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Abstract Liposomes have made remarkable achievements as drug delivery vehicles in the clinic. Lipo-

somal products mostly benefited from remote drug loading techniques that succeeded in amphipathic and/

or ionizable drugs, but seemed impracticable for nonionizable and poorly water-soluble therapeutic

agents, thereby impeding extensive promising drugs to hitchhike liposomal vehicles for disease therapy.

In this study, a series of weak acid drug derivatives were designed by a simplistic one step synthesis,

which could be remotely loaded into liposomes by pH gradient method. Cabazitaxel (CTX) weak acid

derivatives were selected to evaluate regarding its safety profiles, pharmacodynamics, and pharmacoki-

netics. CTX weak acid derivative liposomes were superior to Jevtana� in terms of safety profiles,
urve; Chol, cholesterol; CR, creatinine; CTX, cabazitaxel; DA, trans-2-butene-1,4-dicarboxylic acid; DA-CTX,

ic acid derivate; DSPC, 1,2-dioctadecanoyl-sn-glycero-3-phophocholine; DSPE-PEG2000, 2-distearoyl-sngly-

olyethylene glycol)-2000; EE, encapsulation efficiency; EPR, enhanced permeability and retention; GA, glutaric

acid derivate; lipo DA-CTX, DA-CTX liposome; lipo GA-CTX, GA-CTX liposome; lipo SA-CTX, SA-CTX

resistant prostate cancer; MED, minimum effective dose; MPS, mononuclear phagocyte system; MTD, maximum

, prostate-specific antigen; SA, succinic anhydride; SA-CTX, cabazitaxel succinic acid derivate; TI, therapeutic
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Lung metastasis
 including systemic toxicity, hematological toxicity, and potential central nerve toxicity. Specifically, it

was demonstrated that liposomes had capacity to weaken potential toxicity of CTX on cortex and hippo-

campus neurons. Significant advantages of CTX weak acid derivative-loaded liposomes were achieved in

prostate cancer and metastatic cancer therapy resulting from higher safety and elevated tolerated doses.

ª 2021 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

“Druggable compounds” require chemical entities with features of
water-solubility and bioavailability1. However, many chemical
structures discovered and synthesized were barely soluble, had
low bioavailability, and caused significant system toxicity2. Most
antineoplastic chemical drugs have low performance regarding
water-solubility, bioavailability, and safe profiles. Although a
prodrug strategy has been developed to improve physicochemical
properties, which potentially augmented stability, bioavailability
and lowered toxicity, the bioactivity declined as well1,2. As a
result, extensive studies currently focused on the exploitation of
nanotechnology for chemotherapy drug delivery, trying to
improve the therapeutic index and augmenting therapeutic effi-
cacy3,4. It is believed that nanoparticles can selectively enhance
the concentration of the active ingredient in tumors because of the
enhanced permeability and retention (EPR) effect, which results
from a leaky and highly abnormal vascular system of the tumor,
while enhancing retention results from the disordered lymphatic
system, which is characteristic of malignant tumors5,6. Among
various nanoparticles, liposomes are recognized as one of the most
successful and promising commercial nano drug delivery systems
which have demonstrated nanoparticles with safer profiles when
compared to many conventional drugs7e11. The liposome re-
sembles a biological cell membrane regarding structure and
composition and has been considered as a promising candidate for
the improvement of drug delivery systems. The biocompatible and
biodegradable liposomes can encapsulate both hydrophilic and
hydrophobic drugs, making them attractive vehicles in the field of
drug delivery12. Many liposomal products are available for
application in clinical therapy, including doxorubicin hydrochlo-
ride liposome (Doxil�), daunorubicin liposome (DaunoXome�),
irinotecan liposome (Onivyde�), vincristine sulfate (Marqibo�),
daunorubicin, and cytarabine co-encapsulated liposomes
(Vyxeos�)7. Some of the side effects of conventional drugs could
be overcame when formulated into liposomes, thus enhancing the
therapeutic index of various drugs, and having positive impacts on
patients’ health. Sate of the art of liposome manufacture tech-
nology ensures industrialization feasibility13,14. Such great
achievements of liposomes have inspired researchers to investi-
gate drug liposomes formulations extensively and deeply.

Theoretically, either hydrophobic or hydrophilic molecules
could be loaded into liposomes in the lipid bilayer or internal
aqueous environment7. Sparingly water-soluble drugs are gener-
ally intercalated into the liposome bilayer, namely passive
loading, with a limited capacity and poor drug retention. It ren-
ders the drugs prone to the release and dissociation after
administration, resulting in little improvements in safety and
therapeutic efficacy15. The invention of “remote” drug loading
methods of liposomes drives more commercial products forward
to clinical applications due to the superiority of remote drug
loading methods that presented high drug-to-lipid, encapsulation
efficiency, and stable retainment of drugs16. An ammonium ion
gradient or low pH citrate buffer has successfully been utilized
for the remote loading of amphipathic weak basic drugs, such as
doxorubicin hydrochloride and vincristine sulfate, while an ace-
tate gradient is appropriate for the remote loading of amphipathic
weak acidic drugs17. The first liposomal product Doxil�, a spe-
cific formulation of doxorubicin enclosed in unilamellar lipo-
somal vesicles, was developed to treat various types of cancers
ranging from metastatic ovarian cancer to AIDS-related Kaposi’s
Sarcoma. Cardiac toxicity was remarkably reduced, resulting in
spectacular success when Doxil� was available18. The liposomal
products mentioned above are all prepared by a remote loading
method. Although many advantages were occupied by liposomes,
physicochemical properties of surplus drugs of interest, exhibit-
ing either bad aqueous solubility or membrane permeability, were
not suitable for remote loading. The transition metal ion gradient
method provided an alternative approach for drugs, which con-
tained metal ions binding sites19. Remote drug loading tech-
niques were not considered as a universal and common
methodology for drugs that were highly hydrophobic or lacked an
ionizable group, such as taxanes. Consequently, many approaches
have been devised to circumvent this predicament. For ionizable
poorly soluble drugs, a solvent-assisted active loading technology
was developed to use miscible solvent assist drugs to go cross the
lipid membrane, which was easier than the preceding way20. This
facile approach was powerful in sweeping away the obstacle of
poorly soluble drugs; however, it was still based on an existing
remote loading method, and could not be realized for drugs that
were non-ionizable and had unequipped metal ion binding sites
or functional groups. Functional cyclodextrin was chemically
modified to ferry drugs into liposomes21. This strategy required
that drugs have a higher affinity with cyclodextrin compared to
cholesterol, and required an additional procedure with a long
process preparation. Chemical modification of the drugs endowed
a weak base moiety, which increased the drug solubility or lip-
ophilicity and permitted the prodrugs to go cross into the aqueous
environment, became ionized, and formed complexes with sulfate
ions22e24. The drugs were delivered to the tumor tissue by the
EPR effect, and countered an intricate tumor acidic pH micro-
environment. Thereafter, a similar circumstance involved endo-
somes and lysosomes25. Specifically, weak-base drugs became
charged and their cellular permeability was decreased. Taking
this into account, it was considered that weak-base modified
drugs may become ionized in an acidic environment and their
penetrability through the lipid-based membrane was inhibited,
resulting in a moderate therapeutic efficacy26e28. However, the
unionized fraction of weak acid drugs increases outside the tumor
on account of low pH and easily diffuses through the cell
membrane. The significant necessity for the drug to exempt the
endocytic pathway trapping suggested superiority of the
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enhanced permeability of “liposome-dependent” drugs, many of
which are weakly acidic, would be much permeant at an acidic
pH of endosomes/lysosomes.

In this study, several poorly water-soluble chemotherapeutic
agents containing hydroxyl group, including docetaxel, cab-
azitaxel, etoposide, combretastatin A4, and podophyllotoxin,
were conjugated with anhydride or dicarboxylic acid to confer
them with weak acid properties, and then could be actively
loaded into liposomes by pH gradients. When compared with
Jevtana�, the commercial products of the cabazitaxel, CTX
weak-acid derivatives liposomes were further comprehensively
evaluated on safety profiles, including systematic toxicity and
potential central nerve toxicity. Furthermore, pharmacokinetic
studies and in vivo biodistribution were conducted. Subsequently,
pharmacodynamics assessments were performed by using the
prostate carcinoma model and its lung metastatic model. A facile
derivatization method of poorly water-soluble drugs by weak acid
groups or side chains was introduced, which achieved remote
drugs loading into liposomes, then was exploited for their ther-
apeutic potentials.

2. Materials and methods

2.1. Materials and regents

CTX was purchased from NanJing Jingzhu Bio-technology Co.,
Ltd. (Nanjing, China). 1,2-Dioctadecanoyl-sn-glycero-3-
phophocholine (DSPC), cholesterol (for injection, Chol) and 2-
distearoyl-snglycero-3-phosphoethanolamine-N-[methyl (poly-
ethylene glycol)-2000 (DSPE-PEG2000) were commercially
available from Shanghai Advanced Vehicle Technology Pharma-
ceutical Ltd. (Shanghai, China). Succinic anhydride (SA), glutaric
anhydride (GA), trans-2-butene-1,4-dicarboxylic acid (DA), N-(3-
dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDCI) and 4-dimethylaminopyrideine (DMAP) were purchased
from Aladdin Industrial Corporation (Shanghai, China). Sepharose
CL-4B gel was obtained from Beijing Solarbio Corporation
(Beijing, China). Roswell Park Memorial Institute (RPMI-1640)
and trypsin were purchased from Gibco (Beijing, China). Dul-
becco’s modified Eagle’s medium (DMEM), glucose, and sodium
pyruvate were from Thermo Fisher Scientific Inc. (Shanghai,
China). Fetal bovine serum (FBS) was from Foundation (Beijing,
China), and MTTwas purchased from Dalian Meilun Biotech Co.,
Ltd. (Dalian, China). 96-well plates were supplied by NEST
Biotechnology (Wuxi, China). All other reagents were of analyt-
ical pure grade.

2.2. Synthesis of weak acid drug derivatives

Five sparingly water-soluble chemotherapeutic agents, including
docetaxel, cabazitaxel, etoposide, combretastatin A4, and
podophyllotoxin, were selected to synthesize several weak-acid
derivatives by modification with different length carbon chain
dicarboxylic acid, SA, GA and DA. Drug succinic acid and
glutaric acid derivatives (SA‒D and GA‒D) were synthesized by
using corresponding anhydride, and drugs with aid of DMAP at
a molar ratio of 1.5:1:0.2 in the anhydrous dichloromethane for
24 h. For the drug trans-2-butene-1,4-dicarboxylic acid de-
rivatives (DA‒D), esterification was performed between the
carboxyl group of DA and the hydroxyl group of the drug in the
presence of EDCI and DAMP at a molar ratio of 1.5:1:2:0.5.
Reactants were dissolved in the anhydrous dichloromethane and
the reaction lasted for 40 min at 0 �C, and then the reaction
mixture was transferred to room temperature for 2 h. The re-
action mixture was processed with 0.5 mol/L HCI to remove
DAMP and EDCI. The crude product was purified by preparative
high-performance liquid chromatography (pre-HPLC) to obtain
a white solid. Target products were confirmed by mass spec-
trometry (Agilent Technologies Inc., Agilent 1100 Series
LC/MSD Trap, Beijing, China) and nuclear magnetic resonance
spectroscopy (400 MHz 1H NMR, Bruker, Bruker AV-400,
Beijing, China). The chemical stability of derivatives was
determined in simulative biologic media (mouse plasma) for
24 h at 37 �C.

2.3. Remote loading weak acid derivatives into liposomes and
characterization of formulations and in vitro release profiles

Blank liposomes were prepared by a thin-film hydration
approach29. Briefly, DSPC, Chol and DSPE-PEG2000 were
dissolved in chloroform, and the solvent was removed by vac-
uum distillation. The dry lipid film was hydrated by various
concentrations calcium acetate at 65 �C for 30 min. Then, the
heterogeneous size of multilamellar liposomes was homoge-
nized by successive extrusion through a 400, 200, and 100 nm
pore size polycarbonate membrane at 65 �C for 10 times. Sub-
sequently, exchange of the liposomal external phase was
accomplished by passing the liposomes through Sepharose
CL-4B gel column pre-equilibrated with sodium sulfate solu-
tion, and liposomes were diluted to the required concentration
of lipid to use. The remote loading of weak acid drug derivatives
into liposomes was achieved by co-incubation of the drug
(dissolved in ethanol) and blank liposomes at 65 �C for some
time, and ethanol was removed by dialysis or tangential flow.
The encapsulation efficiency (EE) was determined by size
exclusion chromatography by separating unloaded drug and li-
posomes, and drug content was determined by HPLC (Hitachi,
Tokyo, Japan). The size and zeta potential were measured by
Zetasizer Nano ZS90 (Malvern, UK). Morphology of the lipo-
somal formulation was observed by transmission electron mi-
croscopy (TEM, Hitachi HT7700, Tokyo, Japan) at an operating
voltage of 80 kV and cryo-transmission electron microscopy
(cryo-TEM, Thermo Fisher Scientific Inc., Talos F200C,
Shanghai, China). The liposomes was investigated at 4 and
25 �C for storage.

The in vitro release experiments were performed by the dial-
ysis method in the PBS buffer (pH 7.4) media containing 5%
ethanol. The various formulations were sealed in the dialysis bags
(MW 3500 Da) and placed in the 20 mL release media under the
condition of shaking (100 rpm, Jiangsu Changzhou Ronghua
Instrument Manufacture Co., Ltd., Changzhou, China) at 37 �C for
72 h. The content of three derivatives of CTX and CTX was
detected by HPLC.

2.4. Cell culture and animal model

RM-1 (prostate carcinoma) cells and 4T1 (breast cancer) cells
were kindly provided by the Stem Cell Bank, Chinese Academy of
Sciences. In brief, RM-1 cells were cultured in DMEM containing
50 units/mL streptomycin, 100 units/mL penicillin, and FBS
(10%) at 37 �C and 5% CO2. Moreover, 4T1 cells were cultivated
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in RPMI-1640 medium containing 50 units/mL streptomycin,
100 units/mL penicillin and 10% FBS at 37 �C and 5% CO2.

Six-week-old male C57BL/6 mice (20 � 2 g) and
SpragueeDawley (SD) rats (230 � 20 g) were purchased from
Liaoning Changsheng Biotechnology Co., Ltd. (Benxi, China).
Animals were raised in a proper environment for experiments. All
procedures and experiments were carried out in accordance with
the guidelines provided by the Institutional Animal Ethical Care
Committee (IAEC) of Shenyang Pharmaceutical University,
China.

2.5. Cellular uptake

The RM-1 cells were seeded into 12-well plates and cultured for
24 h before adding the various formulations. The various formu-
lations (Jevtana�, lipo SA-CTX, lipo GA-CTX and lipo GA-
CTX, containing 200 ng/mL CTX) were co-incubated with cells
for 4 or 8 h. After treatment, the cells were washed by cold PBS
and collected. The cells were sonicated, centrifugated, and the
supernatant were reserved and then drugs were determined by
UPLC‒MS/MS method (Waters Co., Ltd., Milford, MA, USA).

2.6. Cytotoxicity evaluation

CTX weak-acid derivatives were further studied including: cab-
azitaxel succinic acid derivative (SA-CTX), CTX glutaric acid
derivative (GA-CTX) and CTX trans-2-butene-1,4-dicarboxylic
acid derivative (DA-CTX).

Evaluation of the cytotoxicity against RM-1 and 4T1 cells was
performed by using the MTT assay. Tumor cells were seeded into
96-well plates before drug treatment. After 24 h of pre-
incubation, RM-1 cells were treated with serial dilutions of
Jevtana�, SA-CTX, GA-CTX, DA-CTX, and corresponding li-
posomes of the latter three were incubated for 48 and 72 h.
Untreated cells served as controls. At the end of treatment, 20 mL
of MTT solution (5 mg/mL) was added to each well, and cells
were incubated for 4 h at 37 �C. In addition, 4T1 cells were
seeded into 96-well plates at a density of 1 � 103 per well and
drug treatment was the same as RM-1 cells. After 4 h of co-
incubation with MTT solution, the medium was discarded and
200 mL DMSO was added, shaken in the dark and the absorbance
of the solution was measured in a microplate reader at 490 nm.
Each concentration was tested in six wells and data were pre-
sented as the mean � SD.

2.7. Pharmacokinetics and biodistribution

SpragueeDawley rats (230 � 20 g) were randomly divided into
five groups (n Z 5 per group). Jevtana�, SA-CTX liposome (lipo
SA-CTX), GA-CTX liposome (lipo GA-CTX), DA-CTX lipo-
some (lipo DA-CTX) were intravenously administrated with an
equivalent dosage of 5 mg/kg of CTX. At defined time intervals,
about 300 mL blood was collected and centrifuged (1.2 � 104 rpm,
5 min, Shanghai Anting Scientific Instrument Factory, TGL-16B,
Shanghai, China) to obtain plasma. The concentration of CTX and
three derivatives in plasma was determined by a validated UPLC‒
MS/MS method.

A subcutaneous RM-1 prostate cancer (PCa) model was
established in male C57BL/6 mice by subcutaneously trans-
planting 5 � 106 RM-1 cells suspended in 200 mL PBS into the
right flank region. Thirty-six tumor bearing C57BL/6 mice were
stochastically divided into four groups when the tumor volume
reached approximately 200 mm3 (n Z 3). Jevtana� and the
three CTX weak-acid derivatives liposome formulations were
injected via the caudal vein at a dose equivalent to 6 mg/kg of
CTX. At the timed intervals, mice were sacrificed and their
major organs were harvested, rinsed carefully with saline,
weighed, and stored at �20 �C until analysis. The tissues con-
centration of weak acid derivatives and free CTX was measured
by UPLC‒MS/MS.
2.8. Maximum tolerated dose and safety profile assessment

The maximum tolerated dose (MTD) of drugs in healthy C57BL/6
mice and SD rats was determined by using a multidose scheme
and was identified as the maximum dose of a drug or formulation
that did not induce humane endpoints during treatment, where the
MTD was the highest nonlethal deliverable dose, and less than
20% weight loss was used as humane endpoints. During the trials,
the body weight of animals was monitored. When reaching hu-
mane endpoints, mice were sacrificed and the whole blood and
serum were collected. Hematology and serology were tested.
Major organs (heart, liver, spleen, lung, and kidney) were har-
vested, fixed in 4% formalin, and assessed by hematoxylin‒eosin
(H&E) staining. Cortex and hippocampus were removed, carefully
rinsed with PBS, and further evaluated by H&E staining and
immunofluorescence.
2.9. In vivo antitumor efficacy assay

A subcutaneous RM-1 prostate tumor model was established as
mentioned above to estimate the antitumor efficacy of CTX weak-
acid derivatives remote loading liposomes and compared to
Jevtana�. When the tumor volume reached 100e150 mm3, mice
were randomly divided into 8 groups as follows: saline, Jevtana�,
low dose at 6 mg/kg and high dose at 30 mg/kg equivalent dosage
of CTX: lipo SA-CTX, lipo GA-CTX, and lipo DA-CTX, and
mice were treated every three days with various formulations via
tail vein. The dose of CTX was based on the results of the MTD
test. When the tumor volume was above 2000 mm3, mice were
sacrificed and tumor tissues were collected for H&E staining and
TUNEL staining. Serum was collected. The prostate-specific an-
tigen (PSA) level in serum and tumor tissue was determined by
ELISA kit (Shanghai Jianglai Industrial Limited by Share Ltd.,
Shanghai, China).

A pseudo-metastases model in the lungs of RM-1 prostate
cancer was established according to previous methods30. At 48 h
after the injection of tumor cells via tail vein, various formulations
were administrated to treat prostate cancer lung metastasis. The
administration scheme and dose were the same as in the subcu-
taneous prostate tumor model. Body weight was recorded. Some
of the mice were sacrificed and lungs were dissected, weighed,
stained with Bouin’s fixative solution, the number of foci were
counted, and the pathological changes of lungs were assessed by
H&E staining.
2.10. Statistical analysis

Data were calculated and presented as the mean � SD. Compar-
ison among groups was analyzed with Student’s t-test and one-
way analysis of variance (ANOVA), and P < 0.05 was consid-
ered statistically significant.
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3. Results and discussion

3.1. Weak acid drug derivatives synthesis and preparation of
remote loading liposomes

Upon the state of the art of liposome technology, the next mile-
stone of liposomology was achieved by leading the way of remote
loading of water-insoluble drugs. Some methods were developed
but limitation remained. As far as we are concerned, fascicle
chemical modification or derivatization of drugs were effective on
developing remote poorly water-soluble drugs loading into lipo-
somes. Previously, weak base moieties were attached to docetaxel
or gemcitabine to realize active loading22,23. On the contrary, we
tried to modify sparingly water-soluble drugs with weak acidic
moieties and then the weak acid drug derivatives (Fig. 1A) were
remotely loaded into the liposomal aqueous core by a calcium
acetate gradient method (Fig. 1B) and retained. The symbolic
structure of the weak acid drug derivate contained the following
parts: drugs (docetaxel, cabazitaxel, etoposide, combretastatin A4,
and podophyllotoxin are shown in Supporting Information
Fig. S1A‒S1E), the linker (carboxylic acid ester bond used in this
research), spacers, and the carboxyl group. The linker is a
connection bond between drugs and weak acid moieties. The
carboxyl ester bond was chosen as a linker in that anhydride and
dicarboxylic acids were used as weak acid moieties in this sce-
nario (Fig. S1F‒S1H). Other types of connection bonds might also
be introduced with homologous binary acids or anhydride by
simple synthesis, including ether bond, carbamate, carbonate
bond, boronate ester, phosphate ester, and sulfate ester, to adjust
the activity of derivatives31. Several important organic acids may
be introduced, such as succinate. Succinate is an intermediate
metabolite in the tricarboxylic acid cycle and plays a crucial role
in the formation of mitochondrial ATP, and serves as a metabolic
signal in inflammation, which can promote inflammation and play
an important role in the cancer immune cycle32,33, that deserves
further investigation. Promising small molecule organic acids
were attached to chemotherapy drugs, which would play dual
roles in the drug delivery system. A spacer adjusted the logP of
derivatives, strength of acid or stability of the linker on demand. A
series of poorly water-soluble drugs derivatives were successfully
synthesized which were verified by MS and 1H NMR listed in
Supporting Information. The synthesis of the therapeutic agents’
Figure 1 (A) Illustration of drug weak acid derivatives. (B) Remote

loading drug weak acid derivatives into liposomes by pH gradient.
weak acid derivatives was fascicle and the yield was high. The
purification of crude products was easy.

The drugs loaded by calcium acetate gradients required the
following: logD in the range of �2.5 to 2 at pH 7 and pKa>3 for
amphipathic acid34. The solvent-assist-loading technology had an
outstanding performance on active loading ionizable water-
insoluble molecules, implying that logD no longer had a deci-
sive restrictive character for developing remote loading liposomes.
We tested the ability of drugs derivatives entering liposomes and
retained in the aqueous core. The lipid composite of formulation
was referred to Onivyde�, with a relative content higher of Chol
but lower of DSPE-PEG2000 to prevent accelerated blood clear-
ance (ABC)24. High phase-transition (high Tm) phospholipids
were employed, such as distearoyl or hydrogenated phosphati-
dylcholines (PC) and inclusion Chol, to reduce drug leakage and
liposome clearance by the mononuclear phagocyte system (MPS)
by decreased binding of plasma opsonins15. Three CTX weak acid
derivatives (as presented in Fig. 2A) were capable of being loaded
into liposomes with a high EE (>95%), small size (120e140 nm),
and narrow PDI (<0.1, Supporting Information Fig. S3), but
behaved somewhat different in formulations of some aspects
presented in Fig. 2B and C. The differences in D:L were mainly
under the influence of pKa of derivatives modified by different
weak acids (pKa: SA < DA < GA). The zeta potential of three
liposomes was nearly neutral and consistent about �4.5 mV, due
to the same lipid composition. All CTX derivatives demonstrated
a similar stability during the remote drug loading (Fig. S4A and
S4B), however, a different storage stability was observed (Fig.
S4C and S4D). The DA-CTX liposomes displayed good stability
at 4 �C for three weeks. However, DA-CTX liposomes were
relatively unstable for a decreased EE of about 10% on Day 14 at
25 �C. The existence of a pH gradient was vital for the remote
loading drug weak acid derivatives into liposomes. There was a
very small fraction of the weak acid derivatives that passively
diffused into liposomes assisted by miscible solvents, even if a
high ratio of miscible solvents was used (Fig. S4E and S4F). Other
drugs simply modified with weak acids could be loaded into li-
posomes by using the pH gradient method as shown in Supporting
Information Table S1. The EE of all derivatives ranged 80%e
96%. Cyro-TEM micrograph of lipo SA-CTX (Fig. 2D) clearly
shows that SA-CTX appeared as an electron-dense precipitate
within aqueous liposomal interior. The results indicate that the
drugs weak acid derivation method could be applied to enable
therapeutic agents containing a modifiable hydroxyl active loading
into liposomes.

The in vitro release profiles of CTX weak acid derivatives
loaded liposomes are shown in Supporting Information Fig. S5B.
The sustained release profiles of all formulations were observed.
And the significant difference in release behaviors are demon-
strated between lipo GA-CTX and lipo SA-CTX or lipo DA-CTX,
probably due to the different lipophilicity of CTX derivatives and
different D:L ratios35,36. The most drugs were released from lipo
GA-CTX, and meanwhile most CTX was released from lipo GA-
CTX. Only a small amount drugs were released from lipo SA-
CTX and lipo DA-CTX (<20%), and little CTX was released.

3.2. Cellular uptake and cytotoxicity evaluation

The cellular uptake of CTX, its derivatives and corresponding
liposomes was investigated at different time by UPLC‒MS/MS.
The in vitro drug cellular uptake was a time-dependent manner
(Supporting Information Fig. S6). The CTX solutions entered



Figure 2 The properties of liposomes. (A) The structures of cabazitaxel and its weak acid derivatives. The effect of drug-to-lipid (D:L) (B) and

inner aqueous phase concentration (C) on encapsulation efficacy. (D) The cryo-TEM image of lipo SA-CTX. Data are shown as the mean � SD,

n Z 3, ***P < 0.001. Scar bars Z 50 nm.
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cytoplasm easily and quickly by passive diffusion, showing CTX
was the most content in cytoplasm at 2 h. The liposomes entered
cytoplasm by endocytosis, which was slower than passive diffu-
sion of CTX solution, thereby compromising the uptake of drugs
at different timepoints. Interestingly, the uptake of CTX weak acid
derivatives was less than that of the corresponding liposomes. It
was suspected that the CTX weak acid derivatives ionized in the
neutral cultured medium, resulting in the low permeability than its
molecular state.

The activity of weak acid derivatives of drugs was associated
with potential therapeutic effects. Jevtana� has been used in
metastatic castration-resistant prostate cancer (mCRPCa) given
that it was superior in the activity compared to other taxanes and
the ability of overcoming P-gp-mediated taxane resistance37. The
CTX weak acid derivatives were further evaluated in prostate
Figure 3 The cytotoxicity evaluation. The cytotoxicity of Jevtana, caba

72 h. Data are shown as the mean � SD, n Z 6.
carcinoma (RM-1 cells) and breast cancer (4T1 cells). All three
CTX weak acid derivatives presented time- and concentration-
dependent cytotoxicity over RM-1 cells, but tended to decrease
cytotoxic activity when compared to Jevtana� as demonstrated by
the IC50 shown in Fig. 3. The IC50 of CTX derivatives (DA-
CTX < SA-CTX < GA-CTX) existed apparent divergence
resulting from the difference among structures. When the de-
rivatives were loaded into liposomes, the inhibitory effect on cell
proliferation was significantly enhanced when compared to its free
form. It was considered that these results were due to the differ-
ences in cellular uptake (Fig. S6) and intracellular transport. In
neutral 1640 medium, the ionized states of free drugs dominated
compared to the molecular states, resulting in low cell perme-
ability. The liposomes were mainly ingested into cells by endo-
cytosis, and then subsequently trapped in lysosomes. The released
zitaxel weak acid derivatives and its liposome formulations at 48 and
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weak acid derivatives readily escaped from the acid environment
by molecular state forms to exert work. Similar results were
observed in 4T1 cells (Fig. S7).

3.3. Pharmacokinetics profile and in vivo biodistribution

Healthy SD rats were used to evaluate the pharmacokinetic pro-
files of CTX weak acid derivatives liposomes following intrave-
nous administration. For direct comparison of different liposomes
formulations, the pharmacokinetic parameters are summarized in
Supporting Information Table S2. As shown in Fig. 4A, CTX in
Jevtana� was rapidly cleared. In comparison, three liposomes
display a remarkably prolonged blood circulation time. The area
under the curve (AUC0‒t) values of lipo SA-CTX, lipo GA-CTX,
and lipo DA-CTX are 841.8-, 781.7-, and 976.5-fold higher
compared to that of Jevtana�, respectively (Table S2). The
released CTX from derivatives is shown in Fig. 4B, and it is found
that the lipo SA-CTX released less CTX than lipo GA-CTX and
lipo DA-CTX for its higher D:L (1:5 vs. 1:20 or 1:10)15, which
was consistent with in vitro release profiles. The released CTX
from lipo GA-CTX and lipo DA-CTX has similar profiles. Inter-
estingly, the concentration of CTX released from lipo GA-CTX
and lipo DA-CTX increased after an initial decrease, and then
tended to decline with time, which was likely because CTX de-
rivatives gradually converted to a CTX form in the inner aqueous
environment. When compared with other previously reported
CTX formulations, remote drugs loading liposomes have excellent
pharmacokinetic properties37.

The biodistribution of derivatives and CTX were investigated
in PCa-bearing C57BL/6 mice. The drug concentration of the
targeting tissue (tumor) and non-targeting tissue (heart, liver,
spleen, lung, kidney, and brain) are presented in Fig. 4C and D and
Figure 4 The pharmacokinetics and biodistribution of liposomes. (A) T

liposomes. (B) The concentration of cabazitaxel (CTX) profiles released

distribution of CTX and its weak acid derivatives in tumor tissue at differe

shown as the mean � SD, A&B, n Z 5; C&D, n Z 3, **P < 0.01, ***
Supporting Information Fig. S8. Lipo GA-CTX had the lowest
concentration at the tumor tissue and a higher concentration in the
brain. Moreover, the concentration of DA-CTX in all tissues was
higher than other formulations, especially in tumor tissue, which
was partly due to a higher total AUC0‒t. The chemical stability of
three derivatives of CTX was investigated in biologic media
(mouse plasma). As shown in Fig. S4A, the better chemical sta-
bility of DA-CTX meant longer t1/2, though more DA-CTX may
release from Lipo DA-CTX. The interaction between DA-CTX
and plasma proteins may prevent the DA-CTX from degrada-
tion, contributing to longer circulation time and the more distri-
bution in all the tissues. However, the exact underlying
mechanism remained further investigation. The CTX released
from various liposomes presents a different elimination speed as
illustrated in Fig. 4D. A more rapid elimination of Jevtana� was
found in both plasma and tumor tissue when compared to lipo-
somes. The concentration of CTX from lipo SA-CTX and lipo
DA-CTX in the tumor was significantly higher compared to that of
Jevtana� and lipo GA-CTX after a single dose administration,
which was indicative of a better antitumor efficiency. Macro-
phages rather than parenchymal cells contributed to the majority
of uptake of liposomes in the liver and spleen over other organs,
which was a common outcome that emerged in nano drug delivery
systems38. Non-targeting tissues exposed directly to Jevtana�,
including heart, spleen, and kidney, could cause damage to cor-
responding sites.

3.4. Maximum tolerated dose and safety profile assessment

Prior to antitumor efficacy experiments, both of the MTD and
safety profile were evaluated, that were the pivotal factor to bal-
ance the efficacy and safety profiles of anticancer drugs or
he pharmacokinetics of Jevtana and cabazitaxel weak acid derivatives

from Jevtana and corresponding liposomes. (C) and (D) The bio-

nt time points. Dashed lines represent trends in drug content. Data are

P < 0.001.
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formulations. C57BL/6 mice and SD rats were used to implement
experiments with a multidose scheme (Fig. 5A), and behaviors
and body weight of mice and rats were observed and recorded.
Jevtana� (CTX dissolved in Tween 80 and ethanol) was approved
by the U.S. Food and Drug Administration (FDA) for mCRPCa at
a dose of 25 mg/m2 every three weeks, combined with 10 mg of
orally administrated prednisone daily to reduce side effects37. In
mice, we utilized 6 mg/kg at an initial dose that was approx-
imatively equivalent to the dose used in humans. Mice that
received a Jevtana� injection at a dose of 8 mg/kg were gradually
emaciated after the third dose and a mean reduction in body
weight of mice was more than 20% (Fig. 5B), while liposomes
were tolerated until the dose exceeded 30 mg/kg. Overt
improvement in the MTD was related to the enhancing therapeutic
index (TI), which was defined as the ratio of MTD to minimum
effective dose (MED), decreasing the risk of adverse reactions
with elevated doses during the treatment. The results of hema-
tology and serum analysis of mice demonstrated that Jevtana�
caused significant neutropenia, leukopenia, and obvious creatinine
(CR) augmentation (Fig. 5C and D), indicating potential toxicity
on the marrow and kidney because of unnecessary biodistribution.
Fibrosis was observed in the spleen harvested from the Jevtana�-
Figure 5 The safety evaluation of various formulations. (A) The schem

formulations in C57BL/6 mice. (C) Neutrophil levels of various groups af

groups after administration. Data are shown as the mean � SD, n Z 3, *
treated group (Fig. S9). Other indices with no significant differ-
ences are shown in Supporting Information Fig. S10 and Table S3.
Toxicity of major organs was evaluated by H&E staining (Fig. S9)
at various tolerated doses. When SD rats were administrated 6 mg/
kg, significantly more severe adverse reactions occurred in the
Jevtana� group after the third dose (Fig. S11). Apart from the loss
of body weight, diarrhea, and hypokinesia were observed, while
these adverse events were not observed in the liposomes-treated
groups. These results indicated an advantageous safety profile of
liposomes compared to Jevtana�.

Considering the increasing number of long-term cancer sur-
vivors, it is critical to address the extent, persistence, and neuro-
pathologic mechanisms underlying chemotherapy-related
cognitive decline or the “chemobrain” that originates from central
nerve system toxicity, damage, and lesions39,40. The study found
that mice became dull and less active probably because of po-
tential central nerve toxicity and impaired cognitive function.
Analogous phenomena were not observed in the liposomes group.
CTX possessed superior ability to pass the blood‒brain‒barrier
(BBB) in contrast to first generation taxanes. Previous studies
reported that CTX caused dose-dependent central nervous system
toxicity in rats at doses from 0.5 to 1.5 mg/kg41. Therefore, it was
e of safety assay. (B) The maximum tolerated dose (MTD) of various

ter formulations administration. (D) Creatinine (CR) levels of various

**P < 0.001.
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necessary to evaluate the safety profiles on the central nervous
system when using higher dosage. The decline of the CTX con-
centration in the brain was slower compared to that in the tumor
and plasma (Fig. 4 and Fig. S8), probably resulting in impairment
to the brain. Pyknotic nuclei and eosinophilic necrosis (arrow in
white) and heteromorphic nuclei (arrow in green) were easily
observed in the cortex after Jevtana� treatment (Fig. 6). A similar
phenomenon was observed when using high doses of lipo GA-
CTX and lipo DA-CTX at 30 mg/kg due to accumulated cyto-
toxicity of the drug, although no abnormal behavior was observed
during the experiments. Microglia activation (Iba1þ) was found,
indicating a potential inflammatory signature (Fig. 6). The neu-
roinflammation caused by cytotoxic treatment may bring about
neurodegenerative disease42. Immature neurons (DCXþ) and
mature neurons (Neunþ) in the hippocampus were detected to
assess the impact of chemotherapy on neurogenesis (Fig. 6). The
significant decrease of fluorescence signals in Jevtana�-treated
and lipo GA-CTX-treated animals suggested that CTX treatment
damaged neurogenesis. The chemobrain was the result of
impairment of the cortex and hippocampus. Among various for-
mulations, lipo SA-CTX had a better safety profiles within the
scope of this study. Moreover, the CTX released from lipo GA-
CTX was increased compared to other formulations from 6 to
48 h (Fig. S8), which may be beneficial to the brain tumor therapy.
Figure 6 The safety profiles of various formulations at a tolerated dose

staining and immunofluorescence analysis. Pyknotic nuclei and eosinophili

was indicated by arrows in green. Activated microglia (Iba1þ) in red are sh
neurons, was stained in green. Neuron-specific nuclear antigens (Neunþ),
3.5. In vivo antitumor efficacy

Many drugs for treating mCRPCa were limited for clinical
practice accounting for intrinsic or acquire resistance by over-
expression of P-glycoprotein (P-gp) and/or unacceptable dose-
limiting side effects43. CTX, a second-generation taxane, has
intrinsic abilities to overcome P-gp-mediated taxane resis-
tance37. The antitumor activity of CTX weak acid derivatives
liposomes was investigated in a RM-1 subcutaneous tumor
model and compared to Jevtana� (Fig. 7). Tumor growth curves
are presented in Fig. 7B. The tumor volume of the saline group
expanded rapidly when compared to others. All formulations
had an inhibitory effect on tumor growth. However, after ter-
minating treatment, retardant tumor growth resumed in the
Jevtana� group, low dose liposomes group, and high dose lipo
GA-CTX group. No differences were observed when the CTX
equivalent dosage was set to 6 mg/kg; however, the body weight
of mice rapidly decreased upon receiving Jevtana� therapy
(Fig. 7C). A higher dose of therapeutic agents delivered by li-
posomes showed pronounced antitumor efficacy when admin-
istrating lipo SA-CTX and lipo DA-CTX. The halted tumor
growth lasted for 30 days. Mice treated with a high dose of lipo
SA-CTX and lipo DA-CTX prolonged a median overall survival
time that was longer than that of other groups (Fig. 7E), under
on central nervous system assessed by hematoxylin and eosin (H&E)

c necrosis were indicated by arrows in white and heteromorphic nuclei

own in the middle panel. Doublecortin (DCXþ), representing immature

indicating mature neurons, were stained in red. Scar bar Z 100 mm.



Figure 7 The antitumor efficacy of various formulations. (A) The experimental scheme of formulations against prostate cancer. (B) Tumor

growth curves. (C) Body weight curves. (D) Serum prostate-specific antigen (PSA) levels after treatment. (E) Corresponding survival curves and

median survival periods to panel (A). (F) Typical hematoxylin and eosin (H&E) (1) and TUNEL (2) staining of tumor tissues after treatment. In

panel E&F, a-Saline, b-Jevtana, c-Lipo SA-CTX 6 mg/kg, d-Lipo SA-CTX 30 mg/kg, e-Lipo GA-CTX 6 mg/kg, f-Lipo GA-CTX 30 mg/kg,

g-Lipo DA-CTX 6 mg/kg, h-Lipo DA-CTX 30 mg/kg. Data are shown as the mean � SD, n Z 6, *P < 0.05, **P < 0.01, ***P < 0.001. Scar

bar Z 100 mm.
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Figure 8 Pharmacodynamics of various formulations in circulating tumor cells in a lung metastasis model. (A) Model establishment and

treatment. (B) Representative images of lungs originated from mice in different groups. (C) Hematoxylin and eosin (H&E) staining corresponding

to panel B. (D) The weight of lungs harvested from mice on Day 14 after injection of cancer cells. (E) Body weight changes with time. (F) The

number of foci on lungs dissected from mice of different groups. (G) The survival curve and median survival time of different groups. In image

B&C, a-Saline, b-Jevtana, c-Lipo SA-CTX 6 mg/kg, d-Lipo SA-CTX 30 mg/kg, e-Lipo GA-CTX 6 mg/kg, f-Lipo GA-CTX 30 mg/kg, g-Lipo

DA-CTX 6 mg/kg, h-Lipo DA-CTX 30 mg/kg. Data are shown as the mean � SD, n Z 5, **P < 0.01, ***P < 0.001. Scale bar Z 100 mm.
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conditions that the endpoint was recognized when the tumor
volume was larger than 2000 mm3. H&E staining and TUNEL
results are shown in Fig. 7F, and present a different degree of
necrosis and apoptosis of tumor tissue, with the lowest degree of
saline and the highest degree of lipo SA-CTX 30 mg/kg and lipo
DA-CTX 30 mg/kg. Serum prostate-specific antigen (PSA)
levels are extensively recognized as a biomarker refereed to PC
diagnosis, progression, and prognosis responding to systemic
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therapies43,44. After treatment, PSA levels dropped dramatically
in lipo SA-CTX and lipo DA-CTX groups (P < 0.001, Fig. 7D),
while Jevtana� treatment had an inferior impact on decreasing
PSA levels (P < 0.05), and lipo GA-CTX at a high dose showed
a moderate effect (P < 0.01). Low-levels of PSA indicated a
favorable prognosis, but tumor growth continued other than
high dose lipo SA-CTX and lipo DA-CTX. Only high doses of
lipo SA-CTX and lipo GA-CTX showed permanent tumor
inhibition.

Pseudo-metastasis in the lungs of RM-1 prostate cancer
caused by circulating tumor cells was established to estimate the
antimetastatic effects of liposomes (Fig. 8A). At 48 h after
intravenous injection, various formulations were administrated to
remedy cancer metastatic mice. On Day 14 after injection of
tumor cells in vein, mice were sacrificed and lungs were har-
vested, weighed, and the number of foci was counted. The weight
of lungs treated with saline increased significantly compared to
those of healthy mice, indicating successful establishment of the
model. The rest of the mice were observed. High dose lipo SA-
CTX and lipo DA-CTX significantly decreased the number of
foci in contrast to others (Fig. 8F), and representative pictures
are presented in Fig. 8B, and roughly corresponded to the
decrease tendency in the lung weight (Fig. 8D). Overall survival
was prolonged after treatment by liposomes except for lipo GA-
CTX at a dose of 6 mg/kg. Jevtana� and CTX weak acid de-
rivatives liposome formulation delayed lung metastasis to
different degrees. Engorged blood flow provided a chance for
circulating tumor cells settlement and metastasis formation45.
Simultaneously, long circulation liposome formulations had
more opportunities to deliver therapeutic drugs to inhibit
formative metastasis.

4. Conclusions

In this study, weak acid drug derivatives, which could be
remotely loaded into the aqueous core of liposomes, were
designed. The successful encapsulation of weak acid drug de-
rivatives into liposomes verified our conception. In further
studies, we comprehensively evaluated the safety profiles of
CTX weak acid derivatives liposomes. Outstanding PK and
biodistribution profiles were beneficial to reduce side effects
and guarantee therapeutic effects. In the range of tolerated
doses, liposomes had a small chance of developing symptoms
of hypersensitivity, neutropenia, leukopenia, and nephrotoxi-
city. Liposome formulations showed no potential central
toxicity when compared to Jevtana�, implying that “chemo-
brain” was avoided to improve patient’s prognosis. Compared
to Jevtana�, prominent advantages of liposomes were
confirmed by reducing the potential toxicity on central nervous
system. The MTD accomplished by loading drug into lipo-
somes was elevated, representing a reduced risk in the clinic.
Improving the MTD is extremely meaningful to enhance the
TI. The antitumor effect of potent lipo SA-CTX and lipo DA-
CTX was satisfactory when administrating high doses, however
safety profile results suggested that lipo SA-CTX was better
than lipo DA-CTX. No significant differences were observed in
cancer therapy when compared with Jevtana� at a similar
dose. More potential value of “bad drugs” delivered by lipo-
somes was exploited to make the best of them. Weak acid drug
derivatives are facilely synthesized and flexibly designed on
demand, and could be utilized by remote drug loading
liposomes.
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