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atable prodrug formulated
liposome strategy: potentiating the anticancer
therapeutic efficacy and drug safety†

Linlin Shi,‡ab Xinkai Wu,‡b Tongyu Li,c Yuan Wu,d Liwei Song,e Wei Zhang,b Luxi Yin,b

Yuhui Wu,b Weidong Han *ab and Yunhai Yang*e

Liposomal nanomedicine represents a common and versatile carrier for the delivery of both lipophilic and

hydrophilic drugs. However, the direct formulation of many chemotherapeutics into a liposomal system

remains an enormous challenge. Using the topoisomerase I inhibitor 7-ethyl-10-hydroxycamptothecin

(SN38) as a model drug, we combined lipophilic prodrug construction with subsequent integration into

an exogenous liposomal scaffold to assemble a prodrug-formulated liposome for systemic

administration. Reconstructing SN38 with lipid cholesterol via the esterase-activatable bond endows the

resulting prodrug with elevated miscibility with liposomal compositions and esterase-responsive drug

release in cancerous cells. The systemic administration of the prodrug-based nanoassemblies (Chol-

SN38@LP) exhibited preferential accumulation of therapeutic payloads in tumor lesions. Compared to

the SN38 clinical counterpart irinotecan, our prodrug-based nanoassemblies with adaptive features

showed elevated therapeutic efficacy (�1.5 times increase of tumor inhibition) in a preclinical A549 lung

carcinoma cell-derived mouse model and improved drug tolerability (i.e., alleviated bloody diarrhea and

liver damage) in multiple mice models. These results may be ascribed to extended systemic circulation

and preferential tumor accumulation of our nanodrugs. Hence, our findings demonstrate that rational

engineering of therapeutic nanomedicine is a promising approach for effective and safe delivery of

antitumor chemotherapeutics, especially to rescue drug candidates that have failed in clinical trials

owing to poor PK properties or severe toxicity in patients.
1. Introduction

SN38 (7-ethyl-10-hydroxycamptothecin), an active metabolite of
irinotecan (CPT-11), is a potent inhibitor of DNA topoisomerase
I.1–3 SN38 exhibits 100- to 1000-fold higher potency than its
prodrug CPT-11 against a broad spectrum of cancer in in vitro
cytotoxicity tests.4,5 In the body, only a small percentage of CPT-
11 is hepatically metabolized and converted to active SN38 (2–
8%) due to its low carboxyl esterase (CES) substrate affinity.6,7 In
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addition, in the clinics, less than 1% of the total injected dose of
CPT-11 reaches tumors because of nonspecic distribution as
well as rapid metabolism and clearance.8 As a result, we can
reasonably envision that the SN38 agent could be directly
utilized to develop alternative SN38 drugs or related nano-
formulations to boost premium therapeutic outcomes, thus
bypassing the side effects elicited by inefficient activation and
nonspecic dissemination of CPT-11.

Liposomes, as conventional and biocompatible drug delivery
systems, have special capacities to increase drug loading (DL)
and encapsulation efficiency (EE) of both lipophilic and
hydrophilic drugs.9–11 Compared with free formulations, phar-
maceutical delivery with liposomes signicantly increases the
pharmacokinetics (PK) of drugs. Many liposome-formulated
chemotherapeutics have entered the market (e.g., Doxil®,
Marqibo®)12,13 or are in clinical trials (e.g., Arikace™, Stim-
uvax®)14,15 for cancer therapy. We thus are interested in the
liposomal strategy for potent and safe in vivo delivery of SN38.
Unfortunately, assembling parent SN38 into conventional
liposome scaffolds poses a formidable challenge, presumably
due to the intrinsically planar structure and moderate polarity
of this therapeutic agent.2,5 In addition, the burst release of
simply physically encapsulated drugs upon systemic
© 2022 The Author(s). Published by the Royal Society of Chemistry
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administration could cause suboptimal PK properties as well as
undesired efficacy and safety.16,17 Therefore, rational chemical
modication of this molecule to enable self-assembly or coas-
sembly with other matrices is plausible to address the above
intractable challenges.

Previous studies have demonstrated that the conjugation of
drugs with lipid cholesterol could substantially augment their
miscibility with liposomal matrices, thus enhancing efficient
cellular uptake and alleviating the side effects of drugs.18–20

Inspired by these efforts, we chose cholesterol to generate a new
Fig. 1 Schematic illustration of the preparation of esterase-activatable pr
in the treatment of lung malignancies. (a) Chemical synthesis of esteras
liposomes in tumor-bearing mice and the esterase-responsive hydroly
sembles with liposomal compositions to formulate Chol-SN38@LP. Th
efficiently accumulate in tumor sites via passive targeting. Once internaliz
inside tumor cells, liposomes released active SN38 to inhibit TOP 1 for D

© 2022 The Author(s). Published by the Royal Society of Chemistry
chemical derivative of SN38 for subsequent generation of
prodrug-encapsulated liposomes (Fig. 1). Succinic anhydride was
utilized to esterify the hydroxyl moieties on SN38 and cholesterol
for the reconstitution of conjugateCholesterol-SN38 (Chol-SN38).
The diester bonds in the conjugate confer the resulting lipo-
somes with hypersensitivity to the abundant esterase in
cancerous cells but are kept blunt during blood circulation,
which helps to release active SN38 and exert tumoricidal activity.

Furthermore, to stably constrain cargos within the liposomal
carrier and reduce their clearance in the blood, we formulated
odrug-based nanoparticles for efficient, potent and safe in vivo delivery
e-sensitive prodrug Chol-SN38. (b) In vivo delivery of prodrug-based
sis of liposomes in cancerous cells. SN38 prodrug Chol-SN38 coas-
e nanomedicines maintain high stability in the blood circulation and
ed into tumor cells and hydrolyzed by high concentrations of esterase
NA damage.
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liposomes with poly(ethylene glycol) (PEG) functionality.21,22

With re-engineered architectures, the SN38 prodrug-based
liposomal formulation (termed Chol-SN38@LP) demonstrated
better therapeutic efficacy and safety proles in multiple mouse
models than clinically formulated CPT-11. In general, our
ndings proved this rationally designed, prodrug formulated,
esterase-activatable drug delivery platform as a simple yet
versatile paradigm for transforming highly toxic chemothera-
peutic agents into efficacious liposomes for cancer treatment.

2. Materials and methods
Materials

SN38 was purchased from Knowshine Pharmachemicals Inc.
(Shanghai, China). CPT-11 was purchased from Sigma Life
Science (D2534-1G, USA). Cholesterol (Chol), egg phosphati-
dylcholine (Egg-PC) and 1,2-distaroyl-sn-glycero-3-phosphoe-
thanolamine-N-[methoxy(polyethylene glycol)2000] (DSPE-
PEG2000) were purchased from A.V.T. Pharmaceutical Co., Ltd.
(Shanghai, China). DiI and DiR were purchased from Invitrogen
Corporation (USA). All solvents were purchased from J&K
Scientic (Shanghai, China). The BASO fecal OB-II assay kit was
purchased from BASO Diagnostic Inc. (Zhuhai, China). Acridine
orange/ethidium bromide (AO/EB) dual staining assay kits were
purchased from Solarbio Science & Technology Co., Ltd. (Bei-
jing, China). CCK-8 kits were purchased from MedChem
Express (New Jersey, USA). EdU cell proliferation testing kits
were purchased from RiboBio Co., Ltd. (Guangzhou, China).

Preparation of prodrug-loaded liposomes

Prodrug-formulated liposomes were prepared by an ethanol
dilution method as reported by our previous study.9,16 Briey,
Chol-SN38 conjugate (2 mg of SN38 equiv.), 14 mg of lipid (Egg-
PC plus cholesterol) and 2 mg of DSPE-PEG2000 were dissolved
in amixture solution consisting of 0.8 mL of ethanol and 0.2 mL
of N,N-dimethylformamide (DMF). The solution was incubated
in water at 55 �C for 0.5 h and then added to 9 mL of deionized
(DI) water under stirring at room temperature. The molar ratios
of Chol-SN38 versus cholesterol were 1 : 0, 1 : 1, 1 : 2 and 1 : 5
for LP 1–4.

In vitro drug release kinetics of Chol-SN38@LP

Briey, 3 mL of prodrug formulated liposomes in phosphate
buffered saline (PBS) or PBS containing 50 U mL�1 porcine liver
esterase (PLE) were loaded into dialysis bags (molecular weight
cutoff 7 kDa) against 15 mL of PBS (pH ¼ 7.4) with 0.3% Tween
80. Dialysis bags were continuously and vigorously shaken in an
incubator shaker with a xed incubation temperature of 37 �
0.5 �C. 1 mL release media was collected and supplemented
with 1 mL of fresh medium at predetermined times. The
collected medium was analyzed by UV-vis spectrometry
measured at 378 nm.

Cell lines and cell culture

The human lung cancer cell lines A549 and PC-9, human colo-
rectal cancer cell line LoVo and human breast cancer cell line
954 | Nanoscale Adv., 2022, 4, 952–966
MCF-7 were purchased from the cell bank of the Shanghai
Chinese Academy of Sciences. All cells were cultured in Dul-
becco's modied Eagle's medium (DMEM) supplemented with
10% fetal calf serum (FBS) and 1% penicillin/streptomycin and
maintained in a humidied atmosphere with 5% CO2 at 37 �C.
Phosphor-histone-H2A.X (g-H2A.X) staining

A549 cells were seeded in 48-well plates and incubated over-
night. The cells were treated with the same treatments as
described above in the cell proliferation assay. Untreated cells
were included as controls. The cells were then xed with 4%
paraformaldehyde for 30 min and permeated with 0.5% Triton
X-100 for 1 h. The cells were next blocked with BSA and
immunostained with g-H2A.X antibody (Cell Signaling Tech-
nology Inc., USA) for 1 h at room temperature. The cells were
then washed with PBS three times before being subsequently
stained with Alexa Fluor® 488 (AF-488)-labeled secondary anti-
body (Life Technologies, USA) for 40 min at room temperature.
Aer nuclear staining with DAPI for 20 min, the cells were
imaged by a uorescence microscope.
Cellular uptake analysis by confocal laser scanning
microscopy (CLSM) and ow cytometry (FCM)

To trace the cellular uptake of liposomes, a uorescence probe,
DiI, was coassembled into Chol-SN38@LP (termed DiI/
SN38@LP). A549 cells were seeded on confocal dishes at a cell
density of 5 � 104 per dish. The cells were incubated overnight
and administered 15 mg mL�1 DiI (DiI equivalent
concentration)-loaded liposomes for an additional 2, 4 and 6 h
at 37 �C. Prior to observation by FV3000 (Olympus, Japan), the
cells were stained with Hoechst 33342 (blue) and LysoTracker
green NDN-26 (green) for 15 min. The intracellular trafficking of
liposomes was also detected by FCM. The cells were seeded on
12-well plates and allowed to attach overnight. Aer drug
administration, the cells were collected and analyzed by FCM
(Cytoex LX, Beckman Coulter, USA).
Endocytic pathways of liposomes

In brief, A549 cells were seeded in 12-well plates at a cell density
of 1 � 105 per well and incubated overnight. Before liposome
administration, cells were incubated with chlorpromazine (15
mg mL�1), cytochalasin D (60 mM) and lipin (5 mg mL�1) for 1 h
at 37 �C. Next, the inhibitors were removed and supplemented
with 1 mL of DiI/SN38@LP for another 2 h of incubation. Aer
incubation, cells were collected and analyzed by FCM (Cytoex
LX, Beckman Coulter, USA). To evaluate the uptake efficiency of
liposomes at low temperature, cells were preincubated at 4 �C
for 0.5 h before supplementation with DiI-loaded liposomes.
Cells were then again kept at 4 �C for 2 h before collection for
FCM. Cells not administered inhibitors but treated with lipo-
somes and incubated at 37 �C were included as positive
controls. The cells were seeded on confocal dishes and sub-
jected to the same treatment with inhibitors and low-
temperature preincubation as in FCM to analyze the endocytic
pathway by CLSM.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Animal study

Mice were purchased from the Shanghai Experimental Animal
Center, Chinese Academy of Sciences. All of the animal studies
were approved by the Ethics Committee of the Zhejiang
University School of Medicine and conducted in accordance
with the National Institute Guide for the Care and Use of
Laboratory Animals.
Ex vivo imaging study

To evaluate the drug distribution and tumor-targeting ability of
prodrug-formulated liposomes, an A549 cell-derived xenogra
mouse model was established by subcutaneous injection of 5 �
106 A549 cells into the right anks of 4 week-old BALB/c nude
mice. When the tumor size reached �500 mm3, the mice were
randomly divided into two groups (n ¼ 8). A near-infrared (NIR)
uorescence probe, DiR, was coassembled into the liposomes
(termed DiR/SN38@LP) to track the in vivo distribution of the
liposomes. The mice were injected with free DiR (dissolved in
ethanol and diluted in DI water) and DiR/SN38@LP at a DiR
dose of 14 mg per mouse via the tail vein. At both 24 h and 48 h,
the mice (n ¼ 4 in each group) were sacriced to obtain tumors
and organs for ex vivo imaging using an in vivo imaging system
(IVIS Spectrum, USA). The tumors were then xed with optimal
cutting temperature compound (OCT) containing block holders
for snap freezing. The tissue blocks were sectioned (8 mm) using
a cryostat (CM1950, Leica, Germany). The cell nuclei were
stained with DAPI (4,6-diamidino-2-phenylindole) for 20 min at
room temperature before being observed by CLSM (FV3000,
Olympus, Japan).
In vivo antitumor study

The A549 cell-derived xenogra mouse model was established
as described above. When the tumor volume reached approxi-
mately 150 mm3, the mice were randomly divided into 3 groups
(n ¼ 8). The intravenous administrations (days 0, 3, 6) to mice
were as follows: saline, CPT-11 and Chol-SN38@LP (15 mg kg�1

at SN38 equiv.). The tumor size and body weight of mice in each
group were recorded every three days. The tumor size was
recorded and calculated by the formula: V ¼ (L � W2)/2, in
which W (width) is smaller than L (length). One representative
tumor of each group was extracted on Day 9 for histological
analysis, including H&E, immunohistochemistry (IHC), Ki-67
and p-H2A.X, HUABIO) and immunouorescent (IF, TUNEL)
staining. At the end of observation (day 30), all mice were
sacriced to collect tumors and measure tumor weights.
Evaluation of in vivo drug toxicity

ICR mice (5 weeks old, n ¼ 8 per group) were given three
injections of CPT-11 and Chol-SN38@LP at 15 mg kg�1 SN38
equiv. dose every other day. Mice treated with saline were
included as controls. The severity of bloody diarrhea was
monitored by a BASO fecal OB-II kit according to the manu-
facturer's protocol on days 2, 4, 6 and 7.4,5 Organs, including the
liver, heart, lung, spleen, kidney and ileum, were collected from
mice on day 7 to further assess the side effects of Chol-
© 2022 The Author(s). Published by the Royal Society of Chemistry
SN38@LP in mouse organs. Blood samples (n ¼ 6 per group)
were also collected at 7 days post administration to evaluate
hepatorenal toxicity. Serum was extracted from blood samples
and tested for hepatorenal parameters, including aspartate
aminotransferase (AST), alanine aminotransferase (ALT), total
bilirubin (TBIL), blood urea nitrogen (BUN) and creatinine (CR).

Statistical analysis

All quantitative data are presented as the mean � standard
deviation (SD) of three independent experiments. Statistical
signicance was evaluated using a two-tailed unpaired
Student's t-test with SPSS 17.0 soware. The threshold for
statistical signicance was *p < 0.05; **p < 0.01; ***p < 0.001.

3. Results
3.1. Synthesis and characterization of esterase-activatable
SN38 prodrug

To facilitate the synthesis of prodrug and achieve desirable drug
loading as well as high miscibility of prodrug in liposomes, we
chose cholesterol (an essential component widely used in
formulating liposomes) for drug derivatization. Furthermore,
we chose succinic anhydride for the conjugation of cholesterol
and SN38 to achieve potent esterase-activatable prodrugs,
which we abbreviated as Chol-SN38. The convergent chemical
synthesis of Chol-SN38 is presented in Fig. 1a. Succinic acid was
rst conjugated to cholesterol to form cholesteryl hemi-
succinate under pyridine and DMAP. The nal compound Chol-
SN38 was produced by reacting cholesteryl hemisuccinate with
SN38 under the catalysis of DMAP and DISC. The products in
each procedure were obtained with high yields (above 83%)
aer chromatographic purication. Characterization of cho-
lesteryl hemisuccinate and Chol-SN38with 1H nuclear magnetic
resonance (NMR) spectroscopy revealed the successful
synthesis of the desired adducts (Fig. S1 and S2†). The exact
correct molecular weight from the mass spectrum (Fig. S3†) of
Chol-SN38 further agreed well.

3.2. Assembly of Chol-SN38 into liposomal delivery vehicles
and characterization

We hypothesized that the conjugation of cholesterol with drugs
could enhance the lipophilicity of the prodrugs and the misci-
bility with liposomal scaffolds, thereby stabilizing them in the
lipid bilayers of liposomal formulations. To reduce blood
clearance in the reticuloendothelial system (RES) and elongate
the circulation time of liposomes, we formulated liposomes
with PEG functionality. We therefore planned to assemble
prodrug-formulated liposomes with chemical compositions
including Egg-PC, cholesterol and DSPE-PEG2000 to achieve
effective drug delivery, as shown in Fig. 1b. By altering the molar
ratio of Chol-SN38 versus cholesterol, we prepared four lipo-
somes, designated LP 1 (1 : 0), LP 2 (1 : 1), LP 3 (1 : 2), and LP 4
(1 : 5). As indicated in Fig. S4,† the resulting liposome LP 1 had
the highest transparency, implying the smallest particle size.
Morphological observation of these four liposomes by trans-
mission electron microscopy (TEM) visualization revealed
Nanoscale Adv., 2022, 4, 952–966 | 955
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Fig. 2 Characterization and optimization of liposomes. (a) Transmission electron microscopy (TEM) images of four liposomes. According to the
molar ratio of cholesterol versus Chol-SN38, 0 : 1, 1 : 1, 2 : 1 and 5 : 1, liposomes were designated LP 1, LP 2, LP 3 and LP 4, respectively. (b) Size
distribution of the prodrug-loaded liposomesmeasured by dynamic light scattering. (c) Characterization features of liposomes, including particle
size, PDI, zeta potential, encapsulation efficiency (EE) and drug loading (DL). (d) The colloidal stability of LP 1was evaluated in deionized (DI) water
and phosphate buffered saline (PBS) containing 20% fetal calf serum (FBS) for 7 d by recording the variations in particle size and PDI. (e) In vitro
drug release profiles from LP 1 coincubated with or without 50 U mL�1 porcine liver esterase (PLE). (f) The size distribution of LP 1 coincubated
with or without 15 U mL�1 PLE for 48 h.
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a characterized liposomal bilayer structure and nanoscale size
(Fig. 2a). TEM results showed that the size of LP 1 (78.08� 21.73
nm) was indeed smaller than that of the other three liposomes
(approximate 100 nm). Dynamic light scattering (DLS) analysis
conrmed again that the hydrodynamic diameters (DH) of LP 2,
LP 3 and LP 4 were larger than that of LP 1 (Fig. 2b). Moreover,
the LP 1 formulation exhibited a relatively lower polydispersity
index (PDI) than the other liposomes, as demonstrated by the
monomodal distribution of this formulation (Fig. 2b and c).

The physicochemical properties, including zeta potential, EE
and DL, of drugs were also characterized (Fig. 2c). The zeta
potential of LP 1 was �28.9 � 0.3 mV, which was less negative
potential than that of the other three liposomal formulations.
In addition, the EE% of LP 1 was determined to be 99.02� 0.09,
which is similar to LP 2 and slightly higher than that of LP 3 and
LP 4. Furthermore, without extra supplementation of parent
cholesterol for liposome formulation, LP 1 exhibited the highest
DL among the four formulations. In conclusion, LP 1 (hereaer
termed Chol-SN38@LP) was chosen for further in vitro and in
vivo drug demonstrations due to its superior physicochemical
properties compared to the other three liposomal formulations
in terms of size, EE and DL.

3.3. The stability and in vitro release kinetics of Chol-
SN38@LP

The capability of liposomes to maintain their size in the serum
ensures efficient drug accumulation at tumor lesions by the EPR
effect during circulation.23,24 As shown in Fig. 2d, no apparent
variations in diameters or PDI values were observed during a 1
week incubation of Chol-SN38@LP in DI water and PBS con-
taining 20% FBS, proving the excellent colloidal stability of the
nanodrug.

Given that the drug conjugate Chol-SN38 is formed via
diester bonds, we explored that whether drug release would be
accelerated upon incubation with esterase, which is abundant
in tumor cells. As shown in Fig. 2e, the release of active SN38
was indeed remarkably accelerated in the presence of 50 U
mL�1 PLE. Upon 24 h exposure to PLE, approximately 54% of
the encapsulated drug was released from Chol-SN38@LP, which
is approximately 4.3 times faster than controlled spontaneous
drug release. In addition, we observed that the lower dose of
PLE (15 U mL�1) could also induce apparent variations in the
particle size distribution of Chol-SN38@LP by DLS measure-
ments, implying rapid structural disruption by esterase (Fig. 2f).

3.4. In vitro cytotoxicity of Chol-SN38@LP

We next evaluated the cytotoxicity of Chol-SN38@LP against
A549, PC-9, LoVo and MCF-7 cells by measuring the half-
maximal inhibitory concentration (IC50) of cell proliferation in
72 h CCK-8 assays. CPT-11 and free SN38 were included as
controls in this experimental setting. As shown in Fig. 3a–d,
Chol-SN38@LP showed slightly less cytotoxicity in all cells than
the free form of SN38, which could be attributed to the delayed
release of the therapeutically active agent from the assembled
liposomes. However, prodrug-based SN38 liposomes signi-
cantly increased the cytotoxicity to tumor cells in comparison
© 2022 The Author(s). Published by the Royal Society of Chemistry
with CPT-11, as evidenced by an approximately 15 to 100-fold
decrease in the IC50 value. The increased cytotoxicity of Chol-
SN38@LP might be ascribed to the efficient esterase-catalyzed
hydrolysis and production of SN38 in tumor cells, whereas the
conversion efficiency of CPT-11 to generate the metabolite SN38
is less than 8% due to low substrate affinity.6,7 An EdU cell
proliferation assay (Fig. 3e and f) also indicated that Chol-
SN38@LP exerted a stronger inhibitory effect on cell prolifera-
tion than CPT-11 in A549 cells (p < 0.001).

The cell apoptosis and cell cycle distribution of A549 cells
were investigated to further elucidate the in vitro cytotoxicity of
Chol-SN38@LP. As indicated in Fig. 3g and h, both free SN38
and Chol-SN38@LP induced at least 1.6-fold higher apoptotic
rate than that induced by CPT-11. Further analysis of the cell
cycle indicated that relative to control or CPT-11-treatment,
Chol-SN38@LP and free SN38 resulted in substantially higher
G2/M phase arrest (Fig. 3i and j). These results explained that
the cell proliferation inhibition and cell apoptosis in A549 cells
caused by Chol-SN38@LP were probably attributed to cell cycle
arrest at the G2/M stage.

We further explored whether the cytotoxicity of prodrug-
based liposomes was achieved by inducing DNA damage. It is
known that the chemotherapeutic SN38 is an inhibitor of DNA
topoisomerase I, thus inhibiting DNA unwinding and inducing
DNA damage.25,26 A common view is that histone phosphoryla-
tion takes place in situ in damaged DNA,27,28 implying that the
expression of phosphorylated H2A.X (g-H2A.X) is an indicator
of DNA damage. We tested the expression level of g-H2A.X by IF
staining aer 24 h of administration of drugs in various forms.
As shown in Fig. 3k and l, Chol-SN38@LP- and free SN38-treated
A549 tumor cells exhibited DNA damage as revealed by apparent
H2A.X phosphorylation (42% and 44%, respectively), which are
approximately 2 times higher than that induced by CPT-11.
These data suggest that the elevated apoptosis was a result of
the increased DNA damage in cancerous cells.
3.5. Cellular uptake and uptake mechanism of SN38
prodrug-based liposomes

To further explore the cellular uptake efficiency andmechanism
of prodrug-based liposomes when entering tumor cells, we
coassembled the uorescent dye DiI into liposomes to form
a DiI-labeled liposome (termed DiI/SN38@LP). As visualized by
CLSM in Fig. 4a and quantied in Fig. 4b, DiI/SN38@LP grad-
ually accumulated in the A549 cells in a time-dependent
manner within 6 h. We found that the DiI signal from lipo-
somes colocalized with the signal from lysotrackers that indi-
cate endosomes and lysosomes, suggesting that DiI/SN38@LP
could be effectively internalized by tumor cells. The FCM data in
Fig. 4c and d further conrmed the time-dependent and effec-
tive accumulation of DiI/SN38@LP in tumor cells.

The uptake mechanism of prodrug-based liposomes in A549
cells was further investigated. We rst explored whether the
internalization of DiI/SN38@LP into cells is active transport
dominated and energy dependent. We incubated A549 cells with
DiI/SN38@LP at 37 �C or 4 �C for 2 h and detected accumulated
drug in cells by CLSM and FCM. The CLSM images in Fig. 4e
Nanoscale Adv., 2022, 4, 952–966 | 957
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Fig. 3 In vitro cytotoxicity evaluation ofChol-SN38@LP andmechanistic analysis. Cell cytotoxicity evaluation ofChol-SN38@LP in A549 (a), PC-
9 (b), LoVo (c) and MCF-7 (d) cell lines. The half inhibitory concentration (IC50) of drugs on cell viability is presented below the graph. (e) EdU (5-
ethynyl-20-deoxyuridine) staining of A549 cells after 24 h of drug treatment (6 mM, SN38 equiv.). The proliferating cells were stained with Apollo®
567 (red), and cell nuclei were stained with Hoechst 33342 (blue). (f) Quantification of the proliferation rate of A549 cells from the EdU staining
assay. (g) The effect of free SN38, CPT-11 and Chol-SN38@LP (4 mM, SN38 equiv., 48 h) on the apoptotic cell proportion in A549 cells was
detected by flow cytometry. (h) Quantification of the cell apoptotic rate in A549 cells. Cell cycle pattern (i) and quantification of cell cycle
distribution (j) in A549 cells after 48 h of drug administration (50 nM, SN38 equiv.). (k) Microscopy visualization of immunofluorescence-stained
(g-H2A.X) cells after 24 h of drug treatment (6 mM, SN38 equiv.). (l) The quantification of the g-H2A.X positive expression ratio in each group.
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show abundant signals from DiI-labeled liposomes in cells
incubated at 37 �C, whereas no observable signal accumulated
inside cells pretreated at 4 �C. The quantication of the DiI
uorescence signal indicated that the DiI signal from cells
incubated at 37 �C was 35-fold higher than that at 4 �C (Fig. 4f).
FCM data (Fig. 4g and h) again indicated that the decreased
temperature greatly reduced the internalization efficiency of
958 | Nanoscale Adv., 2022, 4, 952–966
liposomes (p < 0.001). We then analyzed the uptake pathway with
specic endocytic inhibitors. As depicted in Fig. 4i and j, the
administration of chlorpromazine (clathrin-dependent endocy-
tosis inhibitor) signicantly decreased the cellular uptake of
liposomes (reduction to 9.4 � 0.05%), while cytochalasin D
(pinocytosis inhibitor) and lipin (caveolin-mediated endocytosis
inhibitor)29–31 did not affect the internalization of DiI/SN38@LP.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Transcytotic uptake and uptake mechanism of liposomes in A549 cells. (a) Confocal laser scanning microscopy (CLSM) images of the
cellular uptake of DiI-loaded liposomes in A549 cells. Cells were treated with liposomes for 2, 4 and 6 h before visualization by CLSM. The cell
nuclei and lysosomes were stained with Hoechst 33342 (blue) and LysoTracker Green NDN-26 (green) before observation. The curves in the
right panel represent the fluorescence intensities of DiI (red) and LysoTracker Green NDN-26 (green). (b) Quantification of the average DiI
fluorescence intensity observed by CLSM in A549 cells. (c) Flow cytometry (FCM) analysis of cellular uptake of DiI-loaded liposomes by A549 cells
and quantification of fluorescence intensity (d). CLSM observation (e) and quantification (f) of cellular uptake of liposomes upon 2 h of incubation
with liposomes at 4 �C or 37 �C. FCM analysis (g) and quantification (h) of cellular uptake of DiI/SN38@LP at 4 �C or 37 �C. CLSM images (i) and
quantification (j) of cellular uptake of liposomes when the cells were preincubated with inhibitors including chlorpromazine, cytochalasin D and
filipin for 1 h. FCM data (k) and quantification (l) of cellular internalization of DiI-loaded liposomes upon preincubation with three endocytosis
inhibitors. Fl: fluorescence.
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The FCM analysis presented in Fig. 4k and l also conrmed that
only chlorpromazine signicantly decreased the cellular endo-
cytosis of nanoparticles (p < 0.001). We can conclude from these
results that the internalization of prodrug-based liposomes into
cells occurs via an active, energy-consuming and clathrin-
dependent endocytotic pathway.
© 2022 The Author(s). Published by the Royal Society of Chemistry
3.6. Biodistribution of Chol-SN38@LP

We next investigated the behavior of liposomes aer systemic
administration in an A549 cell-derived xenogra tumor mouse
model. As shown in Fig. 5a, NIR uorescence, DiR, was coas-
sembled into liposomes to form DiR-labeled liposome DiR/
SN38@LP to track the biodistribution of the platform. 24 h and
48 h aer intravenous administration of free DiR and DiR/
Nanoscale Adv., 2022, 4, 952–966 | 959
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Fig. 5 Analysis of the biodistribution of prodrug-based liposomes by ex vivo imaging. (a) Construction of DiR-loaded liposomes (termed DiR/
SN38@LP) to track the distribution of liposomes in the A549 xenograft mouse model. (b) Ex vivo imaging of major organs (including heart, liver,
kidney, spleen, brain and lung) and tumors collected from the A549 xenograft mouse model at 24 and 48 h post administration of free DiR and
DiR/SN38@LP. (c) Quantification of the fluorescence (Fl) signal from DiR in various organs and tumors. (d) Ex vivo imaging of tumors extracted at
24 and 48 h post administration of two formulations of DiR. (e) The average DiR Fl intensity in tumors at both time points. (f) CLSM observation of
the distribution of DiR-loaded liposomes in tumor sections. (g) Quantification of DiR Fl intensity from CLSM observations.

960 | Nanoscale Adv., 2022, 4, 952–966 © 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 In vivo antitumor efficacy of liposomal nanomedicines in an A549 xenograft mousemodel. (a) The overall schedule of subcutaneous A549
mouse model establishment and drug administration. Mice (n ¼ 7) bearing A549 tumors were intravenously treated with saline, CPT-11 or Chol-
SN38@LP (15 mg kg�1 SN38 equiv.) every three days three times. The tumor size and body weight were recorded from day 0 to the end of
observation at day 30. (b) The tumor growth curves of mice in each group. Photographs of the excised tumors in each group at the end of the
experiment (c) and the tumor weight of excised tumors (d). (e) Body weight variation throughout treatment. Representative H&E staining,
immunofluorescence staining (TUNEL) and immunohistological staining (Ki-67 and g-H2A.X) of tumors excised at day 9 (f). The quantification of
positive area ratio of TUNEL (g), Ki-67 (h) and g-H2A.X (i).

© 2022 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2022, 4, 952–966 | 961
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SN38@LP, major organs and tumors were extracted for ex vivo
imaging to detect the biodistribution and tumor targeting
capability. As revealed in Fig. 5b and quantied in Fig. 5c, the
NIR signal of tumors from mice receiving prodrug-based lipo-
somal DiR was higher than that of other organs except for liver
and spleen. In sharp contrast, the NIR signal was highly
distributed in the liver, spleen, lung and kidney but rarely
accumulated in tumors from free DiR-administered mice at
both 24 h and 48 h. The rearrangement of tumors together in
Fig. 5d clearly presented the large difference in distribution
between those two formulations. The NIR signal from tumors
with liposomal treatment was 3.3 and 6.6 times stronger than
that of free DiR administration (Fig. 5e) at 24 h and 48 h post
administration, further supporting that the DiR signal was
quickly metabolized and eliminated in mice treated with the
free formulation of DiR while being maintained at a high level
for up to 48 h post injection of DiR/SN38@LP. We further
explored drug distribution in tumors histologically and visual-
ized by CLSM. Compared to the rarely detectable DiR signals
derived from tumor sections in the free DiR-treated group, the
strong NIR signals (red) were distributed in tumor tissues from
mice treated with DiR/SN38@LP (Fig. 5f and g). Together, these
results veried the tumor-specic long-term targeting ability of
this prodrug-based liposomal scaffold.
3.7. In vivo antitumor activity in an A549 cell-derived
xenogra tumor mouse model

Encouraged by the excellent performance of our prodrug-based
liposomal platform in cytotoxicity and in vivo tumor-specic
targeting, we further evaluated the therapeutic efficacy of this
nanoformulation in a preclinical mouse model bearing subcu-
taneous A549 xenogras in BALB/c nude mice. The experimental
protocol is shown in Fig. 6a. The mice were intravenously
administered CPT-11 or Chol-SN38@LP (15mg kg�1 SN38 equiv.
dose, q3d � 3) when the tumor volume reached approximately
150 mm3. As shown in Fig. 6b, three injections of nanoparticles
signicantly delayed tumor growth, while the tumors in mice
treated with saline and CPT-11 experienced a surge increase
during the observation period. The average tumor size in the
Chol-SN38@LP-treated group was �48.0%, and 63.2% of the
tumor size in the saline- and CPT-11-administered groups at day
30. Tumors excised from Chol-SN38@LP-treated mice at the
endpoint of observation were apparently smaller than those
from mice treated with saline and CPT-11 (Fig. 6c). The average
tumor weights from the saline and CPT-11 groups were�2.5 and
2.3 times of magnitude higher than those from the liposomal
formulation group (Fig. 6d). Encouragingly, no visible body
weight variations occurred aer three Chol-SN38@LP injections,
implying that this formulation had no severe in vivo toxicity in
mice (Fig. 6e).

A representative primary tumor in each group was collected on
day 9 for histological analysis. H&E staining and TUNEL assay of
tumors were in accordance with the above-observed tumor
reduction and clearly revealed that Chol-SN38@LP resulted in
extensive intratumoral apoptosis (Fig. 6f). The quantication of
the positive signal (from apoptotic body) ratio in tumor sections by
962 | Nanoscale Adv., 2022, 4, 952–966
TUNEL staining (Fig. 6g) shows that compared to CPT-11 treat-
ment, Chol-SN38@LP treatment rendered a 2.6-fold increase in
tumor cellular apoptosis. IHC staining of the proliferation marker
Ki-67 and the quantication of the positive staining area (Fig. 6f
and h) showed that compared to saline and CPT-11 treatment, the
prodrug-based nanoparticulate platform caused �1.6- and 1.4-
fold reductions in tumor proliferation in tumor tissues, respec-
tively. The g-H2A.X staining of tumor sections revealed that in
comparison with saline and CPT-11 treatment, Chol-SN38@LP
administration considerably increased the expression level of g-
H2A.X in tumor cells, suggesting that the liposomal platform
could efficiently release the active therapeutic SN38 to exert potent
DNA-damaging effects on tumor cells (Fig. 6f and i).
3.8. Alleviating SN38 toxicity by exploiting the drug delivery
of prodrug-loaded liposomes

Repeated administration of CPT-11 in clinical practice induces
severe gastrointestinal (GI) toxicity (i.e., diarrhea) and hep-
atorenal toxicity in patients.32,33 Here, we hypothesized that our
prodrug-based liposomal strategy has the potential to alleviate
bloody diarrhea and hepatorenal damage caused by CPT-11. As
shown in Fig. 7a, we used healthy ICR mice to carefully evaluate
whether our liposomes could prevent the incidence of bloody
diarrhea and reduce the toxicity to other organs. Mice were
intravenously injected with saline, CPT-11 or Chol-SN38@LP
(15 mg kg�1 of SN38 equivalent dose) on days 0, 2 and 4. At 7
days post administration, organs and serum were collected
from mice to assess drug toxicity to organs and to hepatorenal
functions, respectively. As shown in Fig. 7b, mice (n ¼ 8)
receiving CPT-11 treatment experienced diarrhea and peaked at
day 4, with all diarrhea severity scores increasing to 2 and 3.
However, mice treated with SN38 prodrug-loaded liposomes
suffered less bloody diarrhea severity at all observation times,
with no diarrhea score over grade 2. The results from H&E
staining of the ileum in Fig. 7c revealed that CPT-11 injection
caused apparent villus atrophy in the ileum, while the ileum
remained healthy in mice receiving Chol-SN38@LP treatment.

The toxicity to the liver and kidney was further examined by
measuring a series of serological markers that indicate hep-
atorenal function. In comparison with saline-administered mice,
the mice (n ¼ 6) that were treated with CPT-11 experienced
a signicant elevation in the hepatic parameter aspartate amino-
transferase (AST) in the serum (p < 0.05), which indicates poten-
tially acute toxicity to the liver (Fig. 7d). In contrast, no signicant
elevation of hepatorenal function indices was noted following the
treatments of Chol-SN38@LP (Fig. 7e–h). The result from the H&E
staining of the liver is in agreement with the data from serological
testing, revealing that CPT-11 induced severe hepatocellular
apoptosis, while no lesions were found in livers frommice treated
with Chol-SN38@LP (Fig. 7i). Chol-SN38@LP also showed no
harm to othermajor organs as analyzed byH&E staining (Fig. S5†).
Collectively, these results demonstrated that our nanomedicine
can alleviate in vivo toxicity caused by CPT-11, including bloody
diarrhea, intestinal damage and liver injury, thereby implying its
potential as a clinical candidate for the upgrading and replace-
ment of CPT-11 or other camptothecin derivates.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In vivo toxicity evaluation of Chol-SN38@LP in ICR mice. (a) Drug administration schedule in ICR mice for assessing in vivo toxicity. Chol-
SN38@LP and CPT-11 were injected on days 0, 2 and 4. (b) The severity score of bloody diarrhea in mice at days 2, 4, 6 and 7. (c) H&E staining
images of ileum collected at 7 days post administration to determine the toxicity of liposomes to intestines. Analysis of hepatorenal function
indices, including aspartate aminotransferase (AST) (d), alanine aminotransferase (ALT) (e), total bilirubin (TBIL) (f), creatinine (CR) (g) and blood
urea nitrogen (BUN) (h), in ICR mice 7 days post drug administration. (i) H&E staining images of liver extracted from mice at day 7.
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4. Discussion

SN38, an active metabolite of CPT-11, has attracted much
attention from researchers for its potent efficacy in inducing
cell apoptosis relative to its parent drug CPT-11 and decreased
© 2022 The Author(s). Published by the Royal Society of Chemistry
inefficient drug conversion from CPT-11 to SN38.2,4 However,
studies and clinical translation of SN38 have been greatly
comprised because of its poor solubility in water and extremely
low affinity with nanocarriers. Thus, re-engineering the archi-
tecture of SN38 for prodrug reconstitution to self-assemble in
Nanoscale Adv., 2022, 4, 952–966 | 963
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water or coassemble with nanocarriers is expected to overcome
these challenges.34,35

Pioneer studies revealed that the conjugation of chemo-
therapeutics with lipids (i.e., DHA, cholesterol or squalene)
could signicantly increase the miscibility of drugs with lipo-
somal scaffolds.9,16,36 Enlightened by those endeavors, we chose
the lipid cholesterol for SN38 prodrug construction and further
encapsulation with liposomal scaffolds for drug delivery.
Cholesterol was carefully chosen to be covalently conjugated to
SN38 because cholesterol conjugation can increase cellular
uptake by binding with lipoproteins and targeting overex-
pressed low-density lipoprotein (LDL) receptors on cancer
cells.18,37 Cancerous cells require cholesterol for their rapid
growth and metabolism.38 In addition, cholesterol conjugation
can adjust the planar structure of SN38 and the affinity to
liposomal carriers, enabling the stable delivery of nano-
medicines in the blood circulation.39 Further formulating lipo-
somes with PEG functionalities on the surface ensures the
reduced blood clearance in RES and long-term blood circulation
of our platform.21,22

The SN38 prodrug in the present study was generated by
esterifying the hydroxyl group of both SN38 and cholesterol with
succinic acid, leading to a chemical structure that is highly
hyperreactive to the esterase that is highly expressed in
cancerous cells.40 Once the prodrug-loaded liposomes are
internalized into cells, the chemically unmodied active SN38
agent is specically and efficiently released upon the catalysis of
abundant esterase in tumor cells. The release proles clearly
demonstrated that exposure to PLE substantially accelerated
drug release from prodrug-loaded liposomes (Chol-SN38@LP),
suggesting that the esterase-activated release of active SN38
compound plays an essential role in exerting cytotoxic effects of
this platform in intracellular conditions. Less cytotoxic activity
to free SN38 but higher cytotoxicity than CPT-11 presented by
Chol-SN38@LP in cell-based data is in accordance with the in
vitro drug release features that drug release from nanotherapies
is esterase-activatable and requires cleavage of chemical ester
bonds to regain antitumor activity.

The chemical derivation of SN38 and subsequent encapsu-
lation in liposomal scaffolds ensures sustained drug release in
blood circulation, thereby ensuring efficient passive targeting to
tumor lesions by the EPR effect exclusively possessed by small
nanomedicines.41 The drug distribution analysis of our lipo-
somal strategy using uorescence imaging clearly showed the
specic and efficient accumulation of nanomedicines in tumors
and was rarely distributed in other major organs except for the
liver and spleen. The abundant tumor accumulation of lipo-
somal formulations relative to the free drug formulation further
explains the superior antitumor efficacy of these nano-
medicines compared with solution-based free CPT-11 in
a preclinical lung cancer cell A549-derived xenogra mouse
model. Notably, the effective antitumor therapeutic CPT-11 in
colorectal cancer treatment has shown limited and marginal
tumoricidal effects in lung cancers compared to saline treat-
ment, corresponding to the limited clinical application of CPT-
11 in lung cancers.42 The supreme antitumor efficacy of our
964 | Nanoscale Adv., 2022, 4, 952–966
platform offers us a clue for designing more effective systems
for SN38 or other camptothecin derivates for lung cancers.

The clinical administration of the SN38 prodrug CPT-11 is
reported to cause diarrhea in up to 70% of treated patients, and
31% of patients experience grade 3 or 4 diarrhea.43 The major
cause of diarrhea is that SN38 metabolized from CPT-11 is
transformed into inactive SN38G in the liver and is excreted to
the GI tract, where SN38G regains its active form SN38 under
catalysis by b-glucuronidase enzymes from the commensal
microbiota.44 Several strategies, including the use of antibiotics
to remove GI bacteria and inhibitors of b-glucuronidase,45,46

have been found to alleviate toxicity induced by CPT-11.
However, the additional administration of these agents could
result in extra side effects (i.e., imbalance of the gut microbiome
and intestinal dysfunction) in patients, which may pose a huge
burden for cancer patients. As a result, reducing the total
amount of free SN38 accumulated in the intestines seems to be
a more rational and practical approach to alleviate drug-
associated toxicity. Impressively, our liposomal formulation of
SN38 signicantly decreased the incidence and severity of
bloody diarrhea as well as less intestinal damage in mice than
CPT-11. Thus, the systemic side effects induced by clinical CPT-
11 could be largely diminished by rational design and exploi-
tation of smart nanoparticle strategies for SN38 delivery.

In conclusion, our approach combines rational prodrug
reconstitution with subsequent encapsulation in liposomal
scaffolds for the construction of chemotherapeutic SN38-based
nanomedicines for the treatment of lung cancer. Compared
with the clinically commonly used SN38 prodrug CPT-11, our
SN38-based nanoparticle system achieved a markedly improved
therapeutic efficacy and safety prole because of (1) sustained
drug release and prolonged circulation ensured by the higher
affinity of lipid formulated prodrug with the liposomal carrier;
(2) specic esterase-responsive cleavage of the prodrug in tumor
cells; (3) increased internalization of the system into cancer
cells due to cholesterol conjugation; and (4) efficient targeting
to in situ tumor lesions by the EPR effect. We believe that our
platform has great potential for applications to rescue other
potent therapeutic candidates that have failed in clinical trials
because of poor PK properties or uncertain safety in patients.
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