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A B S T R A C T   

Conventional chemotherapy for colorectal cancer (CRC), though efficacious, is discouraging due to its limited 
targeting capability, lack of selectivity, and chemotherapy-associated side effects. With the advent of nano
medicines, a liposomal delivery system making use of a combination of anticancer phytochemicals is fast gaining 
popularity as one of the most promising nanoplatforms for CRC treatment. Rising evidence supports phyto
chemicals such as platycosides for their anticancer potency. To this end, a combination therapy including tumor- 
targeted liposomes along with phytochemicals might have a greater therapeutic potential against cancer. In this 
study, we developed acidity-triggered rational membrane (ATRAM) along with conjugated platycodin D2 (PCD2) 
and liposomes (PCD2-Lipo-ATRAM) as a tumor-targeting therapy. The PCD2-Lipo-ATRAM treatment demon
strated a successful tumor-targeting ability in the CRC xenografts, in which PCD2 not only exerted a potent 
antitumor effect by inducing apoptotic cell death and but also functioned as a liposome membrane stabilizer. 
Moreover, PCD2-Lipo-ATRAM suppressed antiapoptotic BCL-2 family proteins, resulting in enhanced cytotox
icity toward CRC cells by inducing intrinsic caspase-9/-3 mediated apoptosis. Thus, our data has shown that 
tumor-targeting PCD2-based liposomal systems represent a promising strategy for CRC therapy, since they 
directly target the tumors, unlike other therapies that can miss the target.   

1. Introduction 

Colorectal cancer (CRC) is a leading cause of cancer-associated 
mortality. The balance between the rates of cell growth and apoptosis 
that maintains the intestinal epithelial cell homeostasis is an important 
factor in the development of CRC, which means that dysregulated 
apoptosis is an important factor in CRC [1]. B-cell lymphoma-2 (BCL-2) 
family proteins, known to be the key regulators of intrinsic apoptosis, 
are overexpressed in CRC lesions [2], thereby hampering the efficacy of 
various chemotherapeutics. Hence, BCL-2 is valuable target for CRC 
therapy. The target of the current chemotherapeutics for CRC treatment 
is the apoptosis pathway, however, their efficacy is frequently hampered 
by unfavorable pharmacokinetics and limited targeting efficiency, 

which results in increased incidence of toxic side effects due to frequent 
drug administration. Novel approaches are required to overcome dys
regulated apoptosis signaling and increase the efficacy of CRC treatment 
[3]. 

Phytochemicals, which are naturally occurring saponins obtained 
from plants, are known to be vital resources in the development of 
anticancer agents due to their properties such as biological activity, 
minimal side effects, and low cost. Platycosides (PS) are triterpenoid 
saponins extracted from Platycodi Radix, and are known to exhibit 
significant anticancer potency in various types of cancers, including 
breast cancer [4], lung cancer [5], and colon cancer [6]. These bioactive 
PS have been proven to promote tumor cell death by regulating various 
apoptosis-related factors [7,8], making them potent apoptosis-inducing 
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anticancer agents. However, due to poor permeability and low stability, 
the application of PS as antitumor agents is considerably limited. 
Fortunately, nanocarriers (drug delivery systems), especially liposomes, 
can serve as platforms for delivery of these phytochemicals [9]. 
Increasing evidence supports the fact that encapsulation of saponins 
with liposomes improve their solubility, bioavailability and enhance 
therapeutic efficacy [10,11]. For nanotherapeutics are to become effi
cient anticancer agents, these saponin-based liposomes must penetrate 
the physiological barrier and reach the tumor site. Most current anti
cancer nanotherapeutics resort to “passive” targeting strategies [12], 
which depend solely on the enhanced permeability and retention (EPR) 
effect to reach the tumor site [13]. However, this strategy can be 
severely limited by tumor complexity and heterogeneity [14]. It has 
been observed that only a small percentage of these nanotherapeutics 
are able to penetrate high-EPR xenografted tumors (less than 1% ac
cording to a recent meta-analysis study) [15], necessitating active 
tumor-targeting strategies. One such active targeting strategy involves 
enhancement of surface functionalization of liposomes by using 
tumor-targeting ligands, especially peptides, which can help overcome 
the current limitations of nanocarriers in the treatment of solid tumors. 
The pH-responsive acidity-triggered rational membrane (ATRAM) pep
tide, has been proven to successfully deliver liposomes via 
pH-responsive membrane interaction into cancer cells within the acidic 
TME (tumor microenvironment) [16]. We have previously demon
strated that ATRAM-conjugated multifunctional GRA8 peptide has 
successfully targeted the tumor cells in vitro and in vivo [17]. 

In this study, we have designed PS-based liposomes based on the 
versatile properties of PS and its applicability in CRC therapy. The three 
PS which are commonly used in cancer therapy, platycodin D (PCD), 
platycodin D2 (PCD2), and polygalacin D (PGD), were optimized in the 
current study. We hypothesized that the encapsulation of PS with the 
liposomes (PS-Lipo) could help overcome their disadvantages such as 
poor stability and limited permeability, by facilitating intracellular up
take, thereby enhancing their inherent antitumor efficacy. Our in vitro 
mechanistic studies revealed that PS-Lipo induces apoptotic tumor cell 
death through the caspase-9/3 axis, demonstrating that the mechanism 
of PS-Lipo is dependent on the intrinsic apoptotic pathway. Since pla
tycodin D2-based liposome (PCD2-Lipo) exhibited the strongest anti
tumor efficacy than other PS-Lipo molecules, we constructed ATRAM- 
conjugated PCD2-Lipo (PCD2-Lipo-ATRAM) for tumor-targeting ther
apy. In CRC xenografts (DLD-1 & CT26), PCD2-Lipo-ATRAM success
fully inhibited CRC tumor growth by targeting the tumor sites. The pH- 
responsive PCD2-Lipo-ATRAM appears to be a promising cancer drug 
delivery platform that combines stability with effective tumor-targeting 
and triggers apoptosis of cancer cells. 

2. Materials and methods 

2.1. Materials 

Platycodin D (PCD, MW = 1225.34, purity = 98%), Platycodin D2 
(PCD2, MW = 1387.48, purity = 97%), Polygalacin D (PGD, MW =
1209.34, purity = 98%) were purchased from Biopurify Phytochemicals 
Ltd (China). ATRAM peptide (GLAGLAGLLGLEGLLGLPLGLLEGLWL
GLELEGN) was purchased from PEPTRON (Korea). Dulbecco’s modified 
Eagle’s medium (DMEM) with High Glucose with L-Glutamine, RPMI- 
1640 Media with L-glutamine, fetal bovine serum (FBS), streptomycin, 
penicillin and 0.25% trypsin-EDTA were purchased from GenDEPOT 
(USA). Quanti-LDH™ PLUS Cytotoxicity Assay Kit (Colorimetric) and 
Quanti-Max™ WST-8 Cell Viability Assay Kit were purchased from 
BIOMAX (Republic of Korea). MMR SPARK® microplate reader was 
purchased from TECAN (Switzerland). Phosphatidylcholine was sup
plied by Solus Advanced Materials (Korea). Anhydrous methylene 
chloride, pyridine, N,N-diisopropylethylamine, 4-nitrophenylchlorofor
mate, N-(2-aminoethyl)maleimide trifluoroacetate salt, and IR-783 were 
purchased from Sigma-Aldrich (USA), and MEL was supplied by DK Bio 

(Korea). PEO-b-PCL-b-PEO (MW ~20 000 g mol− 1, MW of blocks 
5000–10000–5000 g mol− 1) was kindly supplied by Hyundai Bioland 
(Korea). Texas Red-DHPE (DHPE; 1,2-dihexadecanoyl-sn-glycero-3- 
phosphoethanolamine, triethylammonium salt) and 4′,6-diamidino-2- 
phenylindole (DAPI) was purchased from Thermo Fisher Scientific 
(USA), and phosphate-buffered saline (PBS) solution was purchased 
from GIBCO-Thermo Fischer Scientific (USA). 

2.2. Cell culture 

Primary bone marrow-derived macrophages (BMDMs) were pre
pared by extracting from female C57BL/6 mice and then differentiated 
for 5–7 days in media contained with M-CSF. Raw 264.7, DLD-1, CT26, 
HCT 116, A549, and MB231 cells were purchase by Korean Cell Line 
Bank (KCLB). BMDMs and Raw 264.7 cells were cultured in DMEM with 
10% FBS, streptomycin (100 μg/ml), and penicillin (100U/ml). DLD-1, 
CT26, HCT116, A549, and MB 231 cells were cultured in RPMI 1640 
with 10% FBS, streptomycin (100 μg/ml), and penicillin (100U/ml). 

2.3. Animals 

Female BALB/c nude mice (6-week-old) were provided by Orient Bio 
(Republic of Korea) and Wild-type female C57BL/6 mice were provided 
by Samtako Bio Korea (Republic of Korea), and maintained by standard 
housing conditions of the Center for Laboratory Animal Science, 
Hanyang University (Ansan, Republic of Korea). All the animal breeding 
and experiments were held in accordance with guidelines approved by 
the IACUC, Hanyang University (protocol 2021-0124, 2021-0271). 

2.4. Fabrication and characterization of PS-Lipo 

We fabricated 0.5 wt% of liposomes by using three kinds of platy
cosides (PS): PCD-loaded liposome (PCD-Lipo), PCD2-loaded liposome 
(PCD2-Lipo), and PGD-loaded liposome (PGD-Lipo). For this, we dis
solved phosphatidyl choline and PEO-b-PCL-b-PEO in chloroform and 
platycosides in methanol, and then mixed the two solutions together in a 
round-bottomed flask. The mixing ratio of phosphatidylcholine and 
PEO-b-PCL-b-PEO was adjusted to 9:1 and the concentration of PS was 
set to 200 μM. For the peptide conjugation, the MEL-maleimide (0.23 
mg mL − 1), synthesized by following our previous method [18,19], was 
added to the mixture of amphiphiles. Subsequently, the solvent was 
evaporated using a rotary evaporator at 40 ◦C for 1 h to form a thin film 
on the bottom of round-bottomed flask. Then PBS was added to the flask, 
and the film was hydrated in a sonicator at 45 ◦C for 100 min. To 
determine the encapsulated rate of PS-Lipos, fluorescein isothiocyanate 
(FITC) was equimolarly conjugated on the primary hydroxyl of PS 
(PS-FITC) through condensation reaction in methanol for over 6 h. The 
mixture, packed in a dialysis tube (MWCO: 1000 Da, Fisher Scientific, 
USA), was dialyzed in double distilled water until no fluorescence is 
detected in the external medium to avoid the unconjugated FITC. Dia
lyzed PS-FITC was lyophilized to obtain a bright yellow solid. The 
PS-FITC was then encapsulated in liposome with the same concentration 
as PS. Then the encapsulation rate of PS-FITC was measured by using the 
protamine aggregation method [20,21]. Protamine sulfate was added to 
the PS-FITC-Lipo solution at a concentration of 5 mg/ml while stirring at 
25 ◦C for 30 min to induce aggregation of liposomes and protamine 
sulfate. The mixture was then centrifuged for 10 000 rpm at 4 ◦C, and the 
pellet was resuspended in methanol. The fluorescence intensities of 
resuspended pellets and PS-FITC standards were measured with micro
plate readers in the range of 485 nm–535 nm. Finally, the encapsulation 
efficiency (EE) was calculated by following equation: EE = (PS-FITC in 
PS-Lipo/total PS-FITC) × 100 (%). 

To conjugate the ATRAM peptide with the MEL-malemide linker co- 
assembled with the vesicular membrane, ATRAM-cysteamide was added 
to the liposome dispersion, and mixture was stirred at 4 ◦C for overnight. 
The hydrodynamic particle size of PS-Lipo and C-Lipo were measured by 
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dynamic light scattering (DLS 1070, Malvern, United Kingdom) at 25 ◦C. 
The morphology of PS-Lipo and C-Lipo was observed by using a trans
mission electron microscope (JEM 1010, JEOL, Japan). The drug release 
of PCD2-Lipo-ATRAM in physiological (pH 7.4) and tumor microenvi
ronment (pH 6.5) conditions was determined using the dialysis method. 
PCD2-FITC was used for detecting PCD2 in the release medium. PCD2- 
FITC-Lipo-ATRAM was packed in a dialysis tube (MWCO: 3500 Da, 
Fisher Scientific, USA) and dialyzed in release medium of different pH 
(pH 7.4 and pH 6.5 PBS with 5% v/v Tween-80). 1 mL of release medium 
was collected at a set time interval and replaced with a preheated release 
medium. The fluorescence intensity of collected medium was measured 
by microplate reader in the range of 485 nm–535 nm. 

2.5. Cellular uptake of PS-Lipo 

To observe cellular uptake behavior in vitro of PS-Lipo, BMDMs, Raw 
264.7, DLD-1, and CT26 cells were dispensed at a density of 5 × 103 cells 
per well in each 96-well plate (SPL, Korea), incubated and maintained at 
37 ◦C and 5% CO2 for 24hs. Then, the cells were treated by 5 μM of C- 
Lipo, PCD-Lipo, PCD2-Lipo and PGD-Lipo with Texas red dye. After the 
designated time, discard the sample solution, washing was performed 
twice with sterilized PBS, and fluorescence intensity was measured in 
the range of 535 nm–595 nm fluorescence using a colorimetric micro
plate reader. 

2.6. Confocal microscopy 

In order to observe cellular uptake behavior in vitro of PS-Lipo, DLD-1 
and CT26 cells were dispensed into each 12-well plate (SPL, Korea) with 
cover slide, at a density of 2 × 104 cells per well and maintained in 
incubated at 37 ◦C and 5% CO2 conditions. Both cells were treated with 
PS-Lipo and C-Lipo with Texas Red dye (5 μM in serum-free RPMI-1640) 
for 1 h. Subsequently, cover slides were washed third time with sterile 
PBS and fixed with 4% paraformaldehyde. After staining nuclei of cells 
with DAPI for 10 min, the cells were observed to use a confocal micro
scopy (LSM 800; Carl Zeiss, Germany). 

2.7. In vitro cell viability and cytotoxicity study 

BMDMs, Raw 264.7, DLD-1, CT26, HCT 116, A549 and MB231 cells 
were seeded in 96-well plates (SPL, Korea) at a density of 1 × 104 cells 
per well and cultured in complete DMEM and RPMI-1640 for 18 h. Then, 
the cells were treated by a series of concentrations of free-PCD, free- 
PCD2, free-PGD, PCD-Lipo, PCD2-Lipo and PGD-Lipo. After 48 h of in
cubation, replace the medium with 100 μl of Quanti-Max solution (10% 
of each media volume). In addition, the supernatant of cell culture is 
treated with 10 μl of Quanti-LDH reaction mixture. After 2 h of incu
bation with 37 ◦C and 5% CO2, the absorbance of the plates treated with 
Quanti-Max solution are measured at 450 nm using a colorimetric 
microplate reader. And after 30 min of incubation with 37 ◦C and 5% 
CO2, the absorbance of the plates treated with Quanti-LDH reaction 
mixture are measured at 490 nm using a colorimetric microplate reader. 
Cell viability was calculated using untreated cell as a control, and cell 
cytotoxicity was calculated using dead cells using cell lysis solution as a 
control. 

2.8. Immunoblotting 

For immunoblotting, cells were lysed by RIPA Cell Lysis Buffer with 
EDTA (GenDEPOT, USA) and a protease inhibitor cocktail (Xpert Pro
tease Inhibitor Cocktail Solution; GenDEPOT, USA). The lysate of cells 
was incubated at 4 ◦C for 30 min, and then centrifuged at 12,000 g for 
10 min at 4 ◦C. The protein was resolved by SDS-PAGE gel electropho
resis and transferred to a polyvinylidene difluoride (PVDF) membrane 
(GenDEPOT, USA). Anti-BCL-2 (3498S, CST, USA), Anti-BCL-XL (2764S, 
CST, USA), Anti-Mcl-1 (5453S, Cell Signaling Technology (CST, USA), 

Anti-PARP (9532S, CST, USA), Anti-Cleaved PARP (94885S, CST, USA), 
Anti-Caspase-9 (9508S, CST, USA), Anti-Cleaved Caspase-9 (52873S, 
CST, USA), Anti-Caspase-3 (9662S, CST, USA), Anti-Cleaved Caspase-3 
(9664S, CST, USA), Anti-Caspase-8 (4790S, CST, USA), Anti-GAPDH (sc- 
32233, SANTA CRUZ BIOTECHNOLOGY, USA) and Anti-β-Actin (sc- 
47778, SANTA CRUZ BIOTECHNOLOGY, USA) were incubated over
night at 4 ◦C. Antibody conjugation was visualized by EzWestLumi plus 
(ATTO, Japan) and detected by a Vilber chemiluminescence analyzer 
(Fusion solo; Vilber Lourmat, France). 

2.9. Generation of knockout cell lines with CRISPR/Cas9 

For Genome Editing caspase-9, DLD-1 and CT26 cells were seeded for 
24-well plate (SPL, Korea), at a density of 5 × 104 cells per well, and 
37 ◦C and 5% CO2 conditions were incubated for 24 h gRNA 
(CRISPR995170_SGM and CRISPR31379_SGM, Invitrogen, USA), Cas9 
Protein (TrueCut™ Cas9 Protein v2, Invitrogen, USA), and lipofect
amine mixture (Lipofectamine™ CRISPRMAX™, Invitrogen, USA) 
which targeted caspase-9, were produced and incubated, and incubation 
was conducted for 2 days at 37 ◦C and 5% CO2 conditions. After selec
tion process with genomic cleavage detection assay, knockout of 
caspase-9 was confirmed by Quantitative PCR and western blot analyses. 

2.10. RNA isolation and Quantitative PCR 

Total RNAs were isolated from DLD-1 and CT26 cells with using 
TRIzol™ Reagent (Invitrogen, USA). And then, 100 ng of total RNA was 
carried out cDNA synthesis using M-MLV cDNA synthesis kit (Enzy
nomics, Korea). Quantitative RT PCR analyzed by using method of 
comparative cycle threshold (CT) were performed on QuantStudio 3 
Real-Time PCR Instrument (Applied Biosystems, USA). After pre- 
denaturation at 95 ◦C for 10 min, amplifications were followed by 40 
cycles at 95 ◦C for 15 s, 56 ◦C for 20 s, and 72 ◦C for 30 s. The human 
caspase-9 primer pair was 5′-CATTTCATGGTGGAGGTGAAG-3′ and 5′- 
GGGAACTGCAGGTGGCTG-3′. The human GAPDH primer pair was 5′- 
GGTGTGAACCATGAGAAGTATGA-3′ and 5′-GAGTC CTTCCACGATA 
CCAAAG-3′. The mouse caspase-9 primer pair was 5′- 
AGTTCCCGGGTGCTGTCTAT-3′ and 5′-GCCATGGTCTTTCTGCTCAC-3′. 
The mouse GAPDH primer pair was 5′-ACTCCACTCACGGCAA ATTC-3′ 
and 5′-TCTCCATGGTGGTGAAGACA-3′. 

2.11. Preparation of the xenograft mice models 

BALB/c nude female mice were used for the tumor xenograft ex
periments. To assess colorectal tumor-bearing mice, CT26 cells (1 × 106 

cells/100 μl/head, n = 5), CT26 caspase-9 K.O cells (1 × 106 cells/100 
μl/head, n = 5), DLD-1 cells (3 × 106 cells/100 μl/head, n = 10) and 
DLD-1 caspase-9 K.O cells (3 × 106 cells/100 μl/head, n = 10) were 
performed subcutaneous injection into the right axillary region of 
athymic nude [22]. Animals were observed for 28 days with a tumor 
volume measurement. The treatment was initiated when the tumor size 
reached an average volume of 50 or 200 mm3. The tumor volume was 
measured every day with skin calipers and calculated as the tumor 
length × tumor width2 × 0.5, and represented in mm3. All animals were 
maintained in a specific pathogen-free environment [17]. 

2.12. 12. Histology and immunohistochemistry of tumor tissues 

Tumor tissues were fixed in neutral-buffered formalin (pH 7.4) and 
embedded in paraffin. Tissue slides (4 μm) were stained with hema
toxylin and eosin (H&E) and immunohistochemical analyses were per
formed using the streptavidin-biotin and peroxidase protocol according 
to the manufacturer’s structure (Dako, Carpinteria, CA, USA) to detect 
Ki-67 (ab16667, ABCAM, USA) and proliferating cell nuclear antigen 
(PCNA, E-AB-32521, Elabscience, USA) proteins. Immunostaining con
tent were semi-quantified using an image analysis software (Image Pro 
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Plus 4.5; Media Cybernetics, Bethesda, MD, USA). Brown staining 
appeared under the optical microscope reflecting the positive antigens, 
in which a board-certified pathologist (Dr. Min-Kyung Kim, Kim Min- 
Kyung Pathology Clinic, Seoul, Korea) independently scored each slide 
without prior knowledge of the therapy groups. 

2.13. In vivo biodistribution of PCD2-Lipo in the xenograft mice models 

In vivo biodistribution of PCD2-Lipo and PCD2-Lipo-ATRAM with 
IR783 in the xenograft mouse models established using the DLD-1 cell 
was observed via the IVIS Spectrum-CT in vivo imaging system (Perki
nElmer, USA). PCD2-Lipo and PCD2-Lipo-ATRAM (2.5 mg kg− 1, 100 μl) 
was injected intraperitoneally into the tumor-bearing mouse models (n 

= 3 or 4/group). After the injection, time-dependent whole body NIRF 
imaging was performed up to 48 h post-injection [22]. 

2.14. Statistical analysis 

All data are reported as mean ± SD or SEM and were analyzed using 
the Student’s t-test with a Bonferroni adjustment or ANOVA for multiple 
comparisons. The statistical software program SPSS (Version 12.0) was 
used to conduct the analyses (SPSS, Chicago, IL, USA). At p < 0.05, 
differences were judged to be significant. Data for survival were graphed 
and analyzed using the Kaplan–Meier product limit method, with the 
log-rank (Man-tele-Cox) test for comparisons in GraphPad Prism 
(version 5.0, La Jolla, CA, USA). IC50 values was calculated by online 

Fig. 1. Preparation and characterization of PS-Lipo. (A) Schematic diagram of platycoside contained liposomes (PS-Lipo) for induction of cancer cell cytotoxicity. (B) 
Hydrodynamic particle size of C-Lipo, PCD-Lipo, PCD2-Lipo and PGD-Lipo. (C) TEM image of C-Lipo, PCD-Lipo, PCD2-Lipo and PGD-Lipo. Scale bars are 100 nm. (D) 
Average hydrodynamic particle size of C-Lipo, PCD-Lipo, PCD2-Lipo and PGD-Lipo at Day 1 and Day 15. Means ± SD are shown, significance was measured by paired 
t-test (C-Lipo vs. PCD-Lipo, PCD2-Lipo and PGD-Lipo). *p < 0.05. (E) Quantitative analysis of cellular uptake of Texas red–loaded C-Lipo, PCD-Lipo, PCD2-Lipo, or 
PGD-Lipo by macrophage cells (BMDM and Raw264.7) and cancer cells (DLD-1 and CT26) at 5 μM. (F) Representative confocal laser scanning microscope (CLSM) 
images of cellular uptake of Texas red–loaded C-Lipo, PCD-Lipo, PCD2-Lipo, or PGD-Lipo by cancer cells (DLD-1 and CT26) after 2 h. Scale bars, 20 μm. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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tool: MLA “Quest Graph™ IC50 Calculator.” AAT Bioquest, Inc., 10 May. 
2023, (https://www.aatbio.com/tools/ic50-calculator). 

3. Result 

3.1. Preparation and characterization of PS-Lipo 

In order to overcome the disadvantages of limited delivery efficiency 
and poor physicochemical properties of PS, we fabricated three different 
PS-Liposomes (PS-Lipo), namely PCD-Lipo, PCD2-Lipo, and PGD-Lipo 
(Fig. 1A). We laterally assembled an amphiphilic triblock copolymer, 
poly(ethylene oxide)-b-poly(ε-caprolactone)-b-poly-(ethylene oxide) 
(PEO-b-PCL-b-PEO), along with the lipid bilayer of liposomes to induce 
the PEGylation, thus enhancing the membrane modulus and systemic 
circulation time of liposomes [23]. Moreover, liposomes were prepared 
by the thin-film hydration method, in order to achieve high encapsula
tion efficiency and fine particle size distribution of liposomes [24]. The 
typical vesicular structure of the control liposomes (C-Lipo) and PS-Lipo 
were verified by transmission electron microscopy (TEM) (Fig. 1B). The 
average hydrodynamic particle size of the C-Lipo was 108.7 nm with a 
polydispersity index (PDI) of approximately 0.28. All PS-Lipo molecules 
had a slightly higher average hydrodynamic particle size as compared to 
the C-Lipo. The hydrodynamic sizes of PCD-Lipo, PCD2-Lipo, and 
PGD-Lipo were 139.9 nm, 120.0 nm, and 175.2 nm with the PDI values 
of 0.350, 0.357, and 0.159, respectively (Fig. 1C). Negligible changes 
were observed in the particle sizes of the three PS-Lipo formulations, 
when subjected to long-term stability tests (Fig. 1D). These results 
suggest that PS was physically and stably immobilized on the lipid bi
layers in the liposome systems and did not affect the liposome formation 
process and long-term storage [25]. We measured the encapsulation 
efficiency of PS in PS-Lipo by conjugating FITC on the primary hydroxyl 
group of PS. The encapsulation efficiency of PCD-FITC and PGD-FITC in 
PS-Lipo was determined above 80%, but that of PCD2-FITC was 
observed about 62%, probably because the additional glucose chain of 
PCD2 rather increased the hydrophilicity (Supplementary Fig. 1). In 
order to determine the uptake efficiency of the prepared PS-Lipo mol
ecules, Texas Red-DHPE-tagged PS-Lipo were treated in macrophage 
cells (BMDM and Raw 264.7) and cancer cells (DLD-1 and CT26) in a 
time-dependent manner. All three PS-Lipo molecules exhibited strong 
red fluorescence signals inside different cells (Fig. 1E & F), suggesting 

that PS encapsulated by liposomes could be successfully internalized by 
cells. 

3.2. Encapsulating PS with liposomes enhanced cytotoxicity against CRC 
cells 

We examined the antitumor activity of PS-Lipo samples, by sub
jecting them to WST-8 cell viability and Quanti-LDH (lactate dehydro
genase)™ cytotoxicity assays. Different cancer cells were used in this 
assay and macrophages were used as controls. First, we tested the 
viability of macrophages by treating them with free PS and PS-Lipo. As 
shown in Fig. 2A & B, free PCD, PCD2, and PGD were observed to 
significantly inhibit the proliferation of macrophages, most likely due to 
the instability of free platycosides in vitro. However, when free PS was 
encapsulated in liposomes (PS-Lipo), their toxicity to normal cells were 
substantially reduced, probably because of the increased stability and 
enhancement of the cellular uptake of free platycosides, indicating that 
the prepared PS-Lipo molecules possess remarkable biocompatibility at 
the cellular level. Next, we performed cytotoxicity assays against 
different cancer cell lines to evaluate the antitumor efficacy of PS-Lipo. 
The viability of cancer cells from the colon, breast, and lungs was 
gradually inhibited by each PS-Lipo in a concentration-dependent 
manner (Fig. 2C & D & Supplementary Fig. 2). Interestingly, each PS- 
Lipo exerted significant cytotoxicity on various cancer cell lines, with 
CRC cells being the most sensitive. Consistent with these viability re
sults, the LDH assay showed that PS-Lipo treatment exhibited the 
strongest cytotoxicity against CRC cell lines (Fig. 2C). The cytotoxicity of 
the three PS-Lipo for CRC cells was in the order PCD2-Lipo > PGD-Lipo 
> PCD-Lipo (Fig. 2C). Most cancer cells tend to upregulate the expres
sion levels of BCL-2 protein family, which serves as a classic hallmark of 
cancer. Among the antiapoptotic BCL-2 protein family, BCL-XL has been 
observed to be strongly upregulated in human CRC specimens and plays 
a crucial role in determining the chemoresistance of colon cancer stem 
cells [2,26]. Western blot (WB) analysis was carried out using MCL-1, 
BCL-XL, and BCL-2 proteins to examine whether the stronger cytotox
icity of PS-Lipo toward CRC cells is associated with the regulation of the 
BCL-2 family. WB result showed that expression of all BCL-2 proteins 
was attenuated upon treatment of PCD2-Lipo in DLD-1 and CT26 cells 
and BCL-XL was the most potently inhibited (Fig. 2E). This finding 
implied that the susceptibility of CRC cells to PS-Lipo might be 

Fig. 2. In vitro anticancer activities of platycoside liposomes.  
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associated with the regulation of the BCL-2 family, especially BCL-XL. 
Notably, while free PS was highly cytotoxic to both cancer cells and 
normal cells, PS-Lipo showed enhanced cytotoxicity against CRC cells, 
while its toxicity toward normal macrophages was much less. This result 
demonstrates that liposomal encapsulation of free PS endows it with 
enhanced antitumor efficacy, particularly toward CRC cells while 
sparing normal cells. 

In vitro cytotoxicity of free PS and PS-Lipo was evaluated for mac
rophages (A-B) and CRC cells (C-D) by WST-8 cell viability and LDH 
assay after 48 h of co-incubation. Inset: IC50 values (μM) are shown. (E) 
WB analysis (left) of MCL-1, BCL-2, and BCL-XL expression in DLD-1 and 
CT26 cells after treatment of 10 μM and 5 μM PCD2-Lipo for 10 and 8 h 
and quantification of WB protein levels by group (right). 

3.3. PCD2-lipo antitumor efficacy is dependent on the caspase-9/-3 axis 

Since PS-Lipo exhibited the highest cytotoxicity against CRC cells 
(average IC50 value of 4.19 μM) as compared to the other cancer cells 
(average IC50 value of 13.31 μM), we selected CRC cells for the following 
studies. The cytotoxic effect of PS-Lipo on CRC cells can be further 
explained by alterations in cell death. Platycosides have been reported 
to exert anticancer activities via apoptotic signaling pathway [27]. As 

key mediators of apoptosis, caspase-8, caspase-9, and caspase-3 are 
situated at pivotal junctions in apoptosis pathways (Fig. 3A). The 
extrinsic pathway is mediated by caspase-8, while the intrinsic pathway 
can be initiated through caspase-9, and both pathways converge at 
caspase-3 (the executioner) to finally result in apoptotic cell death [28]. 
Therefore, we used WB analysis to elucidate the molecular mechanisms 
of the cytotoxicity and apoptotic effect of PS-Lipo. The expression levels 
of apoptosis-related proteins (caspase-3, caspase-8, caspase-9, and 
PARP) were detected in PS-Lipo treated DLD-1 and CT26 cells. As shown 
in Fig. 3B–E, PS-Lipo increased cleaved caspase-9, cleaved caspase-3 and 
cleaved PARP expression in a dose-dependent manner, while cleaved 
caspase-8 showed no alteration in the expression. The results suggest 
that PS-Lipo exerted cytotoxicity toward CRC cells by inducing 
caspase-9/-3 dependent apoptosis. To further evaluate whether 
PS-Lipo-induced apoptosis was dependent with the caspase-9/-3 axis, 
we generated caspase-9 knockout (KO) DLD-1 and CT26 cells by 
CRISPR/Cas9-mediated genome editing (Supplementary Figs. 3A and 
3B) followed by PCD2-Lipo treatment and assessed cell viability by 
performing WB analysis. Caspase-9 KO DLD-1 and CT26 cells showed 
normal growth rates similar to wild-type (WT) DLD-1 and CT26 cells 
(Supplementary Figs. 3C and 3D). Since the stability, size, and IC50 of 
PCD2-Lipo were more favorable than that of other PS-Lipo molecules 

Fig. 3. Inhibition of intrinsic apoptosis (caspase-9) abolished PS-Lipo-induced apoptosis. (A) Schematic representation of the apoptotic pathway. Apoptosis can be 
induced by either extrinsic pathway through death receptors that specifically activate caspase-8 or intrinsic pathway through expression of BCL2 family BH3-only 
proteins (BCL-2, BCL-XL, and MCL-1) that leads to activation of caspase-9. (B & D) WB analysis of caspase-8, caspase-9, caspase-3, PARP, and GAPDH protein 
expression in DLD-1 cells (B) or CT26 (D) after different PS-Lipo treatments for 8 h (C & E) Quantification of WB protein levels by group in DLD-1 (C) and CT26 (E) 
cells. (F & H) Cellular cytotoxicity of PCD2-Lipo was evaluated by WST-8 viability assay after 48 h of co-incubation against WT or caspase-9 knockout (KO) DLD-1 
cells (F) and CT26 cells (H). (G & I) WB analysis of caspase-8, caspase-9, caspase-3, PARP, and GAPDH protein expression in WT or caspase-9 KO DLD-1 (G) or CT26 
cells (I) after different PCD-Lipo treatments for different time. 
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(Figs. 1 and 2), PCD2-Lipo was selected in this study. After PCD2-Lipo 
treatment, the cell viability of WT DLD-1 cells was observed to 
decrease in a dose-dependent manner. However, CRISPR/Cas9 KO of 
caspase-9 reversed the tumor growth inhibitory effect of PS-Lipo (Fig. 3F 
& H), indicating that caspase-9 is essentially involved in the growth 
inhibitory functions of PCD2-Lipo. Under many circumstances, even if a 
particular caspase is inhibited, apoptosis will still occur by different 
mechanisms [29]. For example, in the event of the inhibition of the 
initiator caspase, caspase-9; the executional caspase-3 can still be acti
vated by caspase-8, which is responsible for the extrinsic pathway [30, 
31]. Considering that PCD2-Lipo cannot exert cytotoxicity against CRC 
cells under inhibition of caspase-9, our next step was to determine 
whether the failure of PCD2-Lipo-induced antitumor activity correlated 
with the inhibition of the caspase-9/-3 axis. Hence, we used WB analysis 
to evaluate the expression levels of apoptotic factor in the caspase-9 KO 
conditions through WT cells. Our results demonstrated that the intrinsic 
apoptotic pathway through the caspase-9/-3 axis is significantly acti
vated in PCD2-Lipo-treated WT DLD-1 and CT26 cells, while this acti
vation of the signaling pathway was abolished in caspase-9 KO DLD-1 
(Fig. 3G & I). These findings indicate that, increased levels of 
caspase-9, caspase-3, and PARP are associated with inhibition of tumor 
growth, but caspase-8 is not instrumental in this process (Fig. 3G & I). In 
addition, the expression levels of the caspase-8/-3 axis were not inves
tigated in both WT and caspase-9 KO cells. Collectively, these results 
demonstrated that the caspase-9/-3-mediated intrinsic pathway specif
ically responsible for inducing apoptosis in PCD2-Lipo treated DLD-1 
cells. 

3.4. Tumor-targeting PCD2-Lipo-ATRAM inhibits tumor growth in CRC 
xenografts 

The acidic tumor microenvironment (TME) has been observed to act 
as biological barriers during in vivo drug delivery, which blocks the 
accumulation of nanotherapeutics at tumor sites [32]. To enhance the in 
vivo tumor-targeting ability, we conjugated PCD2-Lipo to an ATRAM 
peptide to facilitate internalization of the liposome specifically into 
tumor cells within the TME. The ATRAM peptide is known to form a 
transmembraneous helical structure which effectively penetrates the 
phospholipid bilayer of the cell membrane under acidic conditions [16]. 
To deposit the ATRAM peptides on the surface of PCD2-Lipo, a man
nosylerythritol lipid (MEL)-maleimide linker was synthesized by modi
fying hydroxy group of MEL to maleimide group [18]. The 
MEL-maleimide linker is able to directly co-assemble with the lipid 
layer of liposomes. More specifically, the di-alkyl chain of the 
MEL-maleimide exists in the hydrophobic region of the lipid bilayer and 
the hydrophilic maleimide head group is exposed to the aqueous phase. 
This enables the thiol-ended ATRAM peptide to conjugate with the 
PCD2-Lipo (PCD2-Lipo-ATRAM) via the thiol-maleimide reaction 
(Fig. 4A). The hydrodynamic particle size of PCD2-Lipo-ATRAM was 
measured and was found to be 128.5 nm and had a PDI value of 0.353, 
which was not significantly different from that of PCD2-Lipo, implying 
that the conjugation of ATRAM peptide does not affect the physical 
characteristics of PCD2-Lipo. We also confirmed the vesicular structure 
of PCD2-Lipo-ATRAM in both physiological condition and acidic con
dition through TEM observations (Fig. 4B & Supplementary Fig. 4). The 
structure of PCD2-Lipo-ATRAM on both pH conditions showed no sig
nificant difference. Further, the releasing rate of encapsulated PCD2 of 
PCD2-Lipo-ATRAM under acidic pH conditions was similar to that of 
physiological pH conditions (Supplementary Fig. 5). To investigate the 
in vivo tumor-targeting ability of the functionalized PCD2-Lipo-ATRAM, 
we performed near-infrared (NIR) fluorescence imaging using an DLD-1 
xenograft model (Fig. 4C). We labeled PCD2-Lipo-ATRAM with IR-783, 
an NIR lipid dye, (PCD2-Lipo-ATRAM/IR783) and intraperitoneal 
injected it into DLD-1 tumor–bearing nude mice. PBS and PCD2-Lipo 
were used as the controls. We performed in vivo and ex vivo NIR imag
ing at different time points after injection, using IVIS Lumina II. After 

individual IR783-labeled liposomes were injected, the 
PCD2-Lipo-ATRAM group showed a much stronger fluorescence signal 
in the tumor region at all-time points (Fig. 4D–F), compared with control 
liposomes, indicating that the accumulation of PCD2-Lipo in the tumor 
region was significantly enhanced by surface functionalization of the 
liposomes through ATRAM peptide. PCD2-Lipo without ATRAM peptide 
showed almost no fluorescence signal. This result clearly demonstrated 
the tumor-targeting effect of PCD2-Lipo-ATRAM in vivo. 

We examined the antitumor efficacy of PCD2-Lipo-ATRAM in a 
xenograft model of DLD-1 and CT26 cells. Having established that the 
caspase-9/-3 axis play crucial role in PCD2-Lipo-induced apoptosis in 
DLD-1 and CT26 cells in vitro (Fig. 3), we implanted DLD-1 parental 
(WT) or caspase-9 KO clones (negative controls) subcutaneously into the 
flanks of nude mice (Fig. 4G). After the tumors reached about 50–150 
mm3, the xenografts received treatment of vehicle, PCD2-Lipo, or PCD2- 
Lipo-ATRAM, respectively, at a dosage of 2.5 mg kg− 1 via intraperito
neal injection. As shown in Fig. 4H & I, after a 28-day treatment 
regimen, PCD2-Lipo-ATRAM exhibited significant growth inhibitory 
effect on WT DLD-1 and CT26 tumors despite variations in cell growth 
rates between DLD-1 and CT26 (Supplementary Fig. 6) [33], whereas 
had no (or very little) effect on caspase-9 KO tumors that exhibited a 
tumor growth rate comparable to that of WT tumors in vehicle-treated 
mice. Furthermore, consistent to our observation with biodistribution 
studies, PCD2-Lipo without ATRAM peptide failed to have a significant 
effect on WT tumor growth, suggesting that surface functionalization of 
the liposome by ATRAM peptide significantly increased the in vivo 
antitumor efficacy of PCD2-Lipo. 

To confirm that PCD2-Lipo-ATRAM efficacy is dependent on the 
caspase-9/-3 pathway, we performed both WB and immunohistochem
istry analysis with control or caspase-9 KO mice-derived tumor tissue. 
The WB analysis demonstrated that intrinsic caspase-9/-3 axis-induced 
apoptosis but the extrinsic caspase-8/-3 axis was not correlated with the 
reduction of the tumor growth (Fig. 4J), which was further verified by 
the detection of caspase-9, caspase-3, and PARP cleavage with H&E 
staining (Fig. 4K). Collectively, our data clearly demonstrated that 
PCD2-Lipo-ATRAM successfully targeted the tumor site, and thereby 
exerted a potent antitumor effect in CRC xenograft and that the mech
anism of this antitumor effect was dependent on the intrinsic caspase-9/- 
3 axis. 

4. Discussion 

It is desirable to design a tumor-targeted delivery system that does 
not only selectively target acidic TME, but also promotes tumor 
apoptosis, eventually destroying tumor cells while sparing normal cells. 
Recently, combined application of bioactive natural platycosides and 
nanoscience have successfully created safe, biodegradable, and 
biocompatible drug delivery systems for targeted and efficacious anti
tumor therapies. In this study, we developed a new tumor-targeted 
liposomal delivery system based on the versatile properties of platyco
side PCD2 for CRC therapy. To achieve tumor-targeting ability, the shell 
of PCD2-Lipo was functionalized with ATRAM peptide to promote 
internalization specifically into cancer cells within the acidic TME. 
PCD2-Lipo-ATRAM successfully reached the tumor site by targeting 
acidic TME and also exhibited potent proapoptotic activity toward CRC 
cells. 

Emerging evidence suggests that anticancer phytochemicals benefit 
from reduced toxicity and improved tumor uptake when encapsulated in 
liposomes [34]. Poor physicochemical properties and stability along 
with poor solubility limited the use of platycoside PCD2 as a potent 
therapeutic agent against CRC. In the present study, we found that PCD2 
itself did exhibit cytotoxicity toward both CRC and normal cells. How
ever, when PCD2 was encapsulated in a liposome, its effect on tumor cell 
cytotoxicity and proapoptotic activity was greatly enhanced in vitro, 
while sparing normal cells. Interestingly, PCD2-Lipo showed a more 
potent cytotoxicity against CRC cells than other cancer types in vitro. 
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Fig. 4. Tumor-targeting PCD2-Lipo-ATRAM inhibits xenograft CRC tumor growth (A) Schematic Illustration of PCD2-Lipo-ATRAM for targeting acidic tumor 
microenvironment by pH responsible membrane interaction. Preparation and characterizations of tumor targeting PCD2-Lipo-ATRAM. (B) Characterization of PCD2- 
Lipo-ATRAM. (C) Schematic design of biodistribution imaging in DLD-1 xenograft model. (D) In vivo NIR fluorescent images of nude mice at 1, 12, 24, and 48 h after 
the administration of PBS, PCD2-Lipo, and PCD2-Lipo-ATRAM; n = 3 or 4 per group. (E) Representative ex vivo NIR fluorescent images of organs (heart, lung, liver, 
spleen, and kidney) and excised tumors. (F) In vivo & ex vivo average radiant efficiency of NIR fluorescent images. In vivo NIR fluorescent average radiant efficiency of 
tumor (24 h after the administration). Means ± SD are shown, significance was measured by unpaired t-test (PCD2-Lipo vs. PCD2-Lipo-ATRAM). ***p < 0.001. Ex 
vivo NIR fluorescent average radiant efficiency of tissue (heart, lung, liver, spleen, kidney and tumor after 24 h of the administration). Means ± SD are shown, 
significance was measured by unpaired t-test (Tumor PCD2-Lipo vs. Tumor PCD2-Lipo-ATRAM). **p < 0.05. (G) Schematic design of tumor therapy in CRC xe
nografts (DLD-1 or CT26). PBS (control), PCD2-Lipo, or PCD2-Lipo-ATRAM were intraperitoneal administered to wild-type (WT) or Caspase-9 knockout (KO) nude 
mice after the tumor establishment (50–150 mm3). (H) Tumor progression was closely monitored by weekly tumor volume measurement using caliper under a 28-day 
treatment regimen (n = 5 to 10 per group). Means ± SEM are shown, significance was measured by two-way ANOVA (WT + PCD2-Lipo-ATRAM vs. WT + PCD2-Lipo 
and WT + PCD2-Lipo-ATRAM vs. Casp9 KO + PCD2-Lipo-ATRAM). **** denotes p < 0.0001. (I) Image of excised xenografted CRC tumors in the five groups at end 
point (day 28). (J) WB analysis of caspase-9, caspase-8, caspase-3, PARP, and GAPDH protein expression in the five groups. (K) Immunohistochemical staining of 
tumor sections for hematoxylin and eosin (H&E), cell proliferation marker (Ki-67 and PCNA) and apoptosis marker (cleaved caspase-3 and cleaved PARP). Images 
were taken at 20 × magnification. Scale bar, 50 μm. 
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Based on the WB analysis results, it was observed that the potent cyto
toxic effect of PCD2 on CRC could be attributed to the inhibition of 
antiapoptotic BCL-2 family proteins. Resistance to apoptosis by the 
upregulation of BCL-2 family proteins has been commonly observed in 
several tumor types [35,36]. Recently, several studies have reported the 
upregulation of BCL-XL in colorectal lesions. It has also been observed 
that targeting BCL-XL with the highly specific BCL-XL antagonist 
A-1155463 considerably impaired the clonogenic potential of adenoma 
and tumor organoids [26]. These results suggest that CRC tumors seem 
to depend on BCL-XL overexpression as strategies for apoptosis evasion 
[37,38]. The inhibition of BCL-2 family proteins, particularly BCL-XL, by 
PCD2 is responsible for the apoptosis of CRC cells, which is beneficial for 
CRC therapy. Therefore, PCD2 has the potential of a CRC therapeutic 
agent. 

Drug resistance is a common issue in anticancer therapy. Because of 
the molecular complexities of the tumor microenvironment, single-drug 
chemotherapy often triggers and reinforces alternative molecular 
pathways in cancer cells, resulting in drug-resistant mutations. Nowa
days, combination drug delivery systems which can target multiple 
pathways of cancer using multiple drugs simultaneously have been 
extensively investigated. Liposomes have a unique ability to encapsulate 
hydrophilic agents in their inner aqueous core and hydrophobic drugs 
within the lamellae, which makes them versatile therapeutic carriers for 
combination cancer therapies. Many studies have suggested that the 
combination of saponin and chemotherapy could significantly enhance 
the chemosensitivity of tumors to clinically used anticancer drugs such 
as cisplatin, paclitaxel, doxorubicin, and docetaxel [10,11,39,40]. It has 
been previously reported that a combination of platycodin D and 
cetuximab exhibited an obvious synergistic effect on KRAS-mutant CRC 
cells, potently inhibiting tumorigenesis of CRC xenograft models [41]. In 
the present study, we discovered that PCD2 not only is an anticancer 
agent but also has the potential of a membrane stabilizer. The liposomal 
formulation with PCD2 enhances the stability of liposomes, and also 
benefits the delivery of anticancer drugs by increasing circulation sta
bility and targeting efficiency. Following internalization into CRC cells, 
PCD2 exerted its inherent proapoptotic activity, suggesting that 
PCD2-based liposomes have the potential to exert their synergistic 
antitumor efficacy with commercial anticancer drugs by acting as a 
chemosensitizers of anticancer drugs to maximize its chemotherapeutic 
effect. Therefore, PCD2-Lipo-ATRAM can act as a biocompatible 
chemo-therapeutic drug nanocarrier for combination cancer therapy. 

Nontargeting liposomes, as nanomedicine formulations approved for 
clinical uses, rely on EPR-based accumulation in tumors, which is crit
ically influenced by the size of nanoparticles (100–200 nm) [42]. The 
size distribution of PCD2-Lipo is 100–110 nm, which seems suitable for 
achieving the EPR effect in solid tumors. However, though PCD2-Lipo 
demonstrated an enhanced anticancer activity against CRC cells in 
vitro, they did not exhibit the same efficacy in vivo. When administered in 
vivo, they failed to reach the tumor site, which adversely affected their 
anticancer effect. The result suggests that tumor accumulation on the 
basis of size-dependent EPR effect may not be sufficient for achieving 
effective targeting at tumor sites. Thus, to ensure effective in vivo 
functionality, it is crucial to not only consider the size and stability of 
liposomes, but also modify the targeting strategy considering the 
complexity of tumor biology. One property of solid tumors that can be 
exploited as a tumor-targeting strategy for enhancing the therapeutic 
benefits of nanomedicine is the acidic niche of TMEs, which mainly 
arises from the highly glycolytic rate of tumor cells [43]. To facilitate 
specific tumor-targeting, PCD2-Lipo was functionalized with the 
pH-responsive ATRAM peptide, which can penetrate the lipid mem
brane under acidic conditions [44]. After pH-dependent insertion, a 
fraction of these peptides is also taken up by endocytosis, particularly 
when the peptide is linked to a liposome [45]. Conjugation of 
pH-responsive ATRAM peptide with PCD2-Lipo showed successful 
tumor-targeting and accumulation in the CRC xenografts, which maxi
mizes the tumor inhibiting effect of PCD2. This was further verified in an 

in vivo fluorescence imaging study, where a stronger fluorescence signal 
of IR783–labeled liposomes was observed in the PCD2-Lipo-ATRAM 
group than that in PCD2-Lipo. 

In summary, we developed a PCD2-based liposomal system as a 
targeted-tumor therapy for CRC. The PCD2-Lipo-ATRAM system 
demonstrated successful tumor-targeting ability in the CRC xenografts, 
which maximizes the tumor inhibition effect of PCD2 by initiating 
(reactivating) tumor apoptosis. PCD2 in conjugation with liposomes 
functioned not only as a proapoptotic agent but also as a membrane 
stabilizer. PCD2-based liposomes offer a novel platform for anticancer 
drug delivery and may lead to a new era of nanocarrier treatments for 
cancer. 
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