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ABSTRACT

The disulfide bond plays a crucial role in the design of anti-tumor prodrugs due to its
exceptional tumor-specific redox responsiveness. However, premature breaking of disulfide
bonds is triggered by small amounts of reducing substances (e.g., ascorbic acid, glutathione,
uric acid and tea polyphenols) in the systemic circulation. This may lead to toxicity,
particularly in oral prodrugs that require more frequent and high-dose treatments. Fine-
tuning the activation kinetics of these prodrugs is a promising prospect for more efficient
on-target cancer therapies. In this study, disulfide, steric disulfide, and ester bonds were used
to bridge cabazitaxel (CTX) to an intestinal lymph vessel-directed triglyceride (TG) module.
Then, synthetic prodrugs were efficiently incorporated into self-nanoemulsifying drug
delivery system (corn oil and Maisine CC were used as the oil phase and Cremophor EL as the
surfactant). All three prodrugs had excellent gastric stability and intestinal permeability. The
oral bioavailability of the disulfide bond-based prodrugs (CTX-(C)S-(C)S-TG and CTX-S-S-TG)
was 11.5- and 19.1-fold higher than that of the CTX solution, respectively, demonstrating
good oral delivery efficiency. However, the excessive reduction sensitivity of the disulfide
bond resulted in lower plasma stability and safety of CTX-S-S-TG than that of CTX-(C)S-(C)S-
TG. Moreover, introducing steric hindrance into disulfide bonds could also modulate drug
release and cytotoxicity, significantly improving the anti-tumor activity even compared to
that of intravenous CTX solution at half dosage while minimizing off-target adverse effects.
Our findings provide insights into the design and fine-tuning of different disulfide bond-
based linkers, which may help identify oral prodrugs with more potent therapeutic efficacy
and safety for cancer therapy.
© 2024 Published by Elsevier B.V. on behalf of Shenyang Pharmaceutical University.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Oral chemotherapy has always been a hot topic in clinical
research owing to its advantages of convenient and flexible
administration, good patient compliance, and high safety
[1]. Taxane-based therapy had become the main method to
treat various solid tumor types. However, the anti-tumor
activity of paclitaxel and docetaxel was limited by multidrug
resistance proteins (e.g., P-glycoprotein (P-gp)). By contrast,
cabazitaxel (CTX) stood out due to its high cytotoxicity and
low affinity for P-gp. As the first chemotherapeutic drug
to prolong the survival of patients with castration-resistant
prostate cancer that is resistant to docetaxel, CTX is widely
used clinically [2,3]. However, drug delivery through the oral
route is limited, which could be attributed to the non-
drug-like properties of chemotherapy drugs, such as poor
water solubility, low membrane permeability, and a high
hepatic first-pass effect [4,5]. Besides, gastrointestinal toxicity
also impedes its oral delivery [6,7]. Intestinal lymphatic
transport could bypass the hepatic first-pass effect and
improve the oral bioavailability of the active drug [8]. In
recent years, nanotechnology, such as nanoemulsions, lipid
nanoparticles, and self-microemulsions, has been applied to
improve the lymphatic transport of drugs [9-12]. However,
lymphatic transport efficiency and gastrointestinal tract
safety are affected by the premature leakage of chemotherapy
drugs. Therefore, prodrug strategies are typically employed to
improve the physical and chemical properties of the active
drugs and reduce off-target toxicity [13-15]. Commonly, these
prodrugs consist of three modules: an active drug (CTX), a
recognizing unit towards the intestinal lymphatic system, and
a responsive linker specifically cleavable at the tumor sites.
Lipids such as fatty acids, glycerides, phospholipids, and
steroids are usually used to design lipid-like prodrugs owing
to their lymphatic-targeting properties [16-19]. Lipidated
prodrugs are usually formed by covalently linking the drug
to a fatty acid chain [20-22]. Although this strategy improves
the lipophilicity of the active drug, its development has
been hindered by its limited lymphatic-targeting ability and
potential gastrointestinal toxicity. Triglycerides (TGs) are the
main components of animal and vegetable fats and play
an important role in human life [23]. Lipase exists widely
in the human body and is highly expressed in tumor sites
[24]. After entering the human body, TG is hydrolyzed into
2-monoglyceride (2-MG) and free fatty acids by pancreatic
lipases [25]. Subsequently, 2-MG passes through the unstirred
water layer (UWL) into the small intestinal epithelial cells as
mixed micelles [26]. 2-MG was re-esterified with exogenous
or endogenous long-chain fatty acids and reassembled
with phospholipids, cholesterol and apolipoproteins to form
lipoproteins (LPs) [27]. LPs are then transported into the
systemic circulation via the lymphatic system, bypassing the
first-pass effect [28]. Inspired by this physiological pathway,
TG-like prodrugs of active drugs with different structures and
utilities (including testosterone, mycophenolic acid, paclitaxel
and SN38) have been developed, and their ability to promote
lymphatic transport has been proven. These previous studies
confirmed that TGs could serve as lymph vessel-directed
module to improve oral drug delivery efficiency [29-32].

For oral chemotherapy, tumor-triggered bioactivation of
prodrugs is indispensable for boosting on-site anti-tumor
effects. Tumor cells are heterogeneous in pH, enzymes, and
redox environments compared to normal cells [33,34]. Based
on the above condition, many sensitive bonds (e.g., pH-
and enzyme-sensitive bonds) have been developed for the
responsive release of drugs. However, pH-sensitive bonds had
a narrow sensitive range, and enzyme-sensitive bonds were
difficult to release the drug completely, which greatly limited
the drug delivery in vivo treatment. Due to their outstanding
redox sensitivity [35-37], disulfide bonds are widely used in
the design of prodrugs. In our previous study, disulfide bond-
bridged TG-like docetaxel prodrugs were designed, which
showed promising oral anti-tumor efficacy [38]. However,
we also found that much of the active drug was released
into blood circulation. This relative instability leads to a
potential risk of off-target toxicity when the active drug has
high cytotoxic activities [39-41]. Hence, the rational design
of a response module with improved blood stability and
rapid on-demand drug release from tumor cells remains
a great challenge. Inspired by the design of antibody-drug
conjugates (ADCs), the stability of disulfide bonds could be
adjusted by introducing steric hindrance [42,43]. Brenda et al.
demonstrated that conjugates with methyl steric hindrance
on both sides of the disulfide bond are more stable than
those without steric hindrance [44]. Additionally, the in vitro
reduction stability of the conjugate was enhanced by an
increase in the steric hindrance around the disulfide bonds.
ADC drugs are complexes formed by connecting antibodies
and small molecular drugs through a specific linker, which are
usually administered by intravenous injection. However, there
are many differences between single small molecule drugs
and ADC drugs in terms of physicochemical properties and
in vivo fate. Moreover, oral chemotherapy needs to overcome
the harsh gastrointestinal environment and premature drug
release in blood circulation. At present, the role of steric
hindrance modification in oral chemotherapy has not been
mentioned. Therefore, we speculate that masking disulfide
bonds with «- alkyl substitutions could influence its chemical
stability and further improve prodrug safety. To the best of
our knowledge, the application of steric disulfide bonds as
response modules in the field of oral prodrug delivery has
not yet been reported, and the differences in the oral anti-
tumor effects and safety of fine-tuning the activation kinetics
of these prodrugs remain unknown.

In light of the above considerations, a series of TG-like
CTX prodrugs were designed and synthesized, in which the
disulfide, steric disulfide, and ester bonds were utilized as
response modules to bridge CTX to the intestinal lymph
vessel-directed triglyceride module. TG-like CTX prodrugs
were efficiently encapsulated into SNEDDS (oil phase:
surfactant = 70:30) and could be spontaneously emulsified
to form nanoemulsions in vivo. The impacts of different
bonds on the chemical stability and in vivo fate of prodrugs
were discussed in detail. The GI stability and the differences
in reduction responsivity between disulfide bonds, steric
disulfide bonds, and ester bonds were examined, while their
influence on cytotoxicity was elucidated. As shown in Fig. 1,
TG-like prodrugs can enter blood circulation smoothly
through lymphatic transport. Compared to disulfide bonds,
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Fig. 1 - In vivo fate diagram of TG-like CTX prodrugs after oral administration.

steric disulfide bonds have more desirable chemical inertia,
which greatly improves the plasma stability and systemic
safety of the prodrug. Steric disulfide bond-bridged TG-like
prodrugs also exhibit acceptable reduction-responsive drug
release, effectively killing tumor cells. CTX-(C)S-(C)S-TG
prodrugs with steric disulfide bond showed modest reduction

sensitivity and decreased systemic toxicity, integrating anti-
tumor efficacy with enhanced safety. Thus, fine-tuning the
activation behaviors can decrease the reduction sensitivity of
disulfide bonds to avoid premature release of active drugs in
blood circulation, which provides novel insights for develop-
ing safer and more effective oral drug delivery systems.
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2. Materials and methods
2.1. Materials

CTX was purchased from Nanjing Dilger Medical Technology
Co., Ltd. Corn oil was obtained from Shandong Ruisheng
Pharmaceutical Excipient Co., Ltd (Shandong, China). Maisine
CC was bought from Gattefossé (Shanghai) Trade Co., Ltd
(Shanghai, China). 4,4'-dithiodibutyric acid, 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDCI),
4-dimethylaminopyridine (DMAP), dithiothreitol (DTT) and
verapamil hydrochloride were purchased from Shanghai
Aladdin Biochemical Technology Co., Ltd. (Shanghai, China).
4,4”-disulfanediyldipentanoic acid was obtained from
RuixiBiotech Co. Ltd. (Xian, China). 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) and tris (2-
carboxyethyl) phosphate (TCEP) were purchased from Dalian
Meilun Biotechnology Co., Ltd. (Dalian, China). Lipoprotein
lipase was bought from Novocata Biotechnology Co., Ltd.
(Hangzhou, China). All other solvents and reagents used were
of analytical quality.

2.2. Synthesis of the triglyceride-like CTX prodrugs

Three prodrugs of CTX: CTX-S-S-TG, CTX-(C)S-(C)S-TG and
CTX-10C-TG, were synthesized and their synthetic routes
were shown in Scheme S1. The chemical structures of
the triglyceride-like CTX prodrugs were confirmed by high-
resolution mass spectra (HPLC Waters ACQUITY Arc, ESI MS),
TH NMR and 3C NMR (Bruker AVIII-400 M NMR). Specific steps
are represented in the supplementary materials.

2.3.  Preparation of triglyceride-like prodrugs lipid-based
formulations

First, 350 mg corn oil, 350 mg Maisine CC and 300 mg
Cremophor EL were mixed and sonicated to obtain a uniform
blank preparation. Herein, corn oil and Maisine CC were used
as the oil phase and Cremophor EL as the surfactant. Then,
20 mg prodrugs or 10 mg CTX were dissolved in the blank
preparation.

In order to explore the equilibrium solubility of lipid-
based formulations, 100 mg CTX-S-S-TG, CTX-(C)S-(C)S-TG,
CTX-10C-TG and CTX were added to the blank preparation,
respectively. The medicated lipid-based preparations were
placed in the thermostatic oscillator at 37 °C for 72 h.
Subsequently, the undissolved drugs in the lipid-based
formulations were separated after centrifuging at 13,000 rpm
for 30 min. Acetonitrile (1 ml) was added to the 20 pl of
various medicated preparations, and the concentration of the
prodrugs or CTX was analyzed by high-performance liquid
chromatography (HPLC).

2.4. Characterization of self-nanoemulsifying drug
delivery system

Self-nanoemulsifying drug delivery system (SNEDDS) is a
solid or liquid preparation containing drugs, oil phase,
surfactant and co-surfactant, which spontaneously emulsifies

to form oil-in-water (O/W) emulsion in the environment of
gastrointestinal peristalsis. SNEDDS has the advantages of
simple preparation process, high drugload and easy scale-up,
which is suitable for delivery of oral lipid prodrugs. In order
to investigate the dispersion of SNEDDS in stomach, 100 pl
prodrugs or CTX SNEDDS were dripped into 900 pl distilled
water under stirring. The particle size and polydispersity
index (PDI) of the emulsion particles in SNEDDS were
estimated by the Zetasizer particle size analyzer (Malvern,
UK). Moreover, transmission electron microscopy (TEM) was
applied to observe the morphology of the emulsion particles.

2.5. Gastrointestinal behavior studies

2.5.1. Stability in simulated gastric fluid

As mentioned in the previous literature, simulated gastric
fluid (SGF) was prepared to be utilized as the release medium
[45]. Then, the physical stability of the CTX prodrug SNEDDS
was investigated. SNEDDS (1 ml) was added to SGF (9 ml) and
incubated with gentle shaking at 37 °C. At different intervals
(0, 30, 60, 120, 180 and 240 min), 100 pl mixed solution was
extracted and added to 900 pl distilled water to measure
the particle size. Afterward, the physical stability of the CTX
prodrug SNEDDS was investigated. 100 pl mixed solution was
obtained and taken out according to the previous method and
added to 300 pl acetonitrile to analyze the concentration of the
CTX prodrugs by HPLC. Experiments were repeated for three
times.

2.5.2. Drug release in SGF

The in vitro drug release of CTX, CTX-S-S-TG, CTX-(C)S-(C)S-
TG, CTX-10C-TG SNEDDS and CTX solution in SGF were
investigated by the dialysis method. SGF was used as release
media, containing 30% ethanol (v/v) to achieve sink conditions
[46,47]. The pH value of the SGF was 1.2. The dialysis bags
(10 kD, 12 mm) were filled with 100 pl prodrugs, CTX SNEDDS
and CTX solution (0.2 mg equivalent to CTX), respectively.
Then, they were soaked in 30 ml release media. The 100 pl
mixture solution was collected at predetermined intervals (O,
0.25, 0.5, 1, 2, 4 and 6 h) after incubating with gentle shaking
at 37 °C. Then, the concentration of prodrugs and CTX were
analyzed by HPLC. Experiments were repeated three times.

2.5.3. Simulated intestinal digestion

According to the previous literature, simulated intestinal fluid
(SIF) was prepared [48]. In order to simulate digestion in
the intestinal tract, 200 pl prodrugs or CTX SNEDDS were
added to 3.8 ml simulated digestive fluid and incubated with
gentle shaking at 37 °C. Then, 50 pl incubation solution was
extracted at different times (0, 5, 15, 30, 60 and 120 min) and
added to 150 pl acetonitrile. Subsequently, the concentrations
of TG prodrugs and MG derivatives of CTX (2-MG prodrugs)
were determined by HPLC. Bioaccessibility refers to the
percentage of the drug that is ingested and utilized by the
human body after entering the gastrointestinal tract (GIT). To
analyze the bioaccessibility of prodrugs or CTX SNEDDS, the
solubility of prodrugs and CTX in the intermediate aqueous
phase was measured. 50 pl incubation solution was obtained
and extracted according to the aforementioned method.
Subsequently, the samples were centrifuged at 13,000 rpm
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for 10 min at 4 °C. The samples were separated into the oil
phase at the top, the aqueous phase in the middle and the
pellet phase at the bottom. Then, 20 pl aqueous phase was
mixed with 180 pl acetonitrile to measure the concentrations
of the 2-MG prodrugs, TG prodrugs and CTX. Experiments
were repeated three times.

2.6. Cell culture

Mouse prostate cancer cell line (RM-1 cells), human breast
cancer cell line (MCF-7), mouse embryonic fibroblast cell line
(3T3 cells) and human colon cancer cell line (Caco-2) were
obtained from the cell bank of Type Culture Collection of
Chinese Academy of Sciences (Beijing, China). RM-1 cells
were cultured in RPMI 1640 medium with 10% fetal bovine
serum (FBS), 1% penicillin (10 KU/ml) and 1% streptomycin
(10 mg/ml), while 3T3 cells were cultured in DMEM/F-12
medium containing the same serum and antibiotics. MCF-7
and Caco-2 cells were cultured in DMEM with 10% and 20%
FBS, respectively. All cells were stored in a humidified cell
incubator with 5% CO, and 37 °C.

2.7. Caco-2 cellular uptake study

Caco-2 cells are similar to differentiated small intestinal
epithelial cells in structure and function, which can be
used to simulate intestinal transport in vivo and explore
the intestinal absorption mechanism of drugs. Caco-2 cells
were inoculated in 12-well plates (5 x 10* cells per well)
for 24 h to investigate the cell uptake of prodrugs and CTX.
Subsequently, the nutrient-free medium was replaced with
fresh medium containing CTX, CTX-S-S-TG, CTX-(C)S-(C)S-
TG, CTX-10C-TG SNEDDS and CTX solution (equivalent CTX
concentration of 5 pg/ml) and cells were incubated for 1 or
3 h at 37 °C. At the end of incubation, Caco-2 cells were
washed with ice-cold phosphate buffer solution (PBS) three
times to terminate cellular uptake. Cells were suspended in
200 pl distilled water and disrupted by ultrasound (100 W).
Before centrifugation, the concentration of CTX was evaluated
by a multifunctional enzyme reader. The lysing agent was
added to the cell suspension and the mixture was centrifuged
at 13,000 rpm for 10 min. The concentrations of CTX were
measured by HPLC. Verapamil was used as the P-glycoprotein
(P-gp) inhibitor to investigate the effect of P-gp on intestinal
penetration of CTX prodrugs. Caco-2 cells were cultured in the
medium with CTX, CTX-S-S-TG, CTX-(C)S-(C)S-TG, CTX-10C-
TG SNEDDS and CTX solution (equivalent CTX concentration
of 5 pg/ml) and verapamil (50 pg/ml) for 1 or 3 h at 37 °C. The
handling method was the same as above.

2.8. In vitro reduction release of prodrugs

The redox-responsivity of disulfide bonds could specifically
respond to the overproduced glutathione (GSH) in tumor cells.
As a result, disulfide bonds-bridged CTX TG-like prodrugs
could specifically release the active drug in tumor sites. In
order to explore the reduction-sensitivity of CTX prodrugs,
dithiothreitol (DTT, a common substitute of GSH) was used to
simulate the reduction environment of drug release in vitro.
PBS (pH 7.4, containing 30% ethanol) with or without DTT

was utilized as the release media to investigate the reduction
release of CTX prodrugs. The concentration of DTT was
selected at 10 mM and 50 mM in reduction-sensitive release
medium. Subsequently, 200 pl prodrug SNEDDS (CTX-S-S-
TG, CTX-(C)S-(C)S-TG and CTX-10C-TG) were encapsulated
into the dialysis bags and incubated in 20 ml release media
with or without DTT at 37 °C. At predetermined intervals
(0, 1, 2, 4, 6, 8, 12, 24 and 48 h), a 200 pl incubated sample
was taken out, and an equal volume of fresh release media
was supplemented to maintain the original volume. The
concentration of CTX released from prodrugs was determined
by HPLC. Experiments were repeated three times.

2.9.  Stability of the prodrugs in rat plasma

The blank rat plasma was acquired from Sprague-Dawley (SD)
rats to analyze the stability of the linkers in the systemic
circulation. Then, 100 pl prodrug SNEDDS were added to 400
pl rat plasma supplemented with lipase (1,000 IU/ml) activity
and incubated at 37 °C with gentle shaking. Thereafter, 20
pl incubation solutions were taken at predetermined times
(0, 0.5, 1, 2, 4, 8 and 12 h) and added to 180 pl acetonitrile
to determine the concentration of 2-MG prodrugs and free
CTX by HPLC. In order to simulate the tumor environment,
TG prodrugs were incubated with rat plasma supplemented
with lipase (1,000 IU/ml) and high concentration of DTT
(50 mM). Similarly, the concentration of 2-MG prodrugs and
free CTX were analyzed according to the aforementioned
method. Experiments were repeated three times.

2.10. In vitro cytotoxicity assay

The cytotoxicity of CTX-S-S-TG, CTX-(C)S-(C)S-TG, CTX-10C-
TG SNEDDS and CTX solution against RM-1, MCF-7 and
3T3 cells were investigated by MTT assays. In brief, cells
were seeded into 96-well plates (3,000 cells per well) and
cultured for 24 h. The nutrient-free medium was replaced with
different concentrations of multifarious prodrugs and CTX
solution. Cells were cultured for 48 h or 72 h. Wells containing
only substrate and wells inoculated with untreated cells were
utilized as blank and control groups, respectively (n = 3 for
each group). The absorbance of each group was detected
by the microplate reader (SYNERGY, BioTek Instruments,
Inc, USA). The half-maximal inhibitory concentration (ICsp)
values were calculated by GraphPad Prism. Then, the SI was
calculated as the ratio of the ICsy of the 3T3 cells divided by
that of the tumor cell lines. Caco-2 was used as experimental
cells to investigate the enterotoxicity of CTX-S-S-TG, CTX-
(C)S-(C)S-TG, CTX-10C-TG SNEDDS, CTX SNEDDS and CTX
solution by MTT assays. Caco-2 cells were seeded into 96-well
plates (5,000 cells per well) and cultured for 48 h. The nutrient-
free medium was replaced with different concentrations of
multifarious prodrugs, CTX SNEDDS and CTX solution. Cells
were cultured for 4 h, 8 h or 12 h. The next steps were the
same as above.

2.11. Animal studies

SD rats (180-220 g) and C57BL/6 mice (18-22 g) were provided
by the Animal Center of Shenyang Pharmaceutical University.
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All the animal experiments were in accordance with the
guidelines for the Care and Use of Laboratory Animals
provided by the Institutional Animal Ethical Care Committee
of Shenyang Pharmaceutical University.

2.12. In vivo oral pharmacokinetic study

Male SD rats (190-220 g) were selected as model animals to
estimate the oral absorption of CTX triglyceride-like prodrugs.
The rats were divided into 5 groups randomly and fasted
for 12 h (n = 3). Each group was orally administrated with
CTX solution (15 mg/kg), CTX emulsion (15 mg/kg), CTX-S-
S-TG prodrug emulsion, CTX-(C)S-(C)S-TG prodrug emulsion
and CTX-10C-TG prodrug emulsion (15 mg/kg equivalent
to CTX). Then, 0.5 ml blood samples of each group were
placed into heparin sodium pre-coated EP tubes at scheduled
intervals (0.08, 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 12, 24 h). In
order to calculate absolute bioavailability, three SD rats were
intravenously administrated with CTX solution (15 mg/kg).
Colchicine was selected as the lymphatic transport inhibitor
to investigate the absorption pathway of prodrugs. Rats were
intraperitoneally injected with colchicine (5 mg/kg) 1 h before
oral administration of CTX solution and prodrugs emulsion.
All of the blood samples were centrifuged immediately at
13,000 rpm for 3 min and the extracted plasma was stored
at —80 °C until analysis. The protein precipitation method
was used to estimate the concentration of CTX. Tris (2-
carboxyethyl) phosphine (TCEP) and lipase were selected to
cut the structure of the prodrug to determine the total CTX
concentrations of CTX-S-S-TG and CTX-(C)S-(C)S-TG groups.
In short, 50 pl lipase (10,000 IU/ml) and 20 pl TCEP (1 mM
for CTX-S-S-TG and 4 mM for CTX-(C)S-(C)S-TG) were added
in turn to 50 pl plasma samples, then they were mixed for
5 min by vortex mixer to release CTX by splitting the ester
bond and disulfide bond of prodrugs. The following processes
were the same as the above method for the determination
of free CTX. DAS 2.0 software was applied to calculate the
pharmacokinetic parameters. The relative bioavailability (F,e)
and absolute bioavailability (F,,) were calculated as follows:

Frea= AUcemulsion xDosegq/ AUCSOI/ Doseemulsion

Fap= AUCp o xDose;, /AUG;, /Dosepo.

Where, AUC,puision @nd DoSeemuision @re the corresponding
parameters of emulsion product, AUCs,; and Doseg, are
the corresponding parameters of the reference product,
AUCp,. and Dosep,, are the corresponding parameters of the

formulations administrated orally (p.o.), AUC;,, and Dose;,, are
the corresponding parameters of the intravenous (i.v.) CTX.
2.13. In vivo anti-tumor effect

Male C57BL/6 mice inoculated with RM-1 cell line were used as
the tumor model (xenograft tumor model) to investigate the
in vivo anti-tumor effect of TG prodrugs. PBS suspension of
RM-1 cells was ectopically inoculated into the back of male
C57BL/6 mice to establish the tumor model. When the tumor
volume reached 70 mm?3, the mice were orally administered
with saline, CTX solution, CTX emulsion and CTX triglyceride-
like prodrugs emulsion (CTX-S-S-TG, CTX-(C)S-(C)S-TG and
CTX-10C-TG, CTX equivalent concentration 5 mg/kg) or
intravenously administered CTX solution at a dose of 5 mg/kg
(n = 5 each group). Oral administration was performed daily,
while CTX solution was intravenously treated every 3 d Tumor
volume and body weight were estimated and calculated
every day. After the measurement at Day 10, plasma was
collected for hepatorenal function analysis and blood routine
examination. The mice were sacrificed tenderly. Then, major
organs and tissues (heart, liver, spleen, lung, kidney, stomach,
duodenum, jejunum, ileum and colon) were collected and
fixed in 4% paraformaldehyde solution. The detached tumors
were weighed and used for hematoxylin and eosin (H&E)
staining together with major organs and tissues. In addition,
unvaccinated mice were orally administered with saline, CTX-
S-S-TG and CTX-(C)S-(C)S-TG (30 mg/kg) to investigate the
safety of reduction-sensitive prodrugs at high doses. The
weight of mice was measured every day and plasma was
collected on the last day for blood routine examination.

2.14. Statistical analysis

GraphPad Prism 8.0 was used to dispose the data as the mean
+ SD. Two-group comparisons were analyzed with Student’s
t-test. Statistical significances were considered at P values <
0.05, < 0.01, < 0.001, and < 0.0001.

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

CTX-S-S-TG was synthesized by conjugating CTX to a
triglyceride skeleton via a reduction-sensitive disulfide bond.
To estimate the influence of the response module fine-tuning
on the safety and anti-tumor efficacy of the prodrugs,
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Table 1 - Characterization of CTX and prodrug-loaded emulsions (n = 3).

Formulations Size (nm) PDI Equilibrium solubility (mg/g)
CTX SNEDDS 68.21+1.07 0.36+0.023 12.8 £1.27
CTX-S-S-TG SNEDDS 69.03+2.22 0.37+0.010 70.6 £ 4.56
CTX-(C)S-(C)S-TG SNEDDS 68.94+1.45 0.38+0.022 71.1+3.02
CTX-10C-TG SNEDDS 67.18+5.50 0.34+0.039 717 £6.41

CTX-(C)S-(C)S-TG and CTX-10C-TG were synthesized.
Their chemical structures (Fig. 2) were confirmed by mass
spectroscopy, 'H NMR and '3C NMR (Figs. S1-S9). The prodrugs
showed higher calculated lipophilicity (clogP) values than
CTX, indicating that the triglyceride module could improve
the lipophilicity of chemotherapeutic drugs.

3.2.  Dispersion and characterization of lipid-based
formulations
Three prodrug-loaded lipid-based formulations were

prepared for subsequent experiments. As shown in Table 1,
the improved equilibrium solubility of the three prodrugs
(>70 mg/g) was guaranteed because of their excellent
lipophilicity, which was significantly higher than that of
CTX (12.8 mg/g). Self-emulsified nanoemulsions with a blue
opalescent appearance were obtained after dispersing the
lipid-based formulations in distilled water, with droplet
sizes of approximately 70 nm and a PDI of less than 0.4
(Table 1). It proved that SNEDDS had a good gastrointestinal
dispersion, which was conducive to subsequent digestion.
The TEM images clearly confirmed the successful fabrication
of emulsions with a spherical structure (Fig. 3). These results
suggest that lipid-based formulations have excellent self-
emulsifying capacity, which is conducive to the formation of
homogeneous emulsion droplets after oral administration.

3.3. Gastrointestinal behavior studies
3.3.1.  Stability and drug release in SGF

As shown in Fig. 4A and 4B, prodrug SNEDDS showed no
significant changes in particle size or content after incubation

CTX CTX-S-S-TG
A

with SGF. The results demonstrated that the three prodrug
SNEDDS had excellent physical and chemical stability with no
notable leakage of the parent drug, thereby avoiding potential
gastric toxicity. The gastric release profiles of CTX and
prodrugs from SNEDDS are shown in Fig. 4C. When incubated
with SGF for 2 h, more than 30% and 50% of CTX were released
from the CTX SNEDDS and CTX solutions, respectively.
In contrast, the amount of the three prodrugs released
from SNEDDS was negligible, indicating a stronger binding
ability of the prodrugs with lipid excipients in SNEDDS.
Consequently, good gastric stability and acceptable drug
release could ensure intestinal digestion and absorption of
prodrugs.

3.3.2.  Simulated intestinal digestion

The TG-like CTX prodrug-loaded lipid-based formulations
were dispersed in SIF, and the ability of prodrugs with a
lymph vessel-directed module to mimic the digestion and
absorption of dietary TGs was verified. The 2-MG prodrugs
were generated by the hydrolysis of palmitic acid at positions
1 and 3 of the triglyceride structures by lipase. The formation
of 2-MG prodrugs was confirmed by high-resolution mass
spectrometry (Figs. S10-S12). As shown in Fig. 4D, the TG-like
prodrugs were almost completely digested by lipase within
30 min. Notably, the digestion rate of the CTX-(C)S-(C)S-TG
prodrug was slightly reduced owing to steric hindrance on
both sides of the disulfide bond. Correspondingly, the 2-MG
prodrug produced from the CTX-(C)S-(C)S-TG prodrug was
more stable in the intestine than that produced from the
CTX-S-S-TG prodrug (Fig. 4E). Additionally, the generation
rate of the 2-MG prodrugs coincided with the digestion
rate of the TG prodrugs, approaching 100% after 30 min

CTX-(C)S-(C)S-TG

CTX-10C-TG

Fig. 3 - (A) Appearances and (B) TEM images of CTX and TG-like prodrugs-loaded emulsions in SGF (Scale bar represents

50 nm).
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Fig. 4 - Gastrointestinal behavior of TG-like prodrugs. (A) Physical stability of TG-like prodrug SNEDDS in SGF. (B) Chemical
stability of TG-like prodrugs in SGF. (C) In vitro drug release of CTX TG-like prodrugs and CTX SNEDDS in SGF. (D) The
fraction of TG-like prodrugs or MG-like prodrugs partitioning in the mixed micellar phase after 2 h digestion of three
prodrugs. (E) Chemical stability of TG-like prodrugs in bile-pancreatic juice. (F) Generation of MG prodrugs after incubation
with bile-pancreatic juice. (G) Cellular uptake in Caco-2 cells incubated with CTX solution, CTX SNEDDS, and CTX prodrug
SNEDDS with or without verapamil for 1 and 3 h evaluated by HPLC. Data are presented as mean + SD (n = 3); **P < 0.01,

***P < 0.001.

(Fig. 4E). These results showed that the lymph vessel-directed
module endowed prodrugs with the ability to simulate the
digestion process of natural TGs, which was conducive to the
subsequent absorption of prodrugs.

Thereafter, the CTX prodrug content in the intermediate
aqueous layer was measured to determine its intestinal
absorption. At each digestion point in time, the digestive
mixtures were centrifuged at 4 °C into the upper oil phase,
the intermediate aqueous phase, and the bottom precipitated
phase. The aqueous phase was mainly composed of mixed
micelles formed by drugs with bile acids, phospholipids,
and other digestive products. As shown in Fig. 4F, almost
all the parent drugs of the CTX SNEDDS and CTX solution
groups precipitated from the aqueous phase after 1 h of
digestion, which might be attributed to the poor affinity of

CTX for mixed micelles. In contrast, 86%, 94.6% and 86% of
the corresponding 2-MG prodrugs in the three CTX prodrug
SNEDDS groups were distributed in the aqueous phase. The
digested prodrugs and lipid excipients formed mixed micelles
more easily, facilitating prodrug crossing over the UWL to
enhance subsequent intestinal absorption. The above results
preliminarily showed that TG-like prodrugs with a lymph
vessel-directed module can mimic the digestion of dietary
TGs.
3.4. Caco-2 cellular uptake

Caco-2 cells are structurally and functionally similar to
differentiated intestinal epithelial cells, which can be used
to mimic in vivo intestinal transport and investigate the
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intestinal permeability of drugs [49-51]. As shown in Fig. 4G,
the cellular uptake of CTX and prodrugs increased with
incubation time. Moreover, the uptake of the three prodrug
SNEDDS groups by Caco-2 cells was stronger than that of
the CTX SNEDDS and CTX solutions. After 3 h of incubation,
the intracellular parent drug concentrations in the CTX-S-
S-TG and CTX-(C)S-(C)S-TG SNEDDS groups were 3.1- and
3.2-fold higher, respectively, than those in the CTX solution
group. The increase in cell uptake indicates that prodrugs
have a stronger ability to cross the gastrointestinal barrier.
The results showed that the intestinal permeability of CTX
increased after structural modification, which improved the
oral absorption of CTX.

Subsequently, the effect of P-gp efflux on prodrug
permeability was investigated. After adding the P-gp
inhibitors, there was no significant difference in the uptake
of CTX and the three prodrugs (Fig. 4G). On balance, prodrugs
have poor affinity for P-gp efflux, which could greatly improve
their oral absorption.

3.5.  Invitro reduction release of prodrugs

Due to the specific metabolism of tumor cells, GSH levels are
significantly higher in tumor cells than in normal cells [52,53].
Therefore, the effect of reduction-sensitive response modules
with different steric hindrances on the activation of TG-like
prodrugs was assessed in vitro to ensure that the parent drug
was specifically released into tumor cells. As shown in Fig. 5A,
CTX-S-S-TG was converted more quickly to CTX than CTX-
(C)S-(C)S-TG at various concentrations of DTT. For instance,
55% of the CTX was released from CTX-S-S-TG at 48 h in the
presence of 10 mM DTT, whereas 20% was released from the
CTX-(C)S-(C)S-TG group under the same conditions. As the
concentration of DTT was increased to 50 mM, more than 50%
of the CTX was released from CTX-(C)S-(C)S-TG SNEDDS. In
contrast, CTX-10C-TG showed no release of the parent drugin
response to 10 or 50 mM DTT, which may be attributed to the
lack of reduction-sensitive bonds in the structure of CTX-10C-
TG. The above results indicate that CTX-(C)S-(C)S-TG could
release active parent drugs specifically in highly reducing
environments and might be more stable than CTX-S-S-TG
in the presence of small amounts of reducing substances.
The CTX release mechanisms of three TG-like prodrugs were
summarized in Fig. 5B.

3.6.  Stability of the prodrugs in rat plasma

Small amounts of reducing substances, such as GSH, exist
in the blood circulation, which might pose challenges to
prodrug stability [54]. The above reduction-release study
preliminarily proved the reductive properties of CTX-S-S-TG
and CTX-(C)S-(C)S-TG. Next, the stability of the three TG-
like prodrugs in plasma supplemented with lipase or in a
simulated tumor environment (high lipase activity and high
DTT concentration) was investigated. As shown in Fig. 5C, the
three prodrugs were first hydrolyzed into MG-like prodrugs
by lipase. Furthermore, more than 65% of CTX-S-S-TG was
converted to CTX after 8 h of incubation with plasma, owing to
the influence of reducing substances (Fig. 5D). In contrast, only
35% of CTX was released from CTX-(C)S-(C)S-TG similar to

the non-sensitive CTX-10C-TG. This chemical inertia could be
attributed to the introduction of «- alkyl substitutions to the
reduction-sensitive response module, elevating its stability.
In the simulated tumor environment, the hydrolysis rate of
the CTX-(C)S-(C)S-TG prodrug was accelerated, resulting in
the rapid release of CTX, which may be attributed to the
accelerated cleavage of disulfide bond in the presence of high
concentrations of DTT (Fig. 5E and 5F). Due to the presence
of a non-reduction-sensitive ester bond, the hydrolysis rate
of CTX-10C-TG did not change significantly. The order of
CTX release was as follows: CTX-S-S-TG > CTX-(C)S-(C)S-
TG > CTX-10C-TG. Therefore, fine-tuning of the response
module could influence the activation kinetics of prodrugs,
which may further contribute to systemic toxicity and
efficacy.

3.7.  Invitro cytotoxicity assay

The cytotoxicity of the CTX solution and prodrug SNEDDS in
tumor cells (RM-1 and MCF-7) and normal cells (3T3 cells)
is displayed in Fig. 6A-6F. ICsy values of each group are
shown in Fig. 6G-6H and Table S1. The CTX solution showed
prominent dose-dependent cytotoxicity in both tumor and
normal cells. The cytotoxicity of the three prodrug SNEDDS
groups in RM-1 and MCF-7 cells was lower than that of the
CTX solution group, which may be attributed to the delayed
release of the active drug from the prodrug SNEDDS. Despite
both CTX-S-S-TG and CTX-(C)S-(C)S-TG prodrug contained
reduction-sensitive disulfide bonds, the cytotoxicity of CTX-
(C)S-(C)S-TG prodrug group was slightly weaker than that of
the CTX-S-S-TG prodrug group, due to the introduction of «-
alkyl substitutions to the response module, influencing the
chemical inertia. Nonetheless, the CTX-(C)S-(C)S-TG prodrug
group showed stronger cytotoxicity than the CTX-10C-TG
prodrug group in cancer cells, owing to the essential difference
between reduction-sensitive and non-sensitive bonds. Unlike
the CTX solution group, the CTX-S-S-TG, CTX-(C)S-(C)S-TG,
and CTX-10C-TG prodrug groups exhibited low toxicity in
3T3 cells, highlighting the safety of the three prodrugs. Due
to the existence of «- alkyl groups, CTX-(C)S-(C)S-TG was
more stable than CTX-S-S-TG, which made CTX-(C)S-(C)S-
TG less toxic to normal cells. CTX-10C-TG showed a toxicity
similar to that of CTX-(C)S-(C)S-TG in normal cells, which
could be attributed to the stability of non-sensitive bonds.
The selectivity index (SI, ICsq of normal cell divided by ICsq of
tumor cell) was used to evaluate the toxicity selectivity of the
prodrugs and the parent drug for tumor cells and normal cells.
A large SI value indicated that the drug had better safety and
selectivity (Table 2). Owing to the high stability of the steric
disulfide bond, the CTX-(C)S-(C)S-TG prodrug group exhibited
higher SI values than the CTX-S-S-TG prodrug group. High-
dose oral CTX may cause severe gastrointestinal toxicity;
therefore, the toxicity of CTX prodrugs in Caco-2 cells was
investigated. As shown in Fig. S13, the toxicity of the three
CTX prodrug SNEDDS on Caco-2 cells was lower than that of
CTX SNEDDS and CTX solution, proving the intestinal safety
of the three prodrugs. The above results indicate that fine-
tuning the response module can influence the efficacy and
systemic security, which is expected to change the in vivo fate
of chemotherapy drugs.
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Fig. 5 - In vitro reduction-sensitive release and plasma stability of TG-like prodrugs. (A) CTX release from TG prodrugs with
or without DTT. (B) The CTX release mechanisms of the three TG-like prodrugs. (C) Production of MG prodrugs or (D) CTX of
all TG prodrugs in the plasma supplied with 1000 IU/ml lipase. (E) Production of MG prodrugs or (F) CTX of all TG prodrugs
in the plasma supplied with 1000 IU/ml lipase and 50 mM DTT (n = 3).

Table 2 - Selectivity index (SI) of CTX and CTX TG-like prodrugs.

Formulations RM-1 MCF-7

48 h 72h 48 h 72h
CTX solution 26.33 10.68 4.05 1.46
CTX-S-S-TG SNEDDS 42.46 30.40 24.74 19.11
CTX-(C)S-(C)S-TG SNEDDS 69.48 182.97 39.52 72.20
CTX-10C-TG SNEDDS 25.09 55.97 17.47 42.85

3.8.  Invivo oral pharmacokinetic study

Subsequently, the in vivo pharmacokinetics of the CTX
solution, CTX SNEDDS, and prodrug SNEDDS were
investigated. The plasma concentration-time curves of free
CTX are shown in Fig. 7A and 7B, and the pharmacokinetic
parameters are shown in Table 3. The areas under the
plasma concentration-time curves (AUCg.p4 1,) of CTX-S-S-
TG SNEDDS, CTX-(C)S-(C)S-TG SNEDDS, and CTX-10C-TG
SNEDDS were 19.1-, 11.5- and 5.4-fold greater than those
of the CTX solution, respectively (Fig. 7C). In comparison

with CTX solution (117.1 + 48.5 ng/ml), Cmnax of CTX
significantly increased with 546.0 + 306.5 ng/ml of CTX-
S-S-TG SNEDDS and 309.6 + 22.2 ng/ml of CTX-(C)S-(C)S-TG
SNEDDS. Correspondingly, the oral absolute bioavailabilities
(Fap) of the free parent drug released from two prodrugs
were 59.2% and 35.6%, respectively, in stark contrast to that
of the CTX solution (3.1%). The high F,, indicated that the
prodrug delivery strategy through lymphatic transport could
improve oral absorption. However, CTX-S-S-TG group had a
higher F,, value than CTX-(C)S-(C)S-TG group, which might
generate related systemic toxicity due to the premature
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Fig. 6 - In vitro cytotoxicity of TG-like prodrugs. Cell viability of RM-1 cells after treatment with various concentrations of
CTX solution, CTX-S-S-TG prodrug, CTX-(C)S-(C)S-TG prodrug and CTX-10C-TG prodrug SNEDDS for (A) 48 h and (B) 72 h.
Cell viability of MCF-7 cells after treatment for (C) 48 h and (D) 72 h. Cell viability of 3T3 cells after treatment for (E) 48 h and
(F) 72 h. ICs50 of CTX solution and three CTX prodrug SNEDDS against tumor cells of (G) RM-1 cells and (H) MCF-7 cells at
different time points. Data are presented as mean =+ SD (n = 3); **P < 0.01, ***P < 0.001, ****P < 0.0001.

Table 3 - Pharmacokinetic parameters of CTX solution, CTX SNEDDS, CTX-S-S-TG SNEDDS, CTX-(C)S-(C)S-TG SNEDDS and

CTX-10C-TG SNEDDS after oral administration in rats (mean =+ SD; n = 3).

Formulations Tmax Crax T (h) AUCp 24 h Fra1% Fan%
(b) (ng/ml) (ng/V/h)
CTX Solution (i.v.) 0.083 5813.3 + 92.9 23+04 5061.6 + 148.7 / 100
CTX Solution 0.3+0.1 117.1 £ 48.5 12.7 £9.7 156.5 + 39.0 100 3.1
CTX SNEDDS 0.8+ 0.5 34.6 £ 4.9 94 +6.1 104.7 £ 4.0 66.9 2.1
CTX-S-S-TG SNEDDS 4 546.0 £+ 306.5 1.5+0.5 2996.4 + 1100.2 1914.6 59.2
CTX-(C)S-(C)S-TG SNEDDS 4 309.6 £ 22.2 2.0+ 0.6 1803.9 + 123.5 1152.7 35.6
CTX-10C-TG SNEDDS 27 +1.2 155.6 + 53.2 1.3+0.1 849.1 £+ 352.1 542.6 16.8

release of parent drugs. The plasma concentration of free
CTX in the CTX-(C)S-(C)S-TG prodrug group was lower than
that in the CTX-S-S-TG prodrug group, indicating that steric
disulfide bonds improved the stability of the CTX-(C)S-
(C)S-TG prodrug in blood circulation. These results were in
good agreement with those of an in vitro plasma stability

study.

After digestion, 2-MG prodrugs were absorbed into
the intestinal cells and re-esterified with exogenous or
endogenous long-chain fatty acids to generate a series of
CTX TG prodrugs whose structures could not be determined,
making it difficult to directly measure the total amount of the
parent drug in the plasma. Thus, CTX-S-S-TG and CTX-(C)S-
(C)S-TG were broken down by the disulfide bond-reducing
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Fig. 7 - (A) Mean plasma concentration-time profiles of CTX solution, CTX SNEDDS, CTX-S-S-TG SNEDDS, CTX-(C)S-(C)S-TG
SNEDDS and CTX-10C-TG SNEDDS after oral administration in rats. (B) Mean plasma concentration—time profiles of CTX
solution after intravenous injection in rats. (C) The plasma AUC values of each oral group. (D-G) Mean plasma
concentration—time profiles of CTX solution, CTX-S-S-TG SNEDDS, CTX-(C)S-(C)S-TG SNEDDS and CTX-10C-TG SNEDDS
after oral administration to nontreated rats and to colchicine-treated rats 1 h before administration. Data are presented as

mean =+ SD (n = 3); *P < 0.05.

agent to release CTX. As shown in Fig. S14, the Cnax of total
CTX in CTX-S-S-TG and CTX-(C)S-(C)S-TG prodrugs was 4.4-
and 5.7-fold higher, respectively, than that of free CTX. These
results indicated that the majority of CTX was mainly present
in the form of prodrugs in the blood circulation, and only
small amounts of prodrugs were reduced by the reducing
substance in the plasma, which also verified the good plasma
stability of the prodrugs.

Natural long-chain TGs are normally absorbed into the
blood circulation by the lymphatic system. To verify that the
TG-like prodrugs could mimic the absorption pathway of
natural TG, colchicine (5 mg/kg), an inhibitor of lymphatic
transport, was used to inhibit the secretion of chylomicrons
from enterocytes [55,56]. After the intraperitoneal injection
of colchicine, the CTX plasma concentrations after oral
administration of the three TG-like prodrug SNEDDS
decreased significantly, while those after oral administration

of the CTX solution were not affected (Fig. 7D-7G). The results
showed that the TG module could endow prodrugs with
the ability to assemble into LPs similar to natural TG and
direct them into the mesenteric lymphatic system, bypassing
first-pass metabolism.

3.9.  In vivo anti-tumor effect

The in vivo anti-tumor efficiency of the TG-like prodrugs
with different response modules was evaluated using a
subcutaneous RM-1 xenograft model. As shown in Fig. 8B
and 8E, there was no significant anti-tumor activity after the
oral administration of the CTX solution and CTX SNEDDS.
In contrast, CTX-S-S-TG and CTX-(C)S-(C)S-TG exhibited
surprising tumor-suppressive effects owing to an increase in
oral bioavailability and the introduction of reduction-sensitive
bonds. However, the body weight of CTX-S-S-TG SNEDDS-
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treated mice showed a downward trend, which might be
attributed to the early leakage of the active parent drug into
the blood circulation (Fig. 8C). In comparison, there were no
significant changes in body weight between the CTX-(C)S-
(C)S-TG and CTX-10C-TG SNEDDS groups. Consistent with
Wang’s research, disulfide bonds with steric protection are
less sensitive to the reduction environment in vivo, which
is actually beneficial to avoid premature drug release [57].
Our research also verified that steric disulfide bonds could
be applied to oral delivery of small molecular drugs, which
avoid the premature drug release. As shown in Fig. 8D, CTX-S-
S-TG and CTX-(C)S-(C)S-TG had comparable tumor burdens,
which also demonstrated the good anti-tumor effect of the
disulfide bond-bridged prodrugs. The non-sensitive CTX-10C-
TG prodrug group was difficult to release active drug, which
led to a larger tumor volume and higher tumor-bearing rate
than the disulfide bond-based prodrug groups.

The systemic safety and gastrointestinal toxicity of TG-like
prodrugs (p.o.) and CTX solution (i.v.) were evaluated. H&E-
stained pathological examinations of major organs (heart,
liver, spleen, lung, and kidney) and gastrointestinal tissues
(stomach, duodenum, jejunum, ileum and colon) are shown
in Figs. S15 and S16, respectively. There was no obvious
histological damage in the H&E-stained sections of the major
organs or gastrointestinal tissue in the CTX-(C)S-(C)S-TG
SNEDDS group. Additionally, hepatorenal function parameters
and blood routine examinations were performed after the
last day (Figs. S17 and S18). The AST and ALT levels in the
intravenous CTX solution group were abnormal, indicating
potential hepatotoxicity. Decreased numbers of leukocytes
and neutrophils also indicated bone marrow hematopoiesis
suppression caused by the intravenous CTX solution. In
contrast, there were no differences in routine blood test
results between the CTX-(C)S-(C)S-TG SNEDDS and normal
saline (NS) groups.

As the mice were administered high doses of CTX-S-
S-TG and CTX-(C)S-(C)S-TG orally, the body weight of the
CTX-S-S-TG SNEDDS group showed a significant downward
trend, whereas that of the CTX-(C)S-(C)S-TG group was not
significantly different from that of the NS group (Fig. 8F).
Furthermore, there were no obvious abnormalities in the
blood routine consequence of the CTX-(C)S-(C)S-TG SNEDDS
group (Fig. 8G). These results demonstrate that CTX-(C)S-(C)S-
TG SNEDDS can effectively inhibit tumor growth and greatly
reduce the systemic and gastrointestinal toxicity of CTX after
fine-tuning the reduction-sensitive response module.

4, Conclusion

In summary, a series of TG-like prodrugs with different
response modules that could mimic the lymphatic transport
mechanism of natural TGs were synthesized. Compared to
the CTX parent drug, TG-like prodrugs exhibit excellent
digestibility and intestinal penetration owing to the presence
of an intestinal lymph vessel-directed triglyceride module,
favoring the oral bioavailability of CTX. Constructional
differences in the response modules endowed the three
prodrugs with diverse features. The CTX-S-S-TG prodrug
possessed the highest release rate of the active drug and

the best anti-tumor activity, owing to its reduction-sensitive
disulfide bond. Nevertheless, the oversensitive response
module caused the CTX-S-S-TG prodrug to crack ahead of
time in the blood circulation, resulting in severe systemic
toxicity. The CTX-10C-TG prodrug was more stable in blood
circulation, but non-reduction-sensitive response module
prevented CTX-10C-TG from releasing CTX successfully.
Benefitting from the fine-tuning of the disulfide bond-
containing response module, CTX-(C)S-(C)S-TG exhibited
a plasma stability similar to that of CTX-10C-TG and
acceptable reduction sensitivity. To sum up, CTX-(C)S-(C)S-
TG has excellent gastric stability and intestinal permeability,
which is conducive to improving the oral bioavailability
and the efficiency of reaching the target site. Excellent
lymphatic transport ability enables CTX-(C)S-(C)S-TG prodrug
to bypass the hepatic first-pass effect and improve the oral
bioavailability. Modest reduction sensitivity and acceptable
plasma stability guarantee the anti-tumor efficacy and safety
of prodrugs. Thus, the fine-tuning of the reduction-sensitive
response module of the TG-like prodrug is expected to
improve the oral bioavailability and systemic safety of oral
prodrugs while maintaining excellent anti-tumor efficacy. Our
research on different response modules on TG-like prodrugs
opened new therapeutic horizons to design safe and effective
prodrugs. More drugs with low oral absorption and high
toxicity can benefit from the strategy of fine-tuning activation
behaviors for future studies.
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