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KEY WORDS Abstract Prodrug nanoassemblies offer an innovative approach to drug delivery, but their lysosomal
entrapment often impairs drug release. Notably, tertiary amine structures can undergo protonation reac-
tions, thereby facilitating lysosomal escape through the proton sponge effect. In this study, we developed
three novel paclitaxel prodrug nanoassemblies (PTX—SS—NO NPs, PTX—SS—CC NPs and PTX—SS
—NC NPs) featuring distinct heterocyclic tertiary amine structures to investigate structure-activity rela-
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Modular design; revealed that the PTX—SS—NC NPs exhibited optimized pharmacokinetics and significant tumor accu-
Stimuli-responsive; mulation, further contributing to their strong antitumor efficacy. Our findings establish heterocyclic ter-
Drug delivery; tiary amines as crucial design elements for overcoming lysosomal entrapment and optimizing
Cancer therapy chemotherapeutic prodrug nanoassemblies.
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1. Introduction

Chemotherapy holds an indispensable position in cancer treat-
ment'. However, most chemotherapeutic drugs suffer from low
delivery efficiency and high systemic toxicity, which limit their
clinical application®. Paclitaxel (PTX) is a widely used drug for
treating various malignancies, including breast cancer, non-small
cell lung cancer, and ovarian cancer’. The poor solubility of
PTX necessitates the usage of the polyoxyethylene castor oil in its
commercial injectable formulation, Taxol®*°, Unfortunately, the
surfactants can lead to hypersensitivity reactions and peripheral
neuropathy, further complicating their clinical application®. These
issues underscore the need for innovative delivery systems to
enhance the efficacy and safety of PTX.

Nanodrug delivery systems have experienced rapid de-
velopments, with distinct advantages including prolonged circu-
lation time, improved tumor accumulation, and controlled drug
release’ '°. Prodrug nanoassemblies offer an innovative strategy
for drug delivery through the self-assembly of prodrugs''. Unlike
traditional carrier-dependent systems such as liposomes and mi-
celles, prodrug nanoassemblies do not require additional carrier
materials'?. Instead, the prodrugs function as both carriers and
therapeutic agents, offering several advantages such as high drug
loading (>50%) and low excipient-related toxicity'>'*. Generally,
prodrug nanoassemblies consist of three essential modules: the
drug module, the response module, and the modification mod-
ule'”. The drug module contains the active pharmaceutical
ingredient that exerts the therapeutic effect upon release'. The
modification module can drive the self-assembly process through
balancing intermolecular forces, such as the alkyl chain containing
branched chains, straight chains, or cyclic chains'”'®. The
response module guarantees the specific release of the drug at the
tumor site'®. For example, the disulfide bond as an effective
response module possesses unique redox properties to respond to
the elevated levels of reactive oxygen species (ROS) and gluta-
thione (GSH) in the tumor’®?'. As a result, the prodrugs can
release active components specifically within tumor tissues,
minimizing exposure to normal cells and reducing the side effects.

Like many nanomedicines, prodrug nanoassemblies enter
tumor cells primarily through endocytosis and are subsequently
transported to lysosomes®*?®. The acidic environment and the
abundance of hydrolases in lysosomes often lead to the degrada-
tion of nanoassemblies, preventing them from exerting therapeutic
effects>*. Therefore, it is crucial for nanoassemblies to escape
from lysosomes efficiently to ensure that the drugs can be released
at the desired site of action. To address lysosomal entrapment, the
proton sponge effect is developed as a promising strategy. This
mechanism leads to lysosomal swelling and rupture, a process that
typically necessitates the presence of amino groups for its
occurrence. Nitrogen has a lone pair of electrons that can accept
the protons and then trigger the proton sponge effect*®?’. There-
fore, it is reasonable to hypothesize that the introduction of amino
groups into the modification module would facilitate the lyso-
somal escape of prodrug nanoassemblies. At the same time, other
atoms on the modification module may also have an important

effect on the lysosome escape and drug release of prodrug nano-
assemblies®. Based on this hypothesis, we designed piperidino
and morpholino as modification modules. Meanwhile, cyclohexyl
was introduced as a modification module as the control form for
exploring the structure of cyclic tertiary amines. Therefore, a
deeper understanding of how these factors affect the lysosomal
escape capability needs to be further explored. It is expected to
provide some basis for the subsequent research on prodrugs with
heterocyclic tertiary amine structures and the delivery strategies of
lysosome escape.

Herein, we reported smart stimuli-responsive heterocyclic ter-
tiary amine—PTX prodrug nanoassemblies (HTAPs) for efficient
cancer therapy””. As shown in Fig. 1, morpholino, cyclohexyl, and
piperidino were used as modification modules to conjugate with
PTX via disulfide bonds. The corresponding prodrug nano-
assemblies were PTX—SS—NO NPs, PTX—SS—CC NPs and
PTX—SS—NC NPs, named based on the difference in the ring
structure. We explored the role of the heterocyclic tertiary amine in
the construction of HTAPs. The difference in heteroatoms
contributed to varying self-assembly stability, which in turn
affected the rate of stimulus-responsive drug release. Simulta-
neously, we evaluated the transformations of HTAPs under highly
acidic conditions, and the mechanism of lysosomal escape was also
investigated. Moreover, we compared the differences in antitumor
effects among HTAPs. Although PTX—SS—NO NPs had the best
assembly stability and high cellular uptake due to positive charge,
they had the worst antitumor efficacy due to the slow drug release
rate, lysosomal entrapment, and rapid clearance in vivo. Interest-
ingly, PTX—SS—NC NPs exhibited strong antitumor efficacy
driven by excellent lysosomal escape ability, efficient tumor accu-
mulation, and rapid drug release. Remarkably, even at a high dose of
40 mg/kg, no adverse effects were observed in mice. This study
illustrated the crucial role of heterocyclic tertiary amine as the
modification module for enhancing both efficacy and safety.

2. Materials and methods
2.1. Materials

N-(Carbonyl-methoxy polyethylene glycol 2000)-1,2-distearoyl-
sn-glycerol-3-phosphoethanolamine (DSPE-PEG;y) was obtained
from AVT (Shanghai) Pharmaceutical Tech Co., Ltd. (Shanghai,
China). DiR, paclitaxel (PTX, 99.0%), docetaxel (99.0%), gluta-
thione (GSH, 98.0%), Hoechst 33342 and 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT, 98.0%), tissue fixative,
fetal bovine serum (FBS) and all cell media were purchased
from Dalian Meilun Biotechnology Co., Ltd. (Dalian, China).
Hydrogen peroxide (H,O,, 30%) and coumarin-6 (98.0%)
were supplied by Shanghai Aladdin Biochemical Technology Co.,
Ltd. (Shanghai, China). N-(3-Aminopropyl) morpholine (98.0%),
1-(3-aminopropyl) piperidine (98.0%), 3-cyclohexylpropylamine
(97.0%), 4,4'-dithiodibutyric acid (99.0%), dimethyl sulfoxide
(DMSO, 99.0%), 4-dimethylaminopyridine (DMAP, 99.0%),
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimidehydrochloride
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(EDCI, 99.0%), N,N-diisopropylethylamine (DIPEA, 99.0%),
2-(7-azabenzotriazol-1-yl)-N,N,N’ ,N'-tetramethyluronium  hexa-
fluorophosphate (HATU, 99.0%) and 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU, 99.0%)
was obtained from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). The 96-well plate, 24-well plate, 12-well plate,
and 6-well plate were purchased from NEST Biotechnology (Wuxi,
China).

2.2.  Synthesis of HTAP
Synthesis of PTX—SS: 4.4'-dithiodibutyric acid (1.428 g,

6.0 mmol) was added to a round-bottom flask and dissolved in
dichloromethane (DCM). EDCI (573.0 mg, 3.0 mmol) dissolved
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Heterocyclic tertiary amine—PTX prodrug nanoassemblies (HTAPs) for efficient cancer therapy.

in DCM was added dropwise to 4,4’ -dithiodibutyric acid at 4 °C
with stirring for 0.5 h. PTX (1.281 g, 1.5 mmol) and DMAP
(146.4 mg, 1.2 mmol) were dissolved in DCM, respectively. Then,
PTX and DMAP were added dropwise to the above system and
reacted under the protection of nitrogen at room temperature for
24 h. Finally, the crude products were purified by reverse-phase
preparative high-performance liquid chromatography. PTX—SS
was isolated with 70% ACN/H,O (49% yield).

Synthesis of PTX—SS—NO: First, PTX—SS (107.3 mg,
0.1 mmol) and HATU (76.1 mg, 0.2 mmol) were dissolved in
DCM, respectively, under an ice bath for 10 min. Subsequently,
DIPEA was added dropwise to the reaction mixture, which was
stirred for 1 h. Following this, N-(3-aminopropyl) morpholine
(15.0 pL) was added dropwise into the whole system at room
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temperature for 24 h under a nitrogen atmosphere. Finally, the
crude products were purified by reverse-phase preparative high-
performance liquid chromatography. PTX—SS—NO was isolated
with 100% ACN/H,O (31% yield).

Synthesis of PTX—SS—CC: PTX—SS (107.3 mg, 0.1 mmol)
and HBTU (75.8 mg, 0.2 mmol) were dissolved in DCM and
stirred in an ice bath for 10 min. Then DIPEA was slowly dropped
into the above system and kept stirring for 1 h. Approximately
15 pL of 3-cyclohexylpropylamine was slowly added to the above
system. The reaction was conducted under a nitrogen atmosphere
at room temperature for 24 h. Finally, the crude products were
purified by reverse-phase preparative high-performance liquid
chromatography. PTX—SS—CC was isolated with 80% ACN/H,O
(25% yield).

Synthesis of PTX—SS—NC: PTX—SS (107.3 mg, 0.1 mmol)
and HBTU (76.1 mg, 0.2 mmol) were dissolved in DCM,
respectively, under an ice bath for 10 min. 25 mL of triethylamine
was added dropwise to the above system. 1-(3-Aminopropyl)
piperidine (15.0 pL) was added dropwise into the whole system at
room temperature for 24 h under a nitrogen atmosphere. Finally,
the crude products were purified by reverse-phase preparative
high-performance liquid chromatography. PTX—SS—NC was
isolated with 65% ACN/H,0 (7% yield).

Confirmation: Mass spectrometer (FT-MS, Bruker) and nuclear
magnetic resonance spectroscopy (600 MHz "H NMR, Bruker AV-
400) were applied to determine the prodrug structures.

2.3. Preparation and characterization of prodrug
nanoassemblies

Prodrug nanoassemblies were prepared by a one-step nano-
precipitation method. Briefly, the prodrug solution with the corre-
sponding concentration was prepared with anhydrous ethanol,
which was added to the deionized water and stirred, and the non-
PEGylated nanoassemblies with different concentrations were
separately prepared. Next, a mixture of heterocyclic tertiary
amine—PTX prodrugs (HTAP) and DSPE-PEG, with the corre-
sponding concentration (4:1) is prepared with anhydrous ethanol
and then added to the deionized water under stirring. Subsequently,
the ethanol was removed under reduced pressure to obtain
heterocyclic tertiary amine—PTX prodrug nanoassemblies (HTAPs,
1 mg/mL). Similarly, fluorescent dye-labeled HTAPs were prepared
by adding coumarin-6 or DiR into the organic phase.

The nanoassemblies were diluted to 50 pg/mL. Particle size,
PDI, and zeta potential of prodrug nanoassemblies were measured
by the Zetasizer instrument (Nano ZS, Malvern Co., UK).
Transmission electron microscopy (TEM) was used to observe the
nanoassemblies’ morphology.

The drug loading capacity of HTAPs was calculated according
to the following Eq. (1), that is, the PTX content in each
preparation:

M

x My
Drug loading (%) = M 2P 100% (1)

My + mp

Where m,, represents the mass of the prodrug, M represents the
molecular weight of the prodrug, Mprx represents the molecular
weight of PTX, and m, represents the mass of DSPE-PEGyy.

2.4.  Molecular docking

The molecular docking evaluation of HTAP was carried out using
the Yinfo Cloud Computing Platform, and the specific operations

were as follows: the compound structure was prepared by
selecting a gadget, and the calculation method of creating a
project was selected to select the small molecule-small molecule
docking (DOCK 6.9) mode. The molecular structure selects the
same file (both as a host molecule and as a guest molecule). The
receptor binding site was defined as the docking pocket, and the
(grid) box was set to fully encompass the molecular structure.
Flexible ligand docking was selected as the calculation mode.

2.5.  Stability assessment

1 mL of HTAPs was diluted in 10 mL PBS (pH 7.4, containing
10% FBS). The mixtures were incubated at 37 °C in a shaker
(100 rpm, Honour, OE-1, Tianjin, China). The colloidal stability
of HTAPs was examined by measuring the particle size using a
Zetasizer instrument (Nano ZS, Malvern Co., UK) at pre-
determined intervals (0, 2, 4, 6, 8, 12 and 24 h). As for long-term
storage stability, HTAPs were stored at 4 °C for up to 30 days, and
then the particle size of each group was measured on the indicated
day. The size changes of HTAPs stored at room temperature for 30
days were also evaluated.

2.6. Change pH

Potential changes of HTAPs at pH 7.4, 5.0 and 4.5, respectively.
Then they were placed at pH 4.5 for 12 h to observe the changes in
HTAPs and measure the particle size.

2.7.  Invitro drug release

PBS containing 30% anhydrous ethanol (v/v) was used as the
release medium. The release medium was prepared with or
without the addition of H,O, at concentrations of 1, 5, and
10 mmol/L, or GSH at concentrations of 0.05 and 0.5 mmol/L.
The release of PBS (pH 5.0) with 30% anhydrous ethanol as the
release medium was also tested. Briefly, HTAPs (400 pL,
500 pmol/L) were added to 30 mL of the above medium and
oscillated in a 37 °C air bath shaker. After that, samples were
taken at prescriptive intervals, and the concentration of released
PTX in the system was quantified at a wavelength of 227 nm by
high-performance liquid chromatography (HPLC, Hitachi, Japan).
The data are presented as the mean + standard deviation (SD)
(n = 3).

2.8.  Cell lines

All the cell lines mentioned (4T1 cells, B16-F10 cells, A549 cells,
3T3 cells) in this study were provided by the cell bank of the Type
Culture Collection of the Chinese Academy of Sciences (Beijing,
China). All culture media (RPMI-1640, DMEM, DMEM-F12)
were supplemented with 10% (v/v) FBS, streptomycin sulphate
and penicillin (100 units/mL and 100 pg/mL, respectively). The
cells were grown in a cell incubator, maintained at 37 °C and 5%
CO..

2.9.  Cellular uptake

In brief, 4T1 cells were seeded in 24-well plates with pre-placed
covered slides (5 x 10* cells per well) and incubated for 24 h.
Then, fresh medium containing free coumarin-6 or coumarin-6-
labeled HTAPs (equivalent to 250 ng/mL coumarin-6) was
added and further incubated for 0.5, 2 and 4 h. After that, the cells
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were gently washed with cold PBS. Subsequently, a tissue fixative
was utilized to fix the cells. Following fixation, the cells were
washed again and counterstained with Hoechst 33342. Finally, the
cell uptake behavior was visualized by confocal laser scanning
microscopy (CLSM, TCS SP2/AOBS, LEICA, Germany). For
quantitative analysis of cellular uptake, flow cytometry was
applied to measure the fluorescence intensity within cells.

Cellular uptake was quantified using UPLC—MS/MS (Waters
Co., Ltd., Milford, MA, USA). 4T1 cells were seeded in 6-well
plates (3 x 10° cells per well) and incubated for 24 h. Then, fresh
medium containing Taxol, Abraxane or HTAPs (equivalent to
5 pg/mL PTX) was added and further incubated for 0.5, 2 and 4 h.
After that, the cells were gently washed with cold PBS. 500 pL
deionized water was added to each well, then all cells were
scraped off and collected into 1.5 mL EP tubes. The cells were
treated with an ultrasonic crusher. Finally, the intracellular drug
concentration was determined with the BCA protein quantifica-
tion/concentration assay Kkit.

2.10.  Cytotoxicity assays

Typically, 4T1, B16-F10, A549 and LO2 cells were seeded in 96-
well plates (4T1 and B16-F10 cells: 2 x 10° cells per well,
A549 cells: 3 x 10° cells per well, LO2 cells: 1 x 10* cells per
well) and incubated for 18—24 h. After removing the old medium,
the cells were exposed to fresh medium containing serial con-
centrations of Taxol, HTAPs or HTAP aq (the solution of HTAP),
followed by culturing for 48 h. Finally, cell viability was then
determined using the MTT assay. The ICs, values were calculated
by GraphPad Prism 9.5.1 software (n = 3).

The preparation conditions of HTAP aq were as follows: HTAP
was initially dissolved in DMSO to obtain a stock solution at a
concentration of 5 mg/mL. Then the stock solution was diluted
with cell culture medium to ensure that the final concentration of
DMSO did not exceed 0.1% (v/v). The cell variability is calculated
as following Eq. (2):

_Ab

A,
Cell viability (%) =" x 100% ()

¢ b

Where Ag represents the absorbance of the sample group, A,
represents the absorbance of the blank group, and A, represents
the absorbance of the control group. The selectivity index is
calculated as following Eq. (3):

_ICy

SI=
ICs0q

3)

Where ICsq represents the half maximum inhibitory concentration
of each type of tumor cells, and ICsyq represents the half
maximum inhibitory concentration of 3T3 cells.

2.11.  Intracellular drug release

In brief, 4T1 cells were seeded in 24-well plates at a density of
1 x 10° cells per well. After 24 h incubation, the cells were treated
with Taxol, Abraxane and HTAPs at concentrations of 100, 200
and 500 ng/mL corresponding to the PTX content. The cells were
further incubated for 48 h. After that, the cells and the culture
medium were collected for analysis of the concentrations of free
PTX using UPLC—MS/MS™.

2.12.  Lysosomal colocalization assay

Glass-bottom culture dishes were selected, and 1 mL of 4T1 cell
suspension (1 x 10° cells/mL) was inoculated into each small dish
and cultured in the cell incubator for 24 h. Then, fresh medium
containing free coumarin-6 or coumarin-6-labeled HTAPs
(equivalent to 250 ng/mL coumarin-6) was added and further
incubated for 2, 4 and 8 h. After that, the cells were gently washed
with cold PBS. DND-99 was used sequentially and stained with
Hoechst 33342 according to the kit instructions, respectively.
Finally, the lysosomal colocalization was observed by CLSM and
the Pearson correlation coefficient was calculated.

2.13.  Hemolysis assay

Blood was collected from the orbital vein of healthy rats and
centrifuged at 14,465xg for 10 min. Then the 2% (v/v) red blood
cell suspension was prepared using PBS. Subsequently, the blood
cell suspension was mixed with PBS, Triton X-100 and prodrug
nanoassemblies, and placed in the shaker (37 °C, Honour) for 1 h.
After 10 min of centrifugation at 14,465x g, the supernatant was
collected to measure the absorbance. Percentage of hemolysis (%)
was calculated as following Eq. (4):

Percentage of hemolysis (%) = jy—jn x 100% (4)

P n

Where A, represents the test sample, A, represents the negative
control (Samples treated with PBS), and A, represents the positive
control (Samples treated with Triton X-100).

2.14.  Animals

All the animals were provided by the Laboratory Animal Center
of Shenyang Pharmaceutical University (Shenyang, China). All
experiments involving live animals were performed in strict
accordance with the animal experimentation guidelines and were
approved by the Institutional Animal Ethical Care Committee
(IAEC) of Shenyang Pharmaceutical University.

2.15.  Pharmacokinetic study in vivo

A pharmacokinetic study on male Sprague—Dawley rats was
performed to the obtain plasma concentration-time profile of
HTAPs. The rats were randomly assigned to different groups
(n = 5 for each group) and intravenously administered Taxol,
Abraxane or HTAPs (equivalent to 6 mg/kg of PTX). At pre-
determined time points, the blood samples were collected and
centrifuged to obtain plasma. Afterwards, proteins were precipi-
tated to extract the analytes from plasma. Docetaxel was used as
an internal standard. The concentrations of prodrugs and PTX
were quantified by UPLC—MS/MS. Chromatographic conditions:
Phenomenex Kinetex XB-C18 column (50 mm x 2.1 mm,
2.6 pm); mobile phase acetonitrile and water (95/5, v/v) with 0.1%
(v/v) ammonia solution; flow rate 0.2 mL/min, injection volume
5 pL. The pharmacokinetic parameters, including AUC, f,/,, and
Chax Were calculated by DAS 2.0 software.

2.16.  Biodistribution
To study the biodistribution of the HTAPs, a mouse model bearing

subcutaneous 4T1 tumor xenografts was established. When the
tumor volume was approximately 300 mm®, the mice were
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randomly assigned to different groups (n = 3). Then, Taxol,
Abraxane or HTAPs were administered (7 mg/kg equivalent to
PTX). At 1, 4 and 12 h, the mice were euthanized respectively to
collect the tumors, hearts, livers, spleens, lungs and kidneys. After
the tissues were homogenized, quantitative analysis of PTX and its
prodrug was performed using UPLC—MS/MS.

DiR or DiR-labeled HTAPs were administered (1 mg/kg
equivalent to DiR). The mice were euthanized at 1, 4 and 12 h,
and the fluorescence intensity of each tissue was measured.

2.17.  Antitumor effect

4T1 cells were subcutaneously inoculated into the dorsal flank of
female BALB/c mice to obtain the tumor model. Mice were
randomly divided into different groups (n = 5) once the tumor
reached a size of approximately 100 mm®. The mice were
administered saline, Taxol (only at 20 mg/kg due to its toxicity),
Abraxane or HTAPs intravenously at doses of equivalent to 20 or
40 mg/kg of PTX. The first three doses were given every other
day; a fourth dose was administered time every two days. Tumor
volume and body weight were recorded daily. On Day 10, the
mice were euthanized and the tumors were excised and weighed.
Tumor burden and tumor growth inhibition value were using the
following Eqgs. (5), (6), and (7):

LXWxW
I ®)

Where L represents the tumor length, and W represents the tumor
width.

Tumor volume (mm’) =

M,
L % 100 (6)

m

Tumor burden (%) =

Where M, represents the weight of the tumor (g) and M,
represents the weight of the mouse (g).
CTV-—-TTV

CTV

Where CTV represents the tumor volume of the saline group and
TTV represents the tumor volume of the treatment group.

Tumor growth inhibition value (%) = x 100% (7)

2.18.  Safety assessment

During treatment, the body weight of mice was measured daily,
the weight change curve was plotted. If the body weight was
below 85% of that before administration, the drug should be
withheld. If the body weight was below 80% of that before
administration, the mice were terminated the experiment.

After the completion of the anti-tumor study, organs such as
the heart, liver, spleen, lung, kidney, and tumor from each group
were collected for H&E staining. Blood samples were taken for
blood routine analysis, and centrifuged to obtain the serum for
hepatic and renal function analysis.

2.19.  Statistical analysis

All quantitative data are presented as mean =+ standard deviation
(SD). Statistical analyses were performed using GraphPad Prism
9.5.1 software, including two-tailed Student’s #-tests and one-way
ANOVA. P value < 0.05 was considered as significant. ns means
not significant, *P < 0.05, **P < 0.01, ***P < 0.001,
###%kP < (0.0001. Additional specialized analyses were conducted
using: FlowJo (v10.8.1 CL) for flow cytometry data processing,

Fiji software for Pearson correlation coefficients, and DAS 2.0
software for pharmacokinetic parameter calculations.

3. Results and discussion
3.1.  Design and synthesis of PTX prodrugs

Here, to find out the relationship between the differences in het-
eroatomic cyclic structures and the properties of prodrug nano-
assemblies, we selected three representative cyclic modification
chains (named morpholino, cyclohexyl and piperidino, respec-
tively) to conjugate with PTX via the disulfide bond. The resulting
heterocyclic tertiary amine—PTX prodrugs (HTAP) were desig-
nated as PTX—SS—NO, PTX—-SS—CC, and PTX—SS—NC,
respectively. The detailed synthetic procedure of HTAP was
illustrated in Supporting Information Scheme S1. The successfully
synthesized PTX—SS and HTAPs were purified, and their mo-
lecular structures were confirmed by mass spectrometry (MS) and
'"H NMR (Supporting Information Figs. S1—S4). Before con-
ducting the follow-up experiments, the purity of the four prodrugs
was assessed by HPLC and found to be above 99% in all cases.

3.2, Self-assembly and stability of HTAPs

To investigate the indispensable role of the heterocyclic tertiary
amine in facilitating the self-assembly of prodrugs, the intrinsic
self-assembly ability of the prodrugs was initially evaluated. We
used a one-step nanoprecipitation method to prepare prodrug
nanoassemblies. An organic solution containing prodrugs was
added dropwise to a certain proportion of water, followed by the
removal of the organic solvent from the mixture®'. The obtained
nanoassemblies were denoted as non-PEGylated HTAPs (non-
PEGylated PTX—SS—NO NPs, non-PEGylated PTX—SS—CC NPs
and non-PEGylated PTX—SS—NC NPs, respectively). As illus-
trated in Supporting Information Figs. S5 and S6, three concen-
trations (0.1, 0.2, and 0.4 mg/mL) of prodrug nanoassemblies were
evaluated. Notably, non-PEGylated PTX—SS—NO NPs success-
fully formed uniform and stable nanoassemblies at all three con-
centrations. In contrast, PTX—SS—NC failed to form
nanoassemblies across all the concentrations, while non-PEGylated
PTX—SS—CC NPs were unable to form nanoassemblies at higher
concentrations (0.2 or 0.4 mg/mL). Consequently, the order of self-
assembly stability for non-PEGylated HTAPs was as follows: non-
PEGylated PTX—SS—NO NPs > non-PEGylated PTX—SS—CC
NPs > non-PEGylated PTX—SS—NC NPs.

The hydrophobic interactions between prodrug molecules
served as the primary driving force for self-assembly>. Initially,
we calculated the oil-water partition coefficient (Log P values) of
HTAP and PTX. As illustrated in Fig. 2A, HTAP exhibited greater
hydrophobicity compared to PTX, indicating enhanced intermo-
lecular hydrophobic interactions that facilitated their self-
assembly into nanoassemblies. However, if the hydrophobic
forces are too strong, they could cause excessive aggregation and
precipitation of prodrug molecules, as observed with non-
PEGylated PTX—-SS—CC NPs and non-PEGylated
PTX—SS—NC NPs (Fig. S5). For PTX—SS—NO, the presence
of a terminal hydrophilic oxygen atom helped to interact with
water molecules, thereby preventing excessive aggregation and
maintaining optimal assembly stability. Meanwhile, molecular
simulations further demonstrated that PTX—SS—NO maintained
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Preparation and characterization of HTAPs. (A) Log P values of HTAPs and PTX. (B) Molecular docking conformation and

intermolecular forces. (C) TEM images and particle size distribution profiles of HTAPs. Scale bar = 200 nm. (D) Zeta potential change. (E)

HTAPs were placed at pH 4.5 for 12 h. Data are presented as mean

the lowest binding free energy (—68.85 kcal/mol) during the as-
sembly process, confirming its superior stability (Fig. 2B).

In the previous work, we found that the non-PEGylated pro-
drug nanoassemblies had poor stability in PBS due to their highly
hydrophobic surface. In addition, the non-PEGylated prodrug
nanoassemblies exhibited an even shorter blood circulation time
than that of Taxol due to the poor stability and the highly hy-
drophobic surface of nanoassemblies, which could be easily
phagocytosed by the reticuloendothelial system®>. However, add-
ing a small amount of PEG can effectively enhance the in vivo
stability of nanoparticles. PEGylation could facilitate the forma-
tion of a hydration layer on nanoassemblies’ surface to mitigate
protein adsorption and immune recognition, thereby enhancing the
circulation time in blood** 3¢, Furthermore, our previous studies
demonstrated that the amount of DSPE-PEG,, also affected the

+SD (n = 3).

in vitro and in vivo fate of prodrug nanoassemblies, and the pro-
drug nanoassemblies containing 20% DSPE-PEG,, (w/w) showed
better stability, higher cellular uptake efficiency, stronger cyto-
toxic activity, higher AUC (area under the plasma concentration —
time curve) and much better antitumor efﬁcacy37. Therefore, a 4:1
weight ratio of prodrugs to DSPE-PEG,, was selected as the
optimal formulation for this study. We prepared PEGylated
nanoassemblies named PTX—SS—NO NPs, PTX—SS—CC NPs,
and PTX—SS—NC NPs, respectively. As depicted in Fig. 2C and
Supporting Information Table S1, all HTAPs exhibited particle
sizes within the range of 100—200 nm and displayed spherical
morphology with a drug load of approximately 57%. Among
them, PTX—SS—NO NPs possessed positive charge while both
PTX—SS—CC NPs and PTX—SS—NC NPs displayed negative
charges (approximately —21 mV for PTX—SS—CC NPs and
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—17 mV for PTX—SS—NC NPs). We investigated their stability
under various conditions. As illustrated in Supporting Information
Fig. S7, HTAPs remained stable even after incubation in fetal
bovine serum (FBS) for 24 h. Furthermore, there was no signifi-
cant change in particle size after 30 days of storage at both 4 °C
and room temperature. These results indicated that PEG modifi-
cation can effectively improve the stability of nanoassemblies.
The interior of the lysosome has been demonstrated to possess
an acidic environment, characterized by a pH range of approxi-
mately 4.5—5.5°%. We then investigated the alterations of HTAPs
after entry into lysosomes. To simulate the acidic environment in
lysosomes, we adjusted the pH of nanoassemblies accordingly to
observe the change in particle size and appearance. Transitioning
from pH 7.4 to pH 4.5 revealed that PTX—SS—NO NPs consis-
tently maintained a positive charge (from 9.9 to 17.1 mV).
PTX—SS—CC NPs retained a negative charge throughout. Only
PTX—SS—NC NPs underwent a charge inversion from negative
(—17.3 mV) to positive (20.8 mV). Following incubation for 12 h,
PTX—SS—NO NPs were destroyed and presented a clear and
transparent appearance. No significant changes were observed for
PTX—SS—CC NPs. However, aggregation and sedimentation
occurred with PTX—SS—NC NPs under these conditions (Fig. 2D

and E). This phenomenon was attributed to the protonation of the
tertiary amine in the cyclic modification module under acidic
conditions, leading to the charge of PTX—SS—NC NPs shifting
from negative to positive. In contrast, PTX—SS—CC NPs, which
lack a tertiary amine, remained unaffected by pH changes.
PTX—SS—NO NPs, containing both oxygen and nitrogen atoms
with lone pairs of electrons, exhibited a stronger ability to bind
with protons. As a result, PTX—SS—NO NPs carried a positive
charge even in neutral environments. Under acidic conditions,
more protons were attracted to the oxygen and nitrogen atoms,
further enhancing the hydrophilic interactions. Consequently, the
hydrophilic force gradually surpassed the hydrophobic force,
leading to the disintegration of the PTX—SS—NO NPs.

3.3, Invitro drug release of the HTAPs

Subsequently, we investigated the drug release behavior of HTAPs
in vitro (Fig. 3A). In the blank medium, only a negligible amount
of PTX was released (Fig. 3B), which could help minimize pre-
mature drug release into the bloodstream. HTAPs exhibited a
slower release rate at lower pH, indicating the need for HTAPs to
escape the acidic lysosomal environment for effective release. As
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Schematic illustrates the release of HTAPs and stimulus-responsive drug release profiles. (A) Schematic illustrates the release of

HTAPs. (B) In vitro release of the HTAPs in blank medium and at pH 5.0 medium. (C, D) Reductive release of HTAPs at 50 and 500 pmol/L GSH,
respectively. (E—G) Oxidative release of HTAPs at 1, 5, and 10 mmol/L H,O,, respectively. Data are presented as mean + SD (n = 3).
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tumor cells exhibit elevated levels of ROS and GSH in the cyto-
plasm compared to normal cells, we further investigated the drug
release profile of HTAPs under conditions involving H,O, and
GSH. As illustrated in Fig. 3C and D, at a concentration of
50 wmol/L GSH, the released PTX from HTAPs remained below
20%. Upon increasing GSH concentration to 500 pmol/L,
PTX—SS—NC NPs demonstrated higher levels of released PTX
compared to PTX—SS—CC NPs and PTX—SS—NO NPs. We then
tested the drug release under oxidative conditions. When the
concentration of H,O, was 1 mmol/L, the PTX release from
HTAPs was approximately 20% (Fig. 3E). As the H,O, concen-
tration increased from 1 to 10 mmol/L, PTX released gradually

elevated, following a trend similar to that observed with GSH:
PTX—SS—NC NPs > PTX—SS—CC NPs > PTX—SS—NO NPs
(Fig. 3F and G). These findings aligned with the results of self-
assembly stability, which indicated that the enhanced stability of
HTAPs contributed to a slower release rate of PTX.

3.4.  Invitro antitumor activity of the HTAPs

Cytotoxicity assays serve as an intuitive approach to evaluate the
efficacy of prodrug nanoassemblies®. Thus, we assessed the
toxicity of HTAPs and HTAP aq against various tumor cells,
including 4T1 cells, B16-F10 cells, and A549 cells. As depicted in
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Fig. 4A—C, Taxol exhibited the lowest ICsy value and the stron-
gest cytotoxic effects across all the tumor cell types. Its potency
arose from its ability to act directly on tubulin, without the rate-
limiting process of drug release. Among the HTAPs,
PTX—SS—NC NPs exhibited the highest cytotoxicity, followed by
PTX—SS—CC NPs, while PTX—SS—NO NPs showed relatively
lower cytotoxicity. Cytotoxicity rankings mirrored the in vitro
redox release rate. Interestingly, HTAP aq displayed slightly
stronger cytotoxicity than the HTAPs, probably attributed to their
different cellular uptake mechanisms. HTAPs entered into cells
through energy-dependent endocytosis, requiring passage through
lysosomes, whereas HTAP aq diffused directly across the mem-
brane into the cytoplasm.

In addition, evaluating the cytotoxicity of HTAPs and HTAP aq
on normal cells was a crucial parameter to assess their safety. The
selectivity index (SI) served as an important indicator to assess the
selectivity between tumor cells and normal cells. We further
investigated the toxicity of HTAPs and HTAP aq on 3T3 normal
cells (Fig. 4D). Taxol exhibited the highest cytotoxicity due to its
non-selective characteristics. According to Supporting Informa-
tion Table S2, HTAPs, PTX—SS—CC aq, and PTX—SS—NC aq
demonstrated significantly higher SI values compared to Taxol.
However, in several tumor cell lines, the SI values of
PTX—SS—NO NPs and PTX—SS—NO aq were lower than those
of Taxol, indicating poor selectivity issues associated with a high
positive charge of PTX—SS—NO.

3.5.  Cellular uptake and lysosome escape

We then examined cellular uptake of HTAPs using qualitative and
quantitative methods, respectively. PTX—SS—NO NPs exhibited a
much stronger fluorescence intensity than PTX—SS—NC NPs and
PTX—SS—CC NPs (Supporting Information Fig. S8). This could
be attributed to the strong binding affinity between positively
charged PTX—SS—NO NPs and negatively charged tumor cell
membrane surface, which enhanced cellular uptake. Furthermore,
consistent with the findings from fluorescence analysis, the
quantitative assay also demonstrated that PTX—SS—NO NPs
exhibited greater cellular uptake than PTX—SS—CC NPs and
PTX—SS—NC NPs (Fig. 4E). However, this significant cellular
uptake did not result in a high cytotoxic effect of the nano-
assemblies, which may be related to strong lysosomal entrapment.

Subsequently, we employed chlorpromazine (a clathrin-mediated
endocytosis inhibitor), quercetin (a non-clathrin/non-caveolae-
mediated endocytosis inhibitor), indomethacin (a caveolae-mediated
endocytosis inhibitor), and colchicine (a macropinocytosis inhibitor) to
investigate the cellular uptake pathways of HTAPs. The results indi-
cated that PTX—SS—NO NPs primarily entered cells via non-clathrin/
non-caveolae-mediated endocytosis; whereas PTX—SS—CC NPs and
PTX—SS—NC NPs entered cells mainly through non-clathrin/non-
caveolae, caveolae, and macropinocytosis-mediated endocytosis
(Supporting Information Fig. S9).

HTAPs were typically transported to lysosomes, which are
membrane-bound and low-pH compartments containing various
digestive enzymes or hydrolases. In addition, in vitro release ex-
periments also demonstrated that low-pH conditions decreased the
release of PTX (Fig. 3A). As mentioned above, the presence of
tertiary amine structure altered the physicochemical properties of
PTX—SS—NO NPs and PTX—SS—NC NPs under acidic condi-
tions (Fig. 2E). Although PTX—SS—NO NPs demonstrated the
highest cellular uptake among the HTAPs, their lipophilicity
decreased after protonation in lysosomes, leading to a reduction in

membrane permeability. Additionally, positively charged
PTX—SS—NO NPs exhibited higher affinity towards negatively
charged lysosome membranes. In the hemolysis experiment under
the condition of pH 4.5, the positively charged PTX—SS—NO NPs
caused the leakage of a small amount of hemoglobin in the red
blood cells through membrane electrostatic adsorption (Support-
ing Information Fig. S10). But intracellular release experiments
have shown minimal PTX was released from PTX—SS—NO NPs
at 48 h (Fig. 4F). Consequently, most PTX—SS—NO NPs were
trapped within lysosomes, preventing interaction with ROS or
GSH mainly in the cytoplasm. On the other hand, PTX—SS—NC
NPs absorbed a large number of protons, and the charge switches
from negative to positive (Fig. 2D). Through membrane electro-
static adsorption and osmotic pressure imbalance, it causes higher
hemolysis percentage (Fig. S10). That is to say, moderate pro-
tonation of PTX—SS—NC NPs in lysosomes induced a proton
sponge effect, resulting in lysosomal rupture and drug release
(Fig. 4F). This escape mechanism facilitated substantial drug
delivery into the cytoplasm for therapeutic action.

To further investigate the disparity in lysosomal escape effi-
ciency among HTAPs, we employed Pearson correlation coefficient
to assess the co-localization of HTAPs and lysosomes (Fig. 4G and
Supporting Information Fig. S11). The Pearson correlation coeffi-
cient between PTX—SS—NO NPs and lysosomes exhibited the
highest value, indicating that a majority of PTX—SS—NO NPs were
restricted in lysosomes. Therefore, minimal PTX was released from
PTX—SS—NO NPs into the cytoplasm. The Pearson correlation
coefficient for PTX—SS—CC NPs displayed an increasing trend,
suggesting ongoing cellular uptake. PTX—SS—NC NPs exhibited a
slower increase in Pearson correlation coefficient compared to
others with consistently lower values at all time points. These
findings indicated that PTX—SS—NC NPs possessed a superior
proton sponge effect and were more prone to escaping from lyso-
somes. Collectively, cellular uptake as well as intracellular release
and lysosome co-localization studies corroborated cytotoxicity re-
sults: PTX—SS—NC NPs demonstrated optimal efficacy due to its
superior ability to escape from lysosomes, resulting in increased
release of PTX at target sites. Conversely, despite higher cellular
uptake, PTX—SS—NO NPs showed poor release leading to
diminished cytotoxicity effects.

3.6.  Pharmacokinetic and biodistribution

Before the pharmacokinetic study, hemolysis tests were conducted
on Taxol and HTAPs. As depicted in Supporting Information
Fig. S12, when reaching a concentration of 100 pg/mL, the he-
molysis percentage of PTX—SS—NO NPs was higher than 5%,
indicating notable toxicity due to their positive charge.
PTX—SS—CC NPs and PTX—SS—NC NPs showed similar sur-
face properties, resulting in comparable hemolysis percentages.
However, Taxol exhibited a high hemolysis percentage of up to
30%, raising serious safety concerns. The dose was therefore
reduced to 6 mg/kg. In Fig. SA—C and Supporting Information
Table S3, both Taxol and Abraxane were rapidly cleared with
low half-life (¢;,). Conversely, PTX—SS—CC NPs and
PTX—SS—NC NPs demonstrated significantly increased 1/,
values and Cy,,x levels. Moreover, AUC(_,4 , was enhanced by
3—4 times for PTX—SS—CC NPs. However, the drug concentra-
tion of PTX—SS—NO NPs remained consistently low, since highly
positively charged nanoassemblies were easily recognized and
phagocytosed by mononuclear phagocytes™.
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Figure 5

Pharmacokinetics and biodistribution studies. Molar concentration—time curves of (A) the released PTX, (B) the prodrug and (C) the

sum of prodrugs and the released PTX. (D) Heart, (E) liver, (F) spleen, (G) lung, (H) kidney, and (I) tumor accumulation of Taxol, Abraxane and
the HTAPs. (J) Fluorescent images of DiR-labeled HTAPs in main organs and tumors at 1, 4 and 12 h. (K) Quantitative results of tumor
accumulation. Data are presented as mean = SD (n = 3). Statistical results were analyzed with one-way analysis of variance (ANOVA) and
student’s #-test (two-tailed), ns, not significant, *P < 0.05, **P < 0.01, ****P < 0.0001 vs. indicated.

The final therapeutic efficacy of the drug was affected by the
distribution of HTAPs, particularly at the tumor site. Using 4T1
tumor-bearing BALB/c mice as a model, we employed UPLC—MS/
MS combined with fluorescence labeling to simultaneously investi-
gate the distribution of the prodrug and PTX in vivo. As shown in
Fig. 5D—I, Taxol and Abraxane exhibited rapid tissue distribution
and were quickly cleared from the system. PTX—SS—NC NPs
showed excellent accumulation at the tumor site, and almost all PTX
was released due to their superior lysosomal escape capability and
strong redox sensitivity. PTX—SS—CC NPs exhibited a remarkably
slower release rate of PTX in tumors, potentially limiting their
therapeutic efficacy. In contrast, the tumor accumulation of

PTX—SS—NO NPs was minimal, consistent with the pharmacoki-
netic results. The findings from fluorescence analysis aligned with
those observed in UPLC—MS/MS (Fig. 5J and K). PTX—SS—NC
NPs exhibited strong fluorescence intensity and substantial accu-
mulation at the tumor site, whereas PTX—SS—NO NPs showed the
least distribution at the tumor site.

3.7.  Antitumor effect and biosafety
To investigate the impact of HTAPs on tumor progression in vivo,

we assessed the antitumor efficacy of HTAPs using two dosing
regimens: 20 and 40 mg/kg in the 4T1 tumor model (Fig. 6A and
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Figure 6  Antitumor study. (A) Schematic representation of low-dose treatment. (B) Tumor growth curves, (C) Body weight curves, and (D)

Tumor burden after the treatment of 20 mg/kg HTAPs, Taxol and Abraxane. (E) Schematic representation of high-dose treatment. (F) Tumor
growth curves, (G) Body weight curves, and (H) Tumor burden after the treatment of 40 mg/kg HTAPs and Abraxane. Data are presented as
mean £ SD (n = 5). Statistical differences were analyzed with one-way analysis of variance (ANOVA) and student’s #-test (two-tailed), ns, not

significant, *P < 0.05, **P < 0.01, ***P < 0.001 vs. indicated.

E). At a lower dose of 20 mg/kg, PTX—SS—NC NPs exhibited
optimal inhibition of tumor growth due to efficient accumulation
and release of PTX at tumor sites (Fig. 6B and Supporting In-
formation Fig. S13A), which was consistent with the findings
from biodistribution analysis. Furthermore, safety evaluation did
not reveal any abnormalities associated with PTX—SS—NC NPs
(Fig. 6C and Supporting Information Fig. S14A, B and E). In
contrast, the Taxol group showed abnormally reduced WBC
counts (Fig. S14A). Besides, PTX—SS—CC NPs displayed
slightly less effectiveness in inhibiting tumor growth due to slower
drug release (Fig. 6B and D). PTX—SS—NO NPs exhibited poor

antitumor effects as they were easily eliminated from the body
(Fig. 6B and D).

Next, the dosage was escalated to 40 mg/kg. However, Taxol at
this dose led to rapid death of the mice. Consequently, the Taxol
group was excluded from further analysis at this dosage level.
Despite Abraxane exerting a strong antitumor effect, it signifi-
cantly reduced WBC and PLT counts and increased AST levels,
indicating poor safety at high dose (Fig. 6F, Fig. S14B—S14D and
S14F). In contrast, PTX—SS—NC NPs still showed the best
antitumor efficacy. However, the 4T1 model used in our antitumor
study is a type of triple-negative breast cancer. Besides, the
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microenvironment of malignant tumors such as triple-negative
breast cancer is complex, and the growth and metastasis of can-
cer cells are rapid, which poses a challenge for the complete cure
of cancer with drugs. All these may have led to the result that
increasing the dosage of PTX—SS—NC NPs did not significantly
improve the therapeutic effect. Notably, PTX—SS—NC NPs did
not exhibit any adverse effects on body weight (Fig. 6F—H and
Fig. S13B), hematological parameters (Fig. S14B and S14D),
hepatorenal function (Fig. S14F), or histopathology findings
(Supporting Information Fig. S15). These observations collec-
tively validated both the safety and efficacy of PTX—SS—NC NPs.

4. Conclusions

In this study, we designed PTX prodrugs using heterocyclic tertiary
amine as modification modules. The heterocyclic structure influenced
the intermolecular forces of prodrugs, thereby altering the stability and
drug release rate of HTAPs. The greater the assembly stability, the
slower the stimulus-responsive release rate of HTAPs, so the
drug release rate was: PTX—SS—NO NPs < PTX—SS—CC
NPs < PTX—SS—NC NPs. The presence of the tertiary amine struc-
ture led to different behaviors of HTAPs within cellular lysosomes,
including lysosomal escape or entrapment. PTX—SS—NO NPs had the
lowest cytotoxicity owing to slow drug release and lysosomal
sequestration, although they had the highest cellular uptake. In contrast,
PTX—SS—NC NPs demonstrated the fastest release rate and lyso-
somal escape, resulting in the highest cytotoxicity. In addition,
PTX—SS—NO NPs were rapidly cleared from the system resulting in
the worst pharmacokinetic properties, thereby limiting efficacy.
Although PTX—SS—CC NPs exhibited prolonged circulation time,
their drug release rate was slower. PTX—SS—NC NPs had excellent
tumor accumulation, coupled with superior cellular delivery and
release properties, which achieved the most effective antitumor effi-
cacy. Notably, PTX—SS—NC NPs demonstrated favorable safety due
to intelligent drug release. Overall, employing heterocyclic tertiary
amine structures as modification modules effectively circumvents
lysosomal entrapment of prodrug nanoassemblies.
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