Chemotherapy nano-booster unlocks wider therapeutic window for prostate cancer treatment 3279



3. Results and discussion

3.1. Discovery of a natural chemotherapeutic booster

This project commenced with an interesting discovery that a
natural compound (GSP) at ineffective doses significantly boos-
ted the chemotherapy effectiveness of several clinically available
drugs, including CTX, docetaxel (DTX), doxorubicin (DOX),
oxaliplatin (OXP), cisplatin (DDP) and gemcitabine (GEM). As
shown in Fig. 2A, GSP alone exerted almost no cytotoxicity
against RM-1 mouse prostate cancer cells, 4T1 mouse breast
cancer cells, 3T3 mouse embryonic fibroblast cells, and L02
human fetal hepatocytes, even at micromolar concentrations.
Excitingly, GSP dramatically augmented the sensitivity of RM-

1 cells to CTX, DTX, DOX OXP, DDP, and GEM at an ineffective
concentration of 0.5 mmol/L (Fig. 2BeC and Supporting
Information Figs. S1eS5). Particularly, the cytotoxicity of CTX
against RM-1 cells (Fig. 2B and C) and 4T1 cells (Fig. 2D and E)
was remarkably enhanced in the presence of GSP, resulting in a
100-fold or more reduction in IC50 values. More importantly,
such a sensitizing effect was not observed in 3T3 and L02 cells
under the same conditions. As shown in Fig. 2FeI, GSP had little
effect on the cytotoxicity of CTX to these two normal cell lines.
These results suggested that GSP was capable of selectively
enhancing the chemotherapeutic sensitivity of tumor cells even at
ineffective dose concentrations, making it a potential novel
chemotherapeutic adjuvant to unlock new chemotherapy win-
dows by sharply descending therapeutic thresholds.

Figure 2 Discovery of a natural chemotherapeutic booster and elaborate fabrication of GSP/CTX binary nanoassembly. (A) Cytotoxicity of

GSP against RM-1 cells, 4T1 cells, 3T3 cells and L02 cells. (B,C) Cytotoxicity of CTX and CTX/GSP against RM-1 cells. (D,E) Cytotoxicity of

CTX and CTX/GSP against 4T1 cells. (F,G) Cytotoxicity of CTX and CTX/GSP against 3T3 cells. (H,I) Cytotoxicity of CTX and CTX/GSP

against L02 cells. (J) IC50 values of GSP/CTX nanoassembly with different molar ratios against RM-1 cells. Data were presented as

mean � SD (n Z 4). The size distribution and transmission electron microscope image of np-GC NAs (K), p-GC NAs (L) and sp-GC NAs (M).

Scale bar Z 200 nm. (N) The particle size changes of np-GC NAs, p-GC NAs and sp-GC NAs during incubation in PBS (pH 7.4). (O) Molecular

docking simulation of CTX and GSP in binary nanoassembly. (P) The particle size changes of np-GC NAs, p-GC NAs and sp-GC NAs

treated with Urea, SDS and NaCl (50 mmol/L), respectively. Cumulative release of CTX (Q) and GSP (R) from p-GC NAs and sp-GC NAs with

(5 mmol/L) or without DTT for 12 h. Data were presented as mean � SD (n Z 3).
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3.2. Elaborate fabrication of a carrier-free chemotherapeutic
nano-booster

We found that GSP could co-assemble with CTX into carrier-free
NAs in our previous attempts. Based on this, we proposed to
develop a self-sensitive nanomedicine with a low-dose chemo-
therapeutic threshold. First, we intended to figure out the optimal
GSP/CTX dose ratio when GSP served as a chemotherapeutic
partner. The binary NAs were prepared at a range of molar GSP/
CTX ratios from 20:1 to 1:10 by the one-step nanoprecipitation
method. As shown in Supporting Information Table S1, GSP and
CTX could readily co-assemble into carrier-free NAs with a wide
GSP/CTX ratio range, spanning from 20:1 to 1:1 without the
assistance of any excipients. A favorable co-assembly feature
would certainly benefit efficient and synchronous delivery of GSP
and CTX. Subsequently, the in vitro antitumor effects of GSP/
CTX binary NAs were explored on RM-1 cells and 4T1 cells at
different molar ratios. As shown in Fig. 2J and Supporting In-
formation Fig. S6, the binary NAs with a GSP/CTX ratio of 3:1
presented the strongest cytotoxicity against both RM-1 and 4T1
cells within the molar ratio range from 20:1 to 1:1, resulting in
minimum IC50 values of 0.64 nmol/L (RM-1 cells) and 0.23 nmol/
L (4T1 cells), respectively. Fortunately, GSP and CTX at the
optimal ratio (3:1) also demonstrated favorable nanoassembly
performance (Table S1). Finally, a molar ratio of 3:1 (GSP/CTX)
was selected as the optimal dose proportion for subsequent
experiments.

PEGylation modification on carrier-free dual-drug NAs has
proven to be an effective strategy to improve the colloidal stability
and pharmacokinetic profiles41,42. Moreover, disulfide bond-
containing prodrugs or polymeric materials have been exten-
sively developed to achieve redox-responsive drug release trig-
gered by the overproduction of glutathione (GSH) in tumor
cells11,42. A small amount of disulfide bond-containing lipid-PEG
(DSPEeSSePEG2k, 30 wt%) was used to fabricate redox-
responsive GSP/CTX NAs (sp-GC NAs), which were expected
to confer long blood circulation and tumor-specific release pat-
terns of GSP and CTX. After optimizing the formulation, three
nano-formulations were fabricated by one-step nano-precipitation
method, including non-PEGylated, non-sensitive PEGylated, and
redox-responsive PEGylated NAs. The non-PEGylated GSP/CTX
NAs (np-GC NAs) were obtained through direct co-assembly of
GSP and CTX. Meanwhile, the redox-responsive PEGylated GSP/
CTX NAs (sp-GC NAs) and non-sensitive PEGylated GSP/CTX
NAs (p-GC NAs) were prepared using DSPEeSSePEG2k and
DSPE-PEG2k as surface modifiers, respectively. Among them, np-
GC NAs and p-GC NAs served as the non-PEGylated and non-
sensitive control groups. As shown in Fig. 2K-M, Supporting In-
formation Fig. S7 and Table S2, sp-GC NAs, np-GC NAs and p-
GC NAs displayed uniform spherical nanostructures and appeared
as yellow colloidal solutions with milky light, featuring favorable
particle size (w90e110 nm) and PDI (<0.2). Moreover, the
PEGylated NAs (sp-GC NAs and p-GC NAs) exhibited slightly
increased negative zeta potentials of w �25 mV compared to the
unmodified np-GC NAs (w�6 mV), which would be conducive to
the colloidal stability of NAs by preventing particle aggregation
through charge repulsion. Negatively charged nanomedicines
certainly benefit stability in the blood by preventing the interfer-
ence by abundant plasma proteins. As shown in Fig. 2N and
Supporting Information Fig. S8, the excellent nanoassembly per-
formance of sp-GC NAs enabled good colloidal stability in both

PBS (pH 7.4) and FBS-containing PBS (pH 7.4). By contrast, the
non-PEGylated np-GC NAs showed poor stability under the same
conditions. Moreover, these two PEGylated NAs (sp-GC NAs and
p-GC NAs) showed favorable long-term stability at 4 �C, with no
obvious changes in particle size (Supporting Information Fig. S9).

3.3. Nanoassembly mechanisms and drug release patterns

We then focused on the nanoassembly mechanisms and drug
release patterns of binary NAs. First, we explored the nano-
assembly mechanisms of the GSP/CTX pair. Molecular docking
simulation technique was used to figure out the intermolecular
forces. As illustrated in Fig. 2O, the nanoassembly of GSP and
CTX was driven by a combination of p-p stacking force, hydro-
phobic interaction and hydrogen bonds. To verify these intermo-
lecular forces, we employed sodium dodecyl sulfate (SDS),
sodium chloride (NaCl), and urea as intermolecular force dis-
ruptors. As shown in Fig. 2P, a slight increase in the particle size
of np-GC NAs was observed after incubation with NaCl for 3 h,
while it had little impact on sp-GC NAs and p-GC NAs. These
results indicated that electrostatic force promoted the nano-
assembly of GSP and CTX, particularly under conditions without
PEGylation decoration. Moreover, incubation with urea also eli-
cited a slight increase in particle size increase in three NAs,
suggesting the certain contribution of hydrogen bonding to GSP/
CTX nanoassembly. Significantly, the particle sizes of the three
binary NAs sharply increased in the presence of SDS, highlighting
the dominant role of hydrophobic interactions in the co-assembly
process of GSP and CTX.

As previously mentioned, DSPEeSSePEG2k decorated on sp-
GC NAs was expected to trigger redox-responsive nanoassembly
disintegration and drug release in tumor cells. We first investigated
the morphological change of NAs after co-incubation with DTT.
As shown in Supporting Information Fig. S10, the nanostructures
of redox-responsive PEGylated sp-GC NAs were significantly
destroyed, while those of non-sensitive PEGylated p-GC NAs
remained intact spherical morphology. We then investigated the
release patterns of GSP and CTX from sp-GC NAs and p-GC NAs
in release media (pH 7.4) with or without DTT. Considering its
poor stability, the bare np-GC NAs were excluded from subse-
quent studies. As shown in Fig. 2Q and R, both sp-GC NAs and p-
GC NAs showed slow drug release in blank release media (pH 7.4,
0 mmol/L DTT), with less than 20% of GSP and CTX released.
Notably, sp-GC NAs displayed DTT-triggered drug release fea-
tures, with approximately 80% of GSP and CTX released in the
presence of 5 mmol/L DTT within 12 h (Fig. 2Q and R). In
contrast, the non-sensitive p-GC NAs revealed slow release even
in a DTT-containing release medium. More significantly, the
release profiles of CTX and GSP from sp-GC NPs were very
similar in the presence of 5 mmol/L DTT within 12 h, displaying
favorable and simultaneous drug release characteristics (Fig. 2Q
and R). On-demand drug release from sp-GC NPs in the presence
of DTT should be attributed to the inferior colloidal stability of sp-
GC NAs after the loss of the PEG shell caused by reduction
stimuli. In addition, the pH values of release media had little effect
on drug release (Supporting Information Fig. S11). In the low pH
release medium (pH 5.5 and 6.5) without the addition of DTT,
both sp-GC NAs and p-GC NAs showed slow release, with less
than 20% release within 12 h. The tumor-specific drug release
pattern of sp-GC NAs would certainly benefit GSP-sensitized
chemotherapy with low toxicity.
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3.4. Cellular uptake

Given the critical role of cellular internalization in the therapeutic
efficacy of nanomedicines, we further explored the cellular uptake
efficiency of binary NAs in RM-1 cells. Cy7-labeled binary NAs
(Cy7-p-GC NAs and Cy7-sp-GC NAs) were prepared to trace their
cellular uptake characteristics, and the intracellular fluorescence
signals of Cy7 were quantitatively and qualitatively detected by
flow cytometry and laser confocal microscopy, respectively. As
shown in Supporting Information Figs. S12 and 13, both Cy7-p-
GC NAs and Cy7-sp-GC NAs exhibited higher intracellular
fluorescence intensity than Cy7 Sol in a time-dependent manner,
with no significant difference observed between the two NAs. The
comparable cellular uptake efficiency of Cy7-p-GC NAs and Cy7-
sp-GC NAs could be attributed to their very similar nano-
structures, particle sizes, zeta potentials, and surface characteris-
tics. These results indicated that binary NAs exhibited enhanced
cellular uptake efficiency compared to free Cy7, likely due to a
more efficient cellular internalization mechanism of nano-
medicines through endocytosis43.

3.5. Insight into GSP-mediated chemotherapy enhancement and
mechanisms

The previous results demonstrated the sensitization effect of GSP
on CTX-mediated chemotherapeutic cytotoxicity (Fig. 2BeE).
Most importantly, such an adjuvant effect exhibited a notable
advantage in terms of high selectivity between tumor cells and
normal cells (Fig. 2FeI). We further expected that the redox-
responsive drug release patterns of sp-GC NAs would further
enhance the anticancer selectivity of CTX. To validate this hy-
pothesis, we next evaluated the GSP-sensitized cytotoxicity of
binary NAs in RM-1 and 4T1 cells using the MTT assay, with a
specific focus on the underlying mechanisms. As shown in Fig. 3A
and B, sp-GC NAs displayed the strongest cytotoxicity against
both RM-1 cells and 4T1 cells compared to CTX Sol, GC Sol and
non-sensitive p-GC NAs. In contrast, despite good stability and
efficient cellular uptake, slow drug release from non-sensitive p-
GC NAs led to inferior cytotoxicity (Fig. 3A and B), which once
again underscored the crucial importance of rapid drug release in
tumor cells for the therapeutic effects of nanomedicines. Notably,
the mixed solution (GC Sol) only demonstrated a slight advantage
over CTX Sol, which might be ascribed to the discrepant cellular
uptake behaviors of CTX and GSP. As a result, GC Sol could not
ensure an optimal synergy dose ratio, even if they were simulta-
neously exposed to RM-1 and 4T1 cells. These results suggested
the necessity of synchronous and holistic drug delivery. Notably,
both sp-GC NAs and p-GC NAs showed relatively weaker cyto-
toxicity in 3T3 and L02 cells compared to CTX Sol under the
same conditions (Fig. 3C and D). It’s easy to understand the slow
drug release from non-sensitive p-GC NAs in both tumor and
normal cells. Unlike tumor cells, lower redox levels in normal
cells could also lead to inefficient drug release from sp-GC NAs,
enabling favorable therapeutic selectivity between tumor and
normal cells. Taken together, sp-GC NAs not only enhanced the
anti-tumor effect through co-assembly with GSP but also provided
desirable therapeutic selectivity due to tumor-specific drug release
features. Such a self-sensitizing nanomedicine has the potential to
serve as a novel chemotherapeutic modality for cancer treatment
with high efficiency and safety.

Subsequently, the survival of RM-1 tumor cells after different
treatments was investigated using the LIVE/DEAD Cell Imaging

Kit. The living and dead cells were stained with calcein-AM
(green) and propyl iodide (PI, red), respectively. As shown in
Fig. 3E, only a small portion of cells treated with GSP Sol, CTX
Sol, GC Sol, and p-GC NAs died, while strong red fluorescence
signals were observed in sp-GC NAs, indicating a large number of
cell deaths. This observation was consistent with the cell viability
results (Fig. 3A and B). Meanwhile, we also detected the
apoptosis proliferation of RM-1 cells after different treatments by
flow cytometry and laser scanning confocal microscopy. Similar to
the cell viability and live/dead cell staining results, the highest
number of apoptotic cells was found in the sp-GC NAs group
(>50%) compared to GSP Sol, CTX Sol, GC Sol, and p-GC NAs
(Fig. 3F and Supporting Information Fig. S14). Moreover, EdU
cell proliferation results also demonstrated the potent anti-
proliferation activity of sp-GC NAs, with a significantly attenu-
ated 488-Azid green fluorescence signal (Fig. 3G and H and
Supporting Information Fig. S15). Taken together, these results
suggested that sp-GC NAs exerted strong GSP-sensitized cyto-
toxicity through inhibiting cell proliferation and facilitating cell
apoptosis. The potent cytotoxicity of sp-GC NAs should be
attributed to its favorable stability, efficient cellular uptake, and
redox stimuli-triggered rapid drug release features. These advan-
tages of binary NAs cooperatively amplified the GSP-sensitized
cytotoxicity of CTX.

We then investigated the underlying mechanisms of GSP-
sensitized cytotoxicity of CTX. Growing evidence suggests that
B-cell lymphoma-2 (Bcl-2) protein overexpressed in most tumor
cells plays an anti-apoptotic role8,44. Moreover, the expression of
Bcl-2 in tumor cells is usually upregulated upon exposure to
chemotherapeutic drugs, leading to therapeutic resistance45,46. It
has been reported that GSP can inhibit the cellular expression of
Bcl-2 protein, up-regulate the expression of Bax, promote the
activation of Caspase 3, and finally promote tumor cell apoptosis
by the mitochondrial apoptosis pathway. We speculated that the
sharply descended therapeutic threshold of CTX in the presence of
GSP would be attributed to this cascade process (Fig. 4A). We first
detected the expression of Bcl-2 protein in RM-1 cells after
various treatments using a Western Blot assay. As shown in
Fig. 4B, GSP-containing formulations (GSP Sol, GC Sol, and sp-
GC NAs) except for the non-sensitive p-GC NAs significantly
down-regulated the expression of Bcl-2, indicating that GSP
effectively down-regulated Bcl-2 protein. The inferior Bcl-2
down-regulation effect of p-GC NAs should be ascribed to inef-
ficient GSP release from the non-sensitive nanosystems (Fig. 2R).
By contrast, sp-GC NAs with favorable stability, cellular uptake,
and redox-responsive GSP release features remarkably suppressed
Bcl-2 expression, resulting in GSP-sensitized cytotoxicity against
tumor cells (Fig. 3A and B). Moreover, sp-GC NAs significantly
up-regulated the expression of pro-apoptotic proteins Bax, which
further led to the cleavage of pro-Caspase-3 (Supporting Infor-
mation Fig. S17).

Mitochondrial membrane potential is closely related to cell
apoptosis47,48. Subsequently, the mitochondrial membrane poten-
tial changes of RM-1 cells treated with different formulations
were investigated using a mitochondrial membrane potential
detection kit (JC-1). Cellular red (JC-1 aggregates) and green
(JC-1 monomers) fluorescence represent high and low mitochon-
drial membrane potential, respectively. As shown in Fig. 4CeD
and Fig. S14, strong red fluorescence signals were observed in the
GSP Sol group and the untreated control group. The negligible
impact of GSP alone on mitochondrial membrane potential should
be ascribed to its weak cytotoxicity against RM-1 cells (Fig. 2B
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and C). By contrast, green fluorescence signals were significantly
enhanced in RM-1 cells treated with CTX Sol compared with the
untreated control group (Fig. 4C and D), indicating the apoptosis-
promoting ability of CTX. Notably, much stronger green fluo-
rescence signals were found in drug combination groups (GC Sol,
p-GC NAs, and sp-GC NAs) than that observed in monotherapy of
CTX and GSP (Fig. 4C and D), providing clear evidence of a
synergistic sensitization effect between them. Among them, sp-
GC NAs displayed distinct advantages over GC Sol and p-GC

NAs in terms of mitochondrial membrane potential reduction
(>75%), which can also be attributed to their favorable stability,
cellular uptake, and redox-responsive GSP release features.

In addition, given the high correlation between cell apoptosis
and the abnormal opening of the mitochondrial permeability
transition pore (MPTP), we further explored the MPTP status of
RM-1 cells after different treatments using the Calcein AM
(Calcein acetoxymethyl ester) probe. The non-fluorescent Calcein
AM can be readily converted to a fluorescent dye (Calcein)

Figure 3 In vitro antitumor effects of GSP/CTX binary nanoassembly. (A) Cytotoxicity of CTX, GC, p-GC NAs, sp-GC NAs against RM-

1 cells. (B) Cytotoxicity of CTX, GC, p-GC NAs, sp-GC NAs against 4T1 cells. (C) Cytotoxicity of CTX, GC, p-GC NAs, sp-GC NAs against

3T3 cells. (D) Cytotoxicity of CTX, GC, p-GC NAs, sp-GC NAs against L02 cells. Data were presented as mean � SD (nZ 4). (E) Live and dead

cell co-staining assay. Confocal fluorescence images of CTX, GSP, GC, p-GC NAs or sp-GC NAs incubated with RM-1 cells. Cells were stained

by Calcein-AM (live cell, green) and propidium iodide (dead cell, red). Scale barZ 10 mm. (F) The apoptosis and necrosis analysis of RM-1 cells

stained by Annexin V-FITC and PI. (G) Cell proliferation assay. Confocal fluorescence images of CTX, GSP, GC, p-GC NAs or sp-GC NAs

incubated with RM-1 cells. Proliferating cells were labeled with 488-Azide (green). Scale bar Z 10 mm. (H) The cell proliferation analysis of

RM-1 cells labeled by 488-Azide were quantified by flow cytometry. Data were presented as mean � SD (n Z 3). **P < 0.01, ***P < 0.001, ns,

not significant.
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without membrane permeability, thus being trapped in mito-
chondria with strong green fluorescence44,49. Based on this prin-
ciple, the degree of MPTP opening can be evaluated by detecting
the Calcein green fluorescence signals in mitochondria. Stronger
green fluorescence indicated a lower degree of MPTP opening. As
shown in Fig. 4E and F, similar trends were observed in the MPTP
changes as with the mitochondrial membrane potential. As ex-
pected, sp-GC NAs significantly elicited the abnormal opening of
MPTP in RM-1 cells. Taken together, the self-sensitized cyto-
toxicity of sp-GC NAs should be ascribed to GSP-mediated Bcl-2
depletion and the synergistic triggering of mitochondrial
dysfunction by GSP/CTX combo.

3.6. Pharmacokinetics and biodistribution

Satisfactory antitumor effects in vivo depend entirely on favorable
pharmacokinetics and tumor-specific biodistribution. We expected
that sp-GC NAs would leverage the hydrophilic coating of
PEGylation to navigate the vasculature and accumulate at tumor
sites via the enhanced permeability and retention (EPR) effect.
Cy7-labeled NAs (Cy7-p-GC NAs and Cy7-sp-GC NAs) were
prepared using Cy7-conjugated DSPE-PEG2k as a PEGylation
modifier. The pharmacokinetic profiles of NAs in rats were
conveniently evaluated by detecting the fluorescence signals of
Cy7. As shown in Supporting Information Fig. S18 and Table S3,

Figure 4 Insight into GSP-mediated adjuvant effect and mechanisms. (A) Schematic illustration of the mechanism of GSP-mediated adjuvant

effect. (B) Western Blotting images of Bcl-2 protein expression in RM-1 cells. (C) The mitochondrial membrane potential analysis of RM-1 cells

labeled with JC-1. Confocal fluorescence images of CTX, GSP, GC, p-GC NAs or sp-GC NAs incubated with RM-1 cells. JC-1 aggregates (red

fluorescence), JC-1 monomers (green fluorescence). Scale bar Z 10 mm. (D) Quantification of mitochondrial membrane potential depolarization

by ImageJ. Ratio of fluorescence intensity of JC-1 aggregates to JC-1 monomers (red fluorescence intensity/green fluorescence intensity). (E) The

mitochondrial permeability transition pore opening analysis of RM-1 cells labeled with Calcein AM. Confocal fluorescence images of CTX, GSP,

GC, p-GC NAs or sp-GC NAs incubated with RM-1 cells. Scale bar Z 10 mm. (F) The mitochondrial permeability transition pore opening

analysis of RM-1 cells labeled with Calcein AM are quantified by flow cytometry. Data are presented as mean � SD (n Z 3). *P < 0.05,

**P < 0.01 and ****P < 0.0001.
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Figure 5 Tumor biodistribution and in vivo GSP-sensitized antitumor chemotherapy. (A) The living images of RM-1 tumor-bearing C57BL/6

mice treated with Cy7 Sol, Cy7-p-GC NAs and Cy7-sp-GC NAs at a Cy7 equivalent dose of 2 mg/kg. (B) Ex vivo fluorescent images of major

organs and tumors at 4 h. (C) Quantitative results of major organs and tumors accumulation at 4 h. Data were presented as mean � SD (n Z 3).

*P < 0.05, ns, not significant. (D) Images of tumors. (E) Tumor growth profiles treated with CTX Sol, GSP Sol, GC Sol, p-GC NAs or sp-GC

NAs. (F) Tumor burden, the weight of tumors was divided by the average body weight of mice. (G) Western blotting results of Bcl-2 expression in

tumor tissues. (H) The serum testosterone content of mice after various treatments was detected by mouse testosterone ELISA kit. (I) Body weight

changes of mice bearing RM-1 tumor xenografts after treatment. Data were presented as mean � SD (n Z 5). *P < 0.05, **P < 0.01,

****P < 0.0001, ns, not significant. (J) Quantitative analysis of hemoglobin content of supernatant. Data were presented as mean � SD (n Z 3).

****P < 0.0001. (K) Hemolysis photograph. (L) H&E and TUNEL staining images of tumors after various treatments. Scale bar Z 100 mm.
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Figure 6 GSP-rendered chemotherapeutic window broadening in vivo. (A) Treatment schedule for chemotherapy. (B) Tumor growth profiles

treated with different formulations. (C) Tumor growth profiles treated with Saline, CTX Sol1, CTX Sol 2, sp-GC NAs1 and sp-GC NAs2 (subscripts

1 and 2 refer to equivalent CTX doses of 1 and 2 mg/kg, respectively). (D) Tumor growth profiles treated with Saline, CTX Sol4, CTX Sol6, CTX

Sol8, sp-GC NAs4, sp-GC NAs6 and sp-GC NAs8 (subscripts 4, 6, and 8 refer to equivalent CTX doses of 4, 6, and 8 mg/kg, respectively).

3286 Rui Liao et al.



Cy7 Sol was rapidly cleared from the blood with a short elimi-
nation half-life (t1/2) of 1.6 � 0.7 h. By contrast, the circulation
time of Cy7-p-GC NAs and Cy7-sp-GC NAs in the blood was
significantly prolonged, with their half-lives (t1/2) increased by 2.3
times and 3.3 times compared to Cy7 Sol, respectively (Table S3).
Meanwhile, Cy7-p-GC NAs and Cy7-sp-GC NAs displayed a
larger area under the concentrationetime curve (AUC) than Cy7
Sol. The favorable pharmacokinetic behaviors of NAs can be
ascribed to the hydrophilic shell endowed by PEGylation deco-
ration on both Cy7-p-GC NAs and Cy7-sp-GC NAs. Moreover,
there was almost no significant difference between Cy7-p-GC NAs
and Cy7-sp-GC NAs, possibly due to the similar surface charac-
teristics of the two NAs.

The above pharmacokinetic results suggested that the favor-
able colloidal stability and PEGylation modification of Cy7-p-GC
NAs and Cy7-sp-GC NAs dramatically improved in vivo drug
delivery efficiency, which might favor drug accumulation at tu-
mors via the EPR effect. We then evaluated the biodistribution of
Cy7 Sol, Cy7-p-GC NAs, and Cy7-sp-GC NAs in a mouse RM-1
prostate cancer model. As shown in Fig. 5AeC, Cy7 Sol, Cy7-p-
GC NAs and Cy7-sp-GC NAs in tumors reached the maximum
accumulation at 4 h post-administration. The fluorescence signals
of Cy7-p-GC NAs and Cy7-sp-GC NAs lasted at high intensity for
24 h. Notably, the fluorescence signals of Cy7 Sol in tumors were
not only much weaker than those of Cy7-p-GC NAs and Cy7-sp-
GC NAs at the maximum peak time point (4 h), but also rapidly
decayed over time. The inferior tumor accumulation of Cy7 Sol
can be attributed to its poor pharmacokinetic behavior (Fig. S18).
Notably, the non-sensitive Cy7-p-GC NAs displayed certain ad-
vantages over Cy7-sp-GC NAs in terms of fluorescence signals in
tumors, especially within the time range of 8 he24 h. The non-
sensitive feature led to better biodistribution performance of
Cy7-p-GC NAs, while the stability of Cy7-sp-GC NAs got worse
gradually with the disulfide bond breaking in the presence of GSH
overproduced in tumor cells, resulting in quick clearance of the
Cy7 probe. Therefore, although Cy7-p-GC NAs have a relatively
higher biodistribution in tumors, slow drug release would be a
major obstacle hindering antitumor therapy. By contrast, sp-GC
NAs struck a better balance of colloidal stability, pharmacoki-
netics, tumor accumulation, and on-demand drug release, which
was expected to achieve desirable GSP/CTX co-delivery and self-
augmented chemotherapy.

3.7. GSP-sensitized antitumor chemotherapy

After elaborate engineering and characterization, a natural
chemotherapeutic adjuvant-empowered nanoassembly (sp-GC
NAs) with favorable drug delivery features was expected to
significantly enhance CTX-elicited chemotherapy in vivo. A
mouse RM-1 prostate cancer model was established to investigate
GSP-sensitized chemotherapy of sp-GC NAs. CTX Sol, GSP Sol,

GC Sol, p-GC NAs, and sp-GC NAs were intravenously admin-
istered to the tumor-bearing mice every three days for a total of
three injections. The mice were sacrificed, and the main organs
and tumors were obtained to explore therapeutic effects and
mechanisms following the final treatment. As shown in
Fig. 5DeF, owing to rapid elimination in vivo and inefficient
tumor accumulation, monotherapy with GSP and CTX demon-
strated moderate antitumor activity. By comparison, the mixture
solution of GSP and CTX (GC Sol) and the non-sensitive p-GC
NAs exerted more potent tumor growth inhibition than either GSP
or CTX, indicating the GSP-sensitized antitumor effect of CTX.
However, there was no significant difference between them. As
previously discussed, despite the favorable pharmacokinetics and
biodistribution results of p-GC NAs, slow drug release greatly
confined the full exertion of GSP-sensitized chemotherapy. As
expected, the redox-responsive binary nanoassembly (sp-GC NAs)
almost completely suppressed tumor progression throughout the
treatment process, which could be ascribed to the good stability,
high cellular uptake, long blood circulation, efficient tumor
accumulation, and on-demand release of GSP or CTX from the
NAs in tumor cells.

We then verified the mechanisms of GSP-empowered chemo-
therapy adjuvant effects in vivo. We first analyzed the expression
of Bcl-2 protein in tumor tissues by Western Blot assay after
different treatments. As shown in Fig. 5G, sp-GC NAs signifi-
cantly down-regulated the expression of Bcl-2 in tumor tissues,
which was consistent with the in vitro results (Fig. 4B). In addition
to Bcl-2 protein, increasing evidence indicates that androgens
(e.g., testosterone) play a key role in the occurrence and pro-
gression of prostate cancer50. Moreover, GSP has been reported to
suppress prostate tumor growth by inhibiting the testosterone
production of testicular stromal cells51,52. Based on this, we
further explored the testosterone levels in mouse serum using
mouse testosterone enzyme-linked immunoassay (ELISA) kit
after different treatments. As shown in Fig. 5H, CTX alone eli-
cited no change in serum testosterone. By contrast, the mice
treated with GSP-containing formulations (GSP Sol, GC Sol, p-
GC NAs, and sp-GC NAs) significantly showed a significant
reduction in serum testosterone, especially in the sp-GC NAs
group. Moreover, TUNEL and H&E staining results of tumor
slices provided further evidence that sp-GC NAs could induce
significant inhibition of cell proliferation (Fig. 5L). Additionally,
no significant damage was caused by sp-GC NAs according to the
body weight changes (Fig. 5I), hemolysis (Fig. 5J and K), H&E
staining of the main organs (Supporting Information Fig. S19),
and hepatorenal function parameters (Supporting Information
Fig. S20). These results indicated that formulating GSP and CTX
into sp-GC NAs not only exerted strong antitumor activity by
down-regulating Bcl-2 expression in tumor tissues and inhibiting
testosterone production but also exhibited good biocompatibility
and biosafety.

(E) Tumor growth profiles treated with Saline, CTX Sol1, CTX Sol2, CTX Sol4 and sp-GC NAs1 (subscripts 1, 2, and 4 refer to equivalent CTX

doses of 1, 2, and 4 mg/kg, respectively). (F) Tumor burden, the weight of tumors was divided by the average body weight of mice. (G) Body

weight changes of mice bearing RM-1 tumor xenografts after treatment. (H) Survival rate of mice bearing RM-1 tumor xenografts after treatment.

Data were presented as mean � SD (n Z 5). *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant. (I) H&E staining images of liver and

spleen of mice bearing RM-1 tumor xenografts after the last treatments. Scale bar Z 100 mm. Liver: brown arrow: cytoplasmic eosinophilic

granules; red arrow: small focal infiltration of hepatic parenchymal lymphocytes; green arrow: small focal aggregates of extramedullary he-

matopoietic cells in the hepatic parenchyma; black arrow: large number of necrotic hepatocytes with fragmented nuclei and increased cytoplasmic

eosinophilicity; orange arrow: associated with moderate hemorrhage. Spleen: black arrow: small focal necrosis, cytosolized nuclei, enhanced

cytoplasmic eosinophilia; yellow arrow: small focal aggregates of giant cells; orange arrow: severe hemorrhage.
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3.8. GSP-rendered chemotherapeutic window broadening
in vivo

As previously discussed, sp-GC NAs were expected to uncover a
new chemotherapeutic window for cancer treatment. To further
validate the GSP-rendered chemotherapeutic window broadening
in vivo, we conducted another pharmacodynamics experiment in
RM-1 tumor-bearing C57BL/6 mice receiving CTX Sol or sp-GC
NAs in a gradient from a low dose (1 mg/kg) to a high dose
(8 mg/kg) of CTX, focusing simultaneously on tumor-suppressive
effects and safety. The administration regimen was clearly shown
in Fig. 6A, CTX Sol, and sp-GC NAs were intravenously admin-
istrated to the tumor-bearing mice every two days for a total of five
injections at an equivalent CTX dose of 1, 2, 4, 6, and 8 mg/kg,
respectively. As shown in Figs. 6BeH and Supporting Information
Figs. S22 and S23, CTX Sol showed negligible anti-tumor effects at
low doses (1 and 2 mg/kg), while it caused serious toxic side effects
at high doses (4, 6 and 8 mg/kg), resulting in significant weight loss
and even death of tumor-bearing mice. In contrast, sp-GC NAs not
only displayed much stronger tumor inhibition effects than CTX
Sol at low doses (1, 2 and 4 mg/kg) but also completely suppressed
tumor growth at a high dose (8 mg/kg), with some tumors almost
completely disappearing in mice. It was worth noting that sp-GC
NAs still exhibited a good tumor inhibition effect at a dose of
1 mg/kg, which had obvious advantages over CTX Sol. Moreover,
the TUNEL and H&E staining results further demonstrated the
excellent inhibition effects of sp-GC NAs on tumor cell prolifera-
tion (Supporting Information Fig. S24). These results thoroughly
verified the hypothesis that GSP unlocked an ultra-low-dose
chemotherapeutic window for CTX.

In stark contrast with CTX Sol, sp-GC NAs displayed good
safety in the dosage range of 1e8 mg/kg, no significant change in
body weight, hepatorenal function and whole blood indexes were
observed in any of the mouse populations (Fig. 6G and Supporting
Information Figs. S25 and S26). By contrast, CTX Sol not only
caused dramatic weight loss, but also led to abnormalities in
hepatorenal function indicators and pancytopenia (Figs. S25 and
26). These results suggested that the integration of GSP and
CTX not only dramatically descended the therapeutic threshold of
CTX, but also greatly improved its maximum tolerable dose. In
other words, a precise dual-drug nanoassembly of GSP and CTX
rendered a bidirectional chemotherapeutic window extension for
CTX, which would certainly confer better efficacy and safety to
cancer chemotherapy. Furthermore, we also compared the anti-
tumor efficacy and safety of GSP Sol with sp-GC NAs at an
equivalent GSP dose of 14.9 mg/kg, which was the same GSP
dose in sp-GC NAs at the high CTX dose of 8 mg/kg. As shown in
Fig. 6B and G, GSP Sol had only moderate antitumor effects, but
the body weight of tumor-bearing mice decreased significantly at
a high dose. Moreover, some degree of liver injury was found in
liver tissue sections (Fig. 6I and Supporting Information Figs. S27
and S28). Obviously, GSP Sol not only showed poor anti-tumor
activity even at high doses but might also cause liver damage.
By contrast, formulating it into a GSP/CTX binary nanoassembly
(sp-GC NAs) significantly sensitized CTX-mediated chemo-
therapy while significantly attenuating off-target toxicity at the
same dose of GSP, which should be ascribed to on-demand drug
release in the presence of redox stimuli in tumors (Fig. 2Q and R).
These results indicate that sp-GC NAs significantly broadened the
therapeutic window of CTX by virtue of the GSP-mediated

chemotherapy adjuvant effect, rendering an ultra-low-dose thera-
peutic threshold and a high tolerance dose.

4. Conclusions

To enhance the sensitivity of chemotherapy for prostate cancer, we
proposed the concept of exploiting a self-sensitized nano-booster
integrated with a tumor-specific chemotherapeutic enhancer,
enabling therapeutic window expansion and efficacy-toxicity
benefit amplification in prostate cancer treatment. We have iden-
tified and explored the feasibility of using a natural chemothera-
peutic enhancer to broaden the therapeutic window for effective
prostate cancer chemotherapy. The nanoassembly formulation (sp-
GC NAs) was based on molecular co-assembly nanotechnology,
comprising GSP, CTX, and DSPEeSSePEG2k. Unlike conven-
tional polymeric nanomedicines, sp-GC NAs were molecularly
self-aggregated nanoassemblies of two small molecular drugs
(GSP and CTX). The main framework of sp-GC NAs was formed
through the co-assembly of GSP and CTX, rather than relying on
DSPEeSSePEG2k. GSP and CTX co-assembled into uniform
nanostructures without the assistance of any carrier material. In
this context, DSPEeSSePEG2k performed as a PEGylation
modifier rather than a carrier material in sp-GC NAs. Furthermore,
as a disulfide bond-containing lipid-PEG, DSPEeSSePEG2k

plays a crucial role in achieving redox-responsive release of GSP
and CTX in tumor cells with an overproduction of GSH. Crucially,
by virtue of the advantages of small-molecule drug nanoassembly
techniques, sp-GC NAs exhibited excellent drug co-loading ca-
pacity (70%) for GSP and CTX.

Formulating GSP and CTX into a redox-responsive nano-
assembly enabled desirable drug co-delivery and on-demand drug
release. We further showed that the GSP/CTX binary NAs not
only unlocked an ultra-low-dose chemotherapeutic window by
significantly lowering the therapeutic threshold of CTX at inef-
fective dose concentrations of GSP, but also greatly improved the
tolerable dose of CTX through precise dual-drug nanoassembly.
More importantly, the GSP-mediated chemotherapy adjuvant ef-
fect demonstrated remarkable selectivity between normal and
tumor cells, enabling an ideal anticancer modality against prostate
cancer. The nano-booster displayed potent antitumor activity in
mouse prostate tumor xenograft models, even at a low CTX dose
of 1 mg/kg. Safety evaluations suggested that sp-GC NAs did not
induce weight loss, hepatic or renal function impairment, or
pathological tissue changes during the treatment period. The
therapeutic safety of sp-GC NAs can be attributed to redox-
responsive PEGylation modification and the high selectivity of
their synergistic action against prostate cancer cells. These find-
ings presented a fresh perspective for revisiting the importance
and potential of chemotherapy, opening up possibilities for the
development of a new generation of chemotherapeutic nano-
medicines with good clinical applicability.
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