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a b s t r a c t 

Small-molecule prodrug nanoassembly technology with a unique advantage in off-target 

toxicity reduction has been widely used for antitumor drug delivery. However, prodrug 

activation remains a rate-limiting step for exerting therapeutic actions, which requires 

to quickly reach the minimum valid concentrations of free drugs. Fortunately, we find 

that a natural compound (BL-193) selectively improves the chemotherapy sensitivity of 

breast cancer cells to podophyllotoxin (PPT) at ineffective dose concentrations. Based 

on this, we propose to combine prodrug nanoassembly with chemotherapy sensitization 

to fully unleash the chemotherapeutic potential of PPT. Specifically, a redox-sensitive 

prodrug (PSSF) of PPT is synthesized by coupling 9-fluorenyl-methanol (Fmoc-OH) with 

PPT linked via disulfide bond. Intriguingly, PSSF with a π-conjugated structure readily 

co-assembles with BL-193 into stable nanoassembly. Significantly, BL-193 serves as an 

excellent chemosensitizer that creates an ultra-low-dose chemotherapeutic window for PPT. 

Moreover, prodrug design and precise hybrid nanoassembly well manage off-target toxicity. 

As expected, such a BL-193-empowered prodrug nanoassembly elicits potent antitumor 

responses. This study offers a novel paradigm to magnify chemotherapy efficacy-toxicity 

benefits. 

© 2024 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University. 
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. Introduction 

ancer continues to pose a significant risk to both 

uman health and quality of life [1] . Numerous clinical 
herapeutic approaches have been devised and implemented 

o address this challenge, including surgical resection,
hemotherapy, radiotherapy and phototherapy [2–4] . Among 
hem, chemotherapy represents one of the most commonly 
sed treatments by virtue of broad-spectrum anti-tumor 
ffects and systemic therapeutic features [5–7] . However,
he clinically available chemotherapeutics suffer from poor 
pecificity, unsatisfactory treatment outcome and narrow 

reatment window [8] . There’s urge need to develop new 

rugs and strategies to improve the current situation.
odophylotoxin (PPT) has attracted much attention in pre- 
linical investigations. PPT showed potent antitumor activity 
hrough binding with tubulins to inhibit the formation 

f mitotic spindle in the process of cell division [9–11] .
isappointingly, PPT not only has poor water solubility, but 
lso produces serious off-target toxicity. Because of this, it 
as not yet been used in cancer clinical treatment [12] . In 

he past decade, in order to overcome these shortcomings of 
PT, pharmaceutical chemists have attempted to synthesize 
 series of analogous compounds [13 ,14] , such as etoposide 
VP-16) [15 ,16] . Nevertheless, despite the utilization of VP-16 
n the clinical treatment of cancers such as breast cancer 
nd leukemia, they are still criticized for poor treatment 
fficacy and severe toxic side effects. Obviously, in order to 
educe toxicity, it had no alternative but to sacrifice certain 

ntitumor activity when designing PPT analogues. Whereas 
t is necessary to retain its potent antitumor activity when 

onsidering the drug availability of PPT. In other words, it’s 
f critical importance to guarantee antitumor activity while 

mproving safety [17 ,18] . 
Prodrug strategy has been widely used to facilitate 

nticancer drug delivery [17 ,19-21] . A feasible prodrug 
trategy can handle multiple challenges from anticancer 
rug delivery, such as severe toxicity, lack of site specificity,
nd inferior cellular uptake efficiency [22] . Despite advances 
rom conventional prodrug strategy, some weaknesses have 
reatly impeded their clinical translation and application 

23] . Particularly, small-molecule prodrugs suffer from 

apid clearance and premature degradation. In response to 
hese challenges of conventional prodrug strategy, carrier- 
ree prodrug nanoassembly, integrating prodrug strategy 
nd biomedical nanotechnology into one system [24] , has 
merged as a notable trend to facilitate more efficient 
elivery of anticancer drugs in recent decades [18 ,25-29] .
rodrug nanoassembly confers anticancer drugs many 
dvantages, such as improved drug availability, on-demand 

rodrug activation and drug release [28 ,30 ,31] . Moreover,
ne of the most distinct advantages of small-molecule 
rodrug nanoassembly over conventional nanocarrier-based 

anomedicines lies in high drug loading capacity, even as 
igh as 50% to 80%. More important, tumor-specific prodrug 
ctivation could be facilely realized by inserting tumor 
timuli-sensitive chemical linkers in the conjugates, such 

s disulfide bond [22 ,32] . For instance, disulfide bond-linked 

rodrugs could be activated in the presence of glutathione 
GSH) overproduced in tumor cells (1-10 mM), while normal 
ells usually have much lower GSH levels, usually 4 to 10 
imes lower [33–35] . In this way, the off-target toxicity of 
nticancer drugs could be well managed through tumor- 
elective prodrug activation. Nevertheless, prodrug activation 

emains a rate-limiting step for therapeutic actions, which 

equires to at least reach the minimum valid concentrations 
f free drugs. As a result, both prodrugs and prodrug-based 

anomedicines showed relatively weaker cytotoxicity than 

he corresponding parent drugs. Whether the antitumor 
otential can be fully fulfilled has become a key problem to 
e solved in prodrug-based drug delivery modalities [36] . 

Herein, we found that a natural compound (BL-193) 
as able to significantly improve the chemotherapy 

ensitivity of breast cancer cells to podophyllotoxin (PPT),
ven at ineffective dose concentrations ( Fig. 1 ). Based 

n this interesting finding, we proposed to develop a 
ovel chemotherapy regimen through combining prodrug 
anoassembly with chemotherapy sensitization to fully 
nleash the chemotherapeutic potential of PPT [37 ,38] . On 

he one hand, prodrug strategy was engaged to reduce the 
oxicity of PPT by introducing tumor stimuli-responsive 
hemical linkages in conjugate design. On the other hand, BL- 
93-mediated chemotherapy sensitization was expected to 
mprove the therapeutic efficiency of PPT prodrug, especially 
ealing with the problem of delayed and inadequate prodrug 
ctivation. Specifically, a redox-sensitive prodrug (PSSF) of 
PT was rationally designed and synthesized by coupling 
-fluorenyl-methanol (Fmoc-OH) with PPT linked via 
isulfide bond [39] . Intriguingly, we found that PSSF with 

 π-conjugated Fmoc structure readily co-assembled with 

L-193 into stable nanoparticles at a wide molar ratio from 1:0 
o 1:9. After nano-formulation and synergistic sensitization 

ptimization, a precise hybrid nanoassembly of PSSF and 

L-193 was fabricated at the optimal molar ratio of 1:5. In the 
anoassembly, BL-193 served as an excellent chemosensitizer 

hat opened an ultra-low-dose chemotherapeutic window 

or PPT. Moreover, tumor-specific prodrug design and precise 
ybrid nanoassembly well managed the off-target toxicity 
f PPT. By virtue of these advantages and characteristics,
uch a BL-193-empowered prodrug nanoassembly produced 

otent antitumor responses in vitro and in vivo . Moreover,
t significantly reduced toxicity when compared with free 
PT solution. To our knowledge, this marks the inaugural 
ndeavor to construct carrier-free hybrid nanomedicine by 
ntegrating prodrug nanoassembly nanotechnology with 

atural chemosensitizer-empowered chemosensitization 

trategy, which neatly solved the prodrug activation- caused 

oor efficacy by a unique way of chemotherapeutic window 

xpansion. This study offers a novel combination treatment 
aradigm for precision cancer chemotherapy. 

. Materials and methods 

.1. Materials 

PT, cell culture medium, Cyanine7 (Cy7), the reagents applied 

n Western blot assay were purchased from Meilun Biotech 

o. Ltd. (Dalian, China). DSPE-mPEG2k was obtained from AVT 
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Fig. 1 – Schematic illustration of a BL-193-empowered prodrug nanoassembly elicits potent antitumor responses and 

reduces off-target toxicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Shanghai) Pharmaceutical Technology Co., Ltd. (Shanghai,
China). DSPE-mPEG2K -Cy7 was obtained from Xi’an Ruixi
Biological Technology Co., Ltd (Xi’an, China). Annexin V-FITC
Apoptosis Detection Kit was obtained from was purchased
from Beijing Solarbio Science & Technology Co., Ltd (Beijing,
China). All the cell culture vessels were purchased from NEST
Biotechnology Co., Ltd. (Wuxi, China). 4T1 cells, 3T3 cells and
RM-1 cells were obtained from the ATCC. Specifically, 4T1 cells
were cultivated in RPMI 1640 medium with 10% fetal bovine
serum (FBS). 3T3 cells were cultivated in DMEM medium with
the same components mentioned earlier. The use of animals
is approved by the Animal Ethics Committee of Shenyang
Pharmaceutical University (No. 19169). 

2.2. Synthesis of PPT-SS-Fmoc prodrugs 

To enhance the esterification activity of dithioglycolic
acid, we stirred 4,4′ -dithioglycolic acid (1 mmol) in 3 ml
acetic anhydride under nitrogen protection. Subsequently,
we obtained 4,4′ -dithiodibutyric anhydride. Next, we
conducted the esterification of Fmoc-OH (1 mmol) with
4,4′ -dithiodibutyric anhydride for 12 h, catalyzed by DMAP
(0.1 mmol). The intermediate product activated with 1 mmol
EDCI, 1 mmol HOBt, and 0.1 mmol DMAP in an ice bath for
2 h. Subsequently, we added PPT to the system and stirred it
for 48 h to obtain the prodrug. We removed dichloromethane
and obtained the final product using preparative liquid
chromatography [39] . 

2.3. Preparation and characterization of PSSF/BL-193 

NAs 

PSSF/BL-193 NAs were created using a one-step
nanoprecipitation method. PSSF and BL-193 were dissolved in
a solution of tetrahydrofuran (THF) with a PEG concentration
of 1.25 mg/ml, resulting in a mixed solution with a
concentration of 2.5 mg/ml [40] . Further dilution was attained
by adding anhydrous ethanol to achieve a 1:1 ethanol-to-THF
ratio. Subsequently, a mixture of PSSF and BL-193 at varying
molar ratios was added dropwise into 2 ml deionized water
under stirring at 1,200 rpm for 2 min to prepare PSSF/BL-193
NAs at different molar ratios. 
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To identify the optimal dose ratio of PSSF and BL-193,
oth the particle size and IC50 values were used to screen 

ormualtions. The sensitization effect of BL-193 on PSSF was 
ssessed using the MTT assay. Initially, 4T1 cells were plated 

t a density of 2 × 103 cells/well in 96-well plates. Following 
 12 h incubation, the cells were exposed to PSSF/BL-193 NAs 
t molar ratios of 1:0, 1:1, 1:3, 1:5, 1:7 or 1:9. After 48 h, the
ells were co-incubated with MTT for 4 h, after which dimethyl 
ulfoxide (DMSO) was used to replace the old medium for 
issolving the formazan produced by the cells. Lastly, the 
V absorbance at 490 nm was quantified using a Thermo 
cientific microplate reader. Finally, measuring the optimal 
ensitization ratio of PSSF and BL-193 through IC50 values. 

After determining the optimal dose ratio, we measure the 
article sizes and zeta potentials of PSSF/BL-193 NAs and 

SSF NAs. Additionally, by staining with phosphotungstic acid,
e observed the morphology of NAs using a transmission 

lectron microscope (JEOL 100CX II, Japan). 

.4. In vitro stability 

SSF/BL-193 NAs and PSSF NAs at a concentration of 
.5 mg/ml, underwent separate incubation in PBS and PBS 
ontaining 10% FBS at 37 °C using a shaking incubator. The 
tability of these nanoparticles was assessed by monitoring 
hanges in particle size at various time intervals using a 
etaSizer instrument. To enhance the formulation’s stability 
uring long-term storage and reduce transportation costs,
e lyophilized 1 ml of a 1 mg/ml formulation with 10% 

ucrose as a cryoprotectant in a vacuum freeze-dryer. Post- 
yophilization, the stability of the formulation was assessed 

y examining changes in particle size and morphological 
ppearance upon reconstitution. 

.5. Assembly mechanism 

olecular docking was employed to elucidate the 
ntermolecular forces within PSSF/BL-193 NAs. Furthermore,
aCl and SDS were employed to corroborate the presence 
f intermolecular forces in NAs. In a concise description,
SSF/BL-193 NAs were dispersed in NaCl (50 mM) and SDS 
50 mM) solution, followed by incubation at 37 °C in an 

gitating chamber. The nanoparticle sizes were assessed at 
redefined time intervals using a ZetaSizer instrument. 

.6. In vitro release patterns of PPT and BL-193 

e examined the release behaviors of PPT and BL-193 
rom PSSF/BL-193 NAs. To ensure complete dissolution of 
ydrophobic PPT and BL-193 released from NAs and facilitate 
etection, we added 20% THF to PBS (pH 7.4). PPT and BL- 
93 release were quantified at different time points using 
igh-Performance Liquid Chromatography (HPLC) in the 
upplymentary Material. 

.7. Cellular uptake 

T1 cells were initially plated in 24-well plates and incubated 

or 12 h. Following this, the nutrient-free medium was 
xchanged with medium containing PSSF-Cy7 NAs, PSSF/BL- 
93-Cy7 NAs and Cy7 Sol (each at a concentration of 250 ng/ml 
f Cy7). After washing, fixing, or digesting, cell observations 
ere conducted using CLSM or analyzed via flow cytometry 

BD, East Rutherford, NJ, USA). 

.8. Cytotoxicity 

he antiproliferative activities of the NAs was explored by 
TT assay. 4T1 cells were plated in 96-well plates and 

ncubated for 12 h. Then, nutrient free medium was discarded 

nd the cells were treated with BL-193 Sol, PPT Sol, PPT/BL-193 
ol, PSSF NAs and PSSF/BL-193 NAs at uniform concentrations 
f PPT and/or BL-193 for 48 h. Subsequently, MTT solution was 
dded, followed by a 4 h incubation period. Afterward, the well 
ontents were aspirated, and 200 μl DMSO was introduced.
ollowing a 10 min shaking period, the absorbance at 490 nm 

as quantified using a microplate reader. 

.9. Cellular apoptosis 

T1 cells were initially plated in 12-well plates and incubated 

or 12 h. Subsequently, the cells were treated with BL-193 
ol, PPT Sol, PPT/BL-193 Sol, PSSF NAs and PSSF/BL-193 NAs 
t uniform concentrations of PPT and/or BL-193, respectively.
nd then, the previous cell culture medium was collected into 
entrifuge tube. The cells were digested and then terminated 

y adding the old culture medium. The cells were centrifuged 

nd suspended, and the supernatant was removed after 
nother round of centrifugation. The cells were stained with 

he Annexin V-FITC Apoptosis Detection Kit. Subsequently,
erformed immediate flow cytometry analysis. 

.10. Western blot assay 

T1 cells were treated with BL-193 Sol, PPT Sol, PPT/BL- 
93 Sol, PSSF NAs, and PSSF/BL-193 NAs, all at matched 

oncentrations of PPT and/or BL-193. The membranes were 
hen blocked with 5% defatted milk prepared in TBST for 2 h.
ubsequently, the PVDF membrane was separately incubated 

vernight at 4 °C with Bcl-2 rabbit monoclonal antibody and β- 
ctin rabbit monoclonal antibody (highly diluted). It was then 

ncubated with HRP-conjugated goat anti-rabbit IgG at room 

emperature for an additional 2 h. Intracellular Bcl-2 levels 
ere observed using the ChemiDocTM Imaging System. 

.11. Pharmacokinetic 

ealthy SD rats weighing 200–220 g were employed for 
nvestigate the pharmacokinetic behavior of PSSF NAs and 

SSF/BL-193 NAs in vivo ( n = 5 per group). Specifically, Cy7 Sol
nd Cy7-labled NAs were administered at a dosage of 2 mg/kg 
y7 equivalent, were intravenously injected into the rats via 

he tail vein. Subsequently, blood samples were collected.
lood serum was obtained by centrifugation, and the blood 

erum concentrations of Cy7 were quantified. 

.12. Biodistribution 

o assess the tumor-targeting capability of prodrug NAs,
e utilized BALB/c mice bearing 4T1 tumors, with an 
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average tumor volume of 300 mm3 . Cy7 Sol and Cy7-labeled
NAs were administered intravenously to mice. Following
administration, fluorescence changes in the mice were
monitored at set time intervals. Post-anesthesia, fluorescence
intensities were quantified using an IVIS imaging system
(PerkinElmer). Mice were euthanized and tumors as well
as major organs were collected. Subsequently, we analyzed
fluorescence intensities with the same IVIS imaging system. 

2.13. Hemolysis test 

Mouse blood was freshly collected, and serum was separated
by centrifugation, followed by washing with saline to isolate
erythrocytes. We then introduced BL-193 Sol, PPT Sol, PPT/BL-
193 Sol, PSSF NAs and PSSF/BL-193 NAs, all at equivalent
concentrations of PPT and/or BL-193, into equal amounts of
erythrocytes suspensions. Following a 3 h incubation at 37 °C
on a shaker, we measured the absorbance at 545 nm. 

2.14. Antitumor efficacy 

To establish the tumor-bearing model, 4T1 cells suspensions
were subcutaneously injected into the mice. Mice were
randomly allocated into six groups upon the tumor size
reached 100 mm3 , each consisting of five individuals: control
group (PBS), BL-193 Sol, PSSF/BL-193 Sol, PPT Sol, PSSF NAs
and PSSF/BL-193 NAs. These formulations were administered
every other day for a total of five administrations, with
each containing equivalent concentrations of PPT (4 mg/kg)
and/or BL-193 (25 mg/kg). Four days following the final
treatment session, blood samples were collected, and the
mice were euthanized to acquire the major organs and
tumor tissues. The organs and tumors were immersed in 4%
paraformaldehyde for H&E staining and TUNEL assay. 

3. Results and discussion 

3.1. BL-193-mediated chemotherapy sensitization 

This project commenced with an interesting finding that
BL-193 at non-cytotoxic dose exhibited the remarkable
ability to improve the chemotherapy sensitivity of breast
cancer cells to PPT ( Fig. 2A ). As depicted in Fig. 2B , BL-
193 alone demonstrated weak cytotoxicity and failed to
induce cellular demise even at a concentration of 2 μM.
Interestingly, the cytotoxicity of PPT against 4T1 cells was
remarkably enhanced when BL-193 was introduced at a non-
cytotoxic concentration of 500 nM ( Fig. 2C and Table S1).
Furthermore, given the severe non-specific toxicity of PPT, a
redox-sensitive prodrug (PSSF) of PPT was rationally designed
and synthesized by coupling 9-fluorenyl-methanol (Fmoc-
OH) with PPT linked via disulfide bond according to our
previous work (Fig. S1). The chemical structure of PSSF was
confirmed by MS and 1 H NMR, respectively (Figs. S2-S3).
Similarly, BL-193 also enhanced the sensitivity of 4T1 cells to
PSSF ( Fig. 2D and Tab.le S2). Additionally, to further confirm
the toxicity reduction attributed to the prodrug strategy,
mouse embryonic fibroblasts (3T3 cells) were employed to
assess cytotoxicity. As shown in Fig. 2E and Table S3, PSSF
exhibited significantly lower cytotoxicity against 3T3 cells in
comparison to PPT, with IC50 values increased by more than
40-folds. Significantly, BL-193 showed negligible sensitization
to PPT or PSSF on 3T3 cells ( Fig. 2E ), demonstrating that BL-193
can achieve tumor-specific sensitization without additional
systemic toxicity. 

3.2. Preparation and characterization of nanoassemblies 

Given the remarkable chemotherapy sensitization effect of
BL-193 on PSSF, we attempted to prepare PSSF/BL-193 NAs
to achieve synchronous delivery using small molecule co-
assembly nanotechnology. As shown in Table S4, BL-193 and
PSSF could co-assemble into NAs at various molar ratios
ranging from 1:0 to 1:9. Subsequently, in order to determine
the optimal PSSF/BL-193 ratio for subsequent studies, we
examined the cytotoxic effects of NAs with different molar
ratios on 4T1 cells. As shown in Fig. S4, PSSF/BL-193 NAs at
a PSSF/BL-193 ratio of 1:5 exhibited the strongest cytotoxicity
against 4T1 cells. 

Based on the above findings, we prepared PSSF/BL-193
NAs with a PSSF/BL-193 molar ratio of 1:5 ( Fig. 3A ). Moreover,
the self-assembled PSSF NAs without BL-193 was prepared
as the control NAs. As shown in Figs. 3B-3C, S5 and
Table S5, both PSSF NAs and PSSF/BL-193 NAs exhibited
uniform particle sizes of ∼ 85 nm. Transmission electron
microscope (TEM) images further confirmed their regular
spherical structures (Fig. S7). Furthermore, the incorporation
of DSPE-PEG2K endowed NAs with a negative potential
of about −25 mV, which contributed to reduce plasma
protein adsorption and prolong blood circulation (Fig. S6).
The colloidal stability of PSSF NAs and PSSF/BL-193 NAs
was assessed through co-incubation with PBS (pH 7.4) or
PBS containing 10% FBS, respectively. Both PSSF NAs and
PSSF/BL-193 NAs demonstrated stability with no significant
changes in particle size ( Figs. 3D and S8). For long-
term stable storage, the nanoassemblies were lyophilized
and subsequently reconstituted. As shown in Fig. S9-S10,
there was no discernible cake collapse in the lyophilized
samples, and the particle size of the NAs remained relatively
unchanged after reconstitution compared to their pre-freeze-
drying state. 

3.3. Nanoassembly mechanism 

We subsequently explored the nanoassembly mechanisms
of the PSSF/BL-193 nanoassemblies (NAs). Utilizing the
molecular docking technique, we delved into the driving
forces behind the nanoassembly between PSSF and BL-
193. As depicted in Fig. 3E , hydrophobic interaction and π-
π stacking emerged as the primary driving forces in the
nanoassembly of PSSF and BL-193. To experimentally validate
the theoretical calculations, SDS and NaCl were employed to
disrupt hydrophobic interaction and electrostatic interaction
in the nanoassemblies, respectively. As illustrated in Fig. S11,
the particle sizes of PSSF/BL-193 NAs exhibited a significant
increase in the presence of SDS, while NaCl had only a
marginal impact on the NAs under identical conditions. This
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Fig. 2 – BL-193-mediated chemotherapy sensitization. (A) Schematic illustration of the sensitization of BL-193 and PPT; (B) In 

vitro cytotoxicity against 4T1 cells treated with BL-193 Sol; (C) Cytotoxicity of PPT Sol or PPT/BL-193 Sol against 4T1 cells; (D) 
Cytotoxicity of PSSF Sol or PSSF/BL-193 Sol against 4T1 cells; (E) Cytotoxicity of PPT Sol, PPT/BL-193 Sol, PSSF Sol and 

PSSF/BL-193 Sol against 3T3 cells. 

Fig. 3 – Preparation and characterization of nanoassemblies. (A) Scheme of nanoassembly process between PSSF and 

BL-193; (B) The size distribution of PSSF NAs; (C) The size distribution of PSSF/BL-193 NAs; (D) Colloidal stability of PSSF NAs 
and PSSF/BL-193 NAs incubated in PBS (pH 7.4); (E) Molecular docking simulation of PSSF and BL-193; (F) Cumulative release 
of PPT from PSSF/BL-193 NAs with 0 mM, 1 mM, 5 mM and 10 mM DTT ( n = 3); (G) Cumulative release of BL-193 from 

PSSF/BL-193 NAs with 0 mM, 1 mM, 5 mM and 10 mM DTT ( n = 3). 
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Fig. 4 – In vitro cytotoxicity and sensitization mechanism. Cellular uptake after incubation in 4T1 cells at 0.5 h and 2 h by 

CLSM (A) and flow cytometry (B); (C) In vitro cytotoxicity against 4T1 cells (D), RM-1 cells (E) and 3T3 cells treated with 

various formulations; (F) Cellular apoptosis of 4T1 cells by flow cytometry using Annexin V FITC/PI Apoptosis Kit; (G) 
Quantitative analysis of cellular apoptosis; (H) Western blotting image of Bcl-2 protein expression in 4T1 cells. (a: control, b: 
PPT Sol, c: BL-193 Sol, d: PPT/BL-193 Sol, e: PSSF NAs, f: PSSF/BL-193 NAs). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

observation suggests that hydrophobic forces play a pivotal
role in the assembly process. 

3.4. Drug release 

As mentioned earlier, the introduction of disulfide bond was
expected to accelerate drug release in GSH-overexpressed
tumor cells (Fig. S12). To explore this, we investigated the
in vitro drug release by quantifying the release of PPT and
BL-193 from PSSF/BL-193 NAs in the presence or absence of
DTT (a surrogate for GSH). As shown in Fig. 3F , the release of
PPT was accelerated in a concentration-dependent manner
in the presence of DTT. As the DTT concentration increased,
the release of PPT became faster, with over 80% of PPT
being released within 12 h in the presence of 10 mM DTT.
Additionally, the release of BL-193 was also accelerated
in the presence of DTT, exhibiting simultaneous release
with PPT ( Fig. 3G ). This can be attributed to the disulfide
bond breakage, which promoted the disintegration of
PSSF/BL-193 NAs. Furthermore, both PPT and BL-193 showed
slow drug release in the absence of DTT, demonstrating
the characteristic of tumor-specific drug release
( Fig. 3F - 3G ). 

3.5. Cellular uptake 

High cell uptake efficiency is essential for tumor intracellular
stimuli-responsive drugs. The cellular uptake was
investigated by assessing the intracellular fluorescence
signals of Cy7-labled NAs in 4T1 cells, using both CLSM
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Fig. 5 – Pharmacokinetics and biodistribution. (A) The pharmacokinetic behaviors of Cy7 Sol, PSSF-Cy7 NAs and 

PSSF/BL-193-Cy7 NAs; (B) Living images of 4T1 tumor-bearing BALB/c mice treated with various formulations; (C) Ex vivo 
images of major organs and tumors after injection of various formulations; (D) Quantification of the average fluorescence 
intensity of ex vivo images of major organs and tumors ( n = 3). 
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maging and flow cytometry analysis. As depicted in Fig. 4A- 
B , the cellular uptake of Cy7 Sol and Cy7-labled NAs 
xhibited a time-dependent increase, with Cy7-labled NAs 
emonstrating significantly higher cellular uptake than Cy7 
ol both at 0.5 and 2 h. Moreover, there was no notable 
istinction between PSSF NAs and PSSF/BL-193 NAs, which 

as attributed to their similar particle size and surface 
roperties. 

.6. In vitro cytotoxicity and sensitization mechanism 

L-193-mediated chemotherapy sensitization, reduction- 
esponsive drug release characteristics and high-efficiency 
ellular uptake provide the possibility to improve the 
ytotoxicity of nanoassemblies. To test our hypothesis, BL- 
93-sensitized cytotoxicity of nanoassemblies was evaluated 

sing 4T1 cells through an MTT assay. As shown in Fig. 4C and 

able S8, BL-193 alone displayed negligible cytotoxicity 
gainst 4T1 cells. However, PSSF/BL-193 NAs showed higher 
ytotoxicity compared to PSSF NAs due to the tumor-specific 
hemotherapy sensitization mediated by BL-193, even within 

 non-toxic concentration range. The PSSF/BL-193 Sol only 
xhibited moderate cytotoxicity, possibly attributed to the 
synchronous and low cellular uptake behavior of PSSF 
nd BL-193. Furthermore, similar results were observed in 

n MTT assay conducted on RM-1 cells ( Fig. 4D and Table 
8). In addition, PSSF NAs demonstrated lower cytotoxicity 
ompared to PPT Sol in 3T3 cells, highlighting the significant 
dvantage of prodrug strategies in alleviating the toxic side 
ffects of PPT. Interestingly, PSSF NAs and PSSF/BL-193 NAs 
xhibited comparable cytotoxicity in 3T3 cells, demonstrating 
he tumor-specific chemotherapy sensitization of BL-193 
 Fig. 4E and Table S9). Next, the cellular apoptosis was 
xamined through the Annexin V FITC/PI Apoptosis Kit using 
ow cytometry following various treatments. Consistent with 

he cell viability outcomes obtained through the MTT assay,
 notable increase in the percentage of apoptotic cells was 
bserved in the PSSF/BL-193 NAs group (greater than 50%) 
ompared to the BL-193 Sol, PSSF NAs, and PSSF/BL-193 Sol 
roups ( Fig. 4F - 4G ). Taken together, these results highlighted 

he benefits of BL-193-mediated chemotherapy sensitization 

ith tumor-specific characteristics and nanoassembly- 
ediated synchronous delivery in enhancing anti-tumor 

ffects in vitro . 
In view of the excellent performance of BL-193 in 

ensitizing cytotoxicity, we delved into its potential 
echanisms. Existing research suggests that cellular 

poptosis is intricately regulated by intracellular anti- 
poptotic and pro-apoptotic factors. Certain anti-apoptotic 
actors (such as Bcl-2) are commonly overexpressed in most 
umor cells, aiding in their resistance to apoptosis [41] .
otably, previous studies have reported that BL-193 has the 
bility to inhibit the cellular expression of Bcl-2 [42–44] .
herefore, we postulated that the significantly increased 
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Fig. 6 – In vivo antitumor evaluation. (A) Treatment schedule; (B) Tumor growth profiles after various treatments ( n = 5); (C) 
Tumors images; (D) Tumor burden after treatments; (E) Mice percent survival during treatments ( n = 5); (F) Changes in body 

weight during treatments ( n = 5); (G) Hepatic and renal function indicators of mice-bearing tumor after the last treatment. 
(H) H&E and TUNEL staining images of tumors after various treatments. Scale bar = 100 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cellular apoptosis in the presence of BL-193 can be attributed
to the down-regulation of intracellular Bcl-2 protein. To
investigate this, we employed the Western Blot assay to
examine the expression of Bcl-2 protein in 4T1 cells subjected
to various treatments. Fig. 4H illustrates that formulations
incorporating BL-193 (including BL-193 Sol, PPT/BL-193
Sol, and PSSF/BL-193 NAs) significantly diminished Bcl-2
expression. This finding suggests that BL-193 effectively
down-regulates Bcl-2 protein levels. 

3.7. Pharmacokinetics 

Pharmacokinetics plays a pivotal role in evaluating in
vivo delivery efficiency, exerting a profound impact on
biodistribution and the final anti-tumor effectiveness.
Therefore, we conducted an investigation into the
pharmacokinetic profiles of NAs in SD rats. To facilitate
measurement and visualization of distribution in the
body, Cy7-labeled DSPE-PEG2k was used to prepare
PEGylated NAs (PSSF-Cy7 NAs and PSSF/BL-193-Cy7
NAs). The pharmacokinetic behavior of NAs in vivo was
indicated by detecting the fluorescence signal of Cy7.
The drug concentration-time curves (AUC) and primary
pharmacokinetic parameters were presented in the
Fig. 5A and Table S10. Cy7 Sol demonstrated rapid blood
clearance within 4 h. At the same Cy7 dose, PSSF-Cy7 NAs and
PSSF/BL-193-Cy7 NAs exhibited longer circulation times in the
bloodstream, resulting in increased AUC by 2.3 and 3.2 times,
respectively. In addition, PSSF/BL-193-Cy7 NAs showed better
pharmacokinetic behavior than PSSF-Cy7 NAs, possibly due to
the introduction of BL-193 to enhance the stability of the NAs
(Fig. S8). 



10 Asian Journal of Pharmaceutical Sciences 19 (2024) 100892 

3

G
a  

W  

P
t
S
4
1  

a
a
h
p
(
a
t
(
h
P
(

3

A
c
1
d
s  

f
a
s  

C
B
e  

S
a
a
e
t
t
w
t
a
s
a
e
s  

t
r
t

g
b
t
w
1  

A
c  

h

(
s  

t
n
t
t

4

I
c
u
a  

S
a
P  

B
t
a
a
s
n
c
c
p
t
t
c
t
s
p

C

T

A

T
P
(
I
N
N
1

S

S
f  

R

.8. Biodistribution 

ood pharmacokinetic behavior will help increase the 
ccumulation of NAs at the tumor site via the EPR effect.
e subsequently evaluated the biodistribution of Cy7 Sol,

SSF-Cy7 NAs and PSSF/BL-193-Cy7 NAs in 4T1 breast 
umor-bearing mice. As shown in Figs. 5B and S13, Cy7 
ol achieved maximum accumulation at the tumor site at 
 h after administration, while PSSF-Cy7 NAs and PSSF/BL- 
93-Cy7 NAs reached peak tumor accumulation at 12 h,
ttributed to their distinct pharmacokinetic behavior. In 

ddition, PSSF-Cy7 NAs and PSSF/BL-193-Cy7 NAs exhibited 

igher tumor accumulation than Cy7 Sol at any time 
oint due to the prolonged blood circulation time of NAs 

Fig. S13). For more accurate quantification, major organs 
nd tumors were isolated at the maximum accumulation 

ime point, and ex vivo tumor distribution was conducted 

 Fig. 5C - 5D ). Notably, PSSF/BL-193-Cy7 NAs demonstrated 

igher fluorescence signals at the tumor site compared to 
SSF-Cy7 NAs, aligning with the pharmacokinetic profiles 
 Fig. 5A ). 

.9. In vivo antitumor activity 

fter elaborated design, synthesis, preparation, and a 
omprehensive series of characterizations, the PSSF/BL- 
93 NAs exhibited excellent in vitro properties and in vivo 
elivery efficiency. These features encompassed excellent 
tability, good chemotherapy sensitization, reduced toxicity,
avorable pharmacokinetic properties, and improved tumor 
ccumulation. It is anticipated that these attributes will 
ignificantly enhance PPT-mediated chemotherapy in vivo .
onsequently, a xenograft model of 4T1 breast cancer in 

ALB/c mice was established to assess the in vivo antitumor 
fficacy of NAs ( Fig. 6A ). As shown in Fig. 6B - 6D , BL-193
ol, PSSF/BL-193 Sol and PPT Sol demonstrated inferior 
ntitumor efficiency, attributed to rapid blood clearance 
nd insufficient tumor accumulation. In contrast, PSSF NAs 
xerted more potent tumor growth inhibition than PPT Sol due 
o enhanced tumor accumulation, primarily due to enhanced 

umor accumulation, although no significant difference 
as observed between them ( Fig. 6D ). The main reason for 

his may be attributed to delayed and insufficient prodrug 
ctivation. As anticipated, PSSF/BL-193 NAs effectively 
uppressed tumor progression and exhibited the highest 
nti-tumor efficiency compared to PSSF NAs. This enhanced 

fficacy can be attributed to BL-193-mediated chemotherapy 
ensitization and higher tumor accumulation. In addition,
he results of H&E and TUNEL staining at tumor site also 
evealed that the PSSF/BL-193 NAs induced a higher level of 
umor apoptosis ( Fig. 6H ). 

During the course of treatment, the mice in the PPT 

roup died, and there was a significant decrease in the 
ody weight of the mice, suggesting substantial systemic 
oxicity associated with PPT. In contrast, the survival and 

eight of mice in the PPT prodrug group (including PSSF/BL- 
93 Sol, PSSF NAs and PSSF/BL-193 NAs) remained stable.
dditionally, PSSF/BL-193 NAs did not induce significant 
hanges in hepatorenal function parameters ( Fig. 6G ),
emolysis (Fig. S14), or H&E staining of the main organs 
Fig. S15). These results collectively indicate that the prodrug 
trategy effectively mitigates system toxicity. In general,
hese results demonstrated that BL-193-empowered prodrug 
anoassembly could act as an efficient and safe combination 

reatment paradigm for precision cancer chemotherapy for 
umor therapy. 

. Conclusion 

n summary, we explored a novel chemotherapy paradigm by 
ombining prodrug strategy and chemotherapy sensitization 

sing molecular nanoassembly techniques, thereby 
mplifying the chemotherapy efficacy-toxicity benefit.
pecifically, the elaborate design and synthesis of PTT prodrug 
ddressed the serious systemic toxicity issues associated with 

TT, substantially improving its tolerability. Concurrently,
L-193-mediated chemotherapy sensitization improved 

he therapeutic efficiency of the PPT prodrug, particularly 
ddressing the challenge of delayed and insufficient prodrug 
ctivation. Importantly, BL-193-mediated chemotherapy 
ensitization demonstrated excellent selectivity between 

ormal and tumor cells, enhancing the elimination of tumor 
ells without adversely affecting the toxicity of normal 
ells. A series of evaluations demonstrated the significant 
otential of PSSF/BL-193 NAs in achieving highly efficient 
umor elimination with low off-target toxicity. This marks 
he first attempt to intelligently address the issue of poor 
hemotherapy efficacy resulting from prodrug activation 

hrough a unique chemotherapy sensitization approach. This 
tudy provides a new combination therapy model for tumor 
recision chemotherapy. 
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