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Abstract
Reprogrammed metabolism and active stemness contribute to cancer stem cells’ (CSCs) survival and tumorigenesis. LXR 
signaling regulates the metabolism of different cancers. A selective LXR inhibitor, SR9243 (SR), can target and eradicate 
non-CSC tumor cells. CD133 is a stem marker in solid tumors-associated CSCs within the active lipogenesis, and anti-CD133 
mAb targeting liposomal drug delivery systems expected to increase drug internalization and improve the therapeutic efficacy 
of poor-in water solubility drugs, e, g., SR. In this study, anti-CD133 mAbs-targeted Immunoliposomes (ILipo) were devel-
oped for specific delivery of SR into MACS-enriched CD133 + CSCs and induce their functional effects. Results have shown 
that ILipo having an average size of 64.79 nm can encapsulate SR in maximum proportion, and cell association studies have 
shown cationic ILipo and targeting CD133 provide the CSCs binding. Also, FCM analysis of RhoB has demonstrated that 
the ILipo uptake was higher in CD133 + CSCs than in the non-targeted liposomes. ILipo-SR was significantly more toxic in 
CD133 + CSCs compared to the free SR and non-targeted ones. More efficient than Lipo-SR, ILipo-SR improved the reduc-
tion of clonogenicity, stemness, and lipogenesis in CD133 + CSCs in vitro, boosted ROS generation, and induced apoptosis. 
Our study revealed the dual targeting of CD133 and LXR appears to be a promising strategy for targeting CD133 + CSCs-
presenting dynamic metabolism and self-renewal potentials.
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Abbreviations
CSC  Cancer stem cell
CLs  Cationic liposomes
DOPE  Dioleoyl phosphatidylethanolamine
DOTAP  1,2-Dioleoyl-3-trimethylammonium-propane
FASN  Fatty acid synthase
ILipo  Immunoliposomes
LXR  Liver X nuclear receptor
MACS  Magnetic activated cell sorting
SCD1  Stearoyl-CoA desaturase-1

Background

Cancer stem cells (CSCs) are recognized with the ability 
to self-renew, promote tumor metastasis and induce tumor 
recurrences after chemotherapy [1]. Identifying and specific 
targeting of CSCs requires understanding their broader bio-
logical traits such as metabolic pathways [2]. CSCs survival 
demands a highly active metabolic program such as aerobic 

glycolysis and lipogenesis [1, 3]. Lipids play a crucial role 
in CSC propagation and support membrane integrity and the 
function of membrane-localized proteins [2]. Higher levels 
of lipid unsaturation in  ALDH+/CD133+ CSCs related to 
enhanced de novo synthesis of lipids mediated by overex-
pressed fatty acid desaturase Δ9 (or SCD1, stearoyl-CoA 
desaturase-1) [3]. Subsequently, elevated SCD1 contributes 
to the maintenance of cancer cell stemness and induces 
sphere growth and tumorigenesis [3].

As reported in colorectal cancer (CRC), the high-fat diet 
and dysregulated WNT signaling pathway drive malignant 
transformations in  Lgr5+CSCs [4]. On other hand, Liver 
X nuclear receptor (LXR) is a nuclear transcription factor 
activated by oxysterol metabolites to regulate lipid homeo-
stasis [5]. Activated LXR modulates cholesterol uptake and 
de novo lipogenesis which sustains cell proliferation and 
resistance to cellular stress [6]. Therefore, manipulating the 
lipids biosynthesis pathway through modulating the LXR 
signaling pathway could act as a potential strategy to target 
CR-CSCs.
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Nonetheless, the delivery of LXR modulators and elimi-
nation of CR-CSCs demand targeted therapy due to the lack 
of specificity of the administrated drugs and poor-in water 
solubility of such drugs. CD133 as membrane-located glyco-
protein participates in regulating membrane-associated sign-
aling pathways involved in stemness, growth, and even cho-
lesterol hemostasis in solid tumors-associated CSCs [7–9]. 
Therefore, targeting CD133 given the specificity and perfect 
candidates in the development of nanocarrier-based targeted 
therapies. Liposomes are biocompatible nanocarriers that 
hold considerable potential in cancer therapy through sim-
ple loading and chemical conjugates [10]. In this respect, 
liposome-encapsulated paclitaxel (Nano-Taxol) was utilized 
to target metabolic reprogramming in CSCs. Results have 
shown Nano-Taxol effectively suppressed stemness-induced 
the glycolysis switching to oxidative phosphorylation sta-
tus with potent elimination of ovarian CSCs [11]. Off-target 
delivery and low stability clues impair the delivery efficacy 
of simple liposomal formulations which is addressed through 
passive targeting and active targeting to facilitate intracel-
lular transport and delivery of drugs [10, 12]. The decora-
tion of DOX-loaded PEGylated Liposomes with anti-CD44 
antibody [13], or aptamer [14], can simultaneously bind to 
overexpressed CD44 markers on cancer cells and then inter-
nalized DOX into the cytoplasm through receptor-mediated 
endocytosis. Additionally, targeting CD44 and CD133 can 
selectively and specifically target and deliver therapeutic 
agents into solid cancer-associated CSCs [15, 16].

SR9243 (or N-[2-(3-Bromophenyl)ethyl]-2,4,6-trimethyl-
N-[[3′-(methylsulfonyl)[1,1′-biphenyl]-4-yl]methyl]benze-
nesulfonamide) acts as an enzyme-specific inhibitor drug 
that selectively targets and downregulates LXR activity 
through inducing LXR-corepressor interaction and thus, 
modulates LXR-mediated gene expression involved in down-
stream Warburg effect or glycolysis pathway and a variety of 
proteins that regulate lipid metabolism in tumor cells [17]. 
This study aimed to prepare CD133-targeted PEGylated 
ILipo containing LXR reverse agonist SR9243 (ILipo-SR) 
based on that knowledge and then study its effects on the 
growth, stemness, metabolism, and colony formation of HT-
29-isolated  CD133+CSCs in vitro. We hope this work can 
shed light on the development of new ideas and approaches 
to treat CRC based on CSCs targeting.

Materials and methods

Materials

DOTAP (1,2-dioleoyl-3-trimethylammonium-propane) and 
DOPE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine) 
was purchased from Avanti Polar Lipids (Alabaster, AL, 
USA). SR9243 provided by TOCRIS (China). Anti-CD133 

mAb purchased from abcam (ab19898, Cambridge, UK). 
FITC-conjugated anti-human CD133 antibody (Clone: 
AC133; Cat No. 130–113-673), Microbeads against CD133 
and MACS-LS columns purchased from Miltenyi Biotec 
(Germany). RPMI 1640, Fetal Bovine Serum (FBS), Peni-
cillin, Streptomycin, Trypsin–EDTA, and 4′,6-diamidino-
2-phenylindole (DAPI) provided by Gibco (USA). Amicon® 
provided by Millipore (Germany). (3-(4, 5-Dimethylthiazol-
2-yl)-2, 5-Diphenyltetrazolium Bromide (MTT), Rhodamine 
B (RhoB), Phosphate buffered saline (PBS), Dimethyl sul-
foxide (DMSO, 99.9%), and bovine serum albumin (BSA) 
purchased from Sigma-Aldric (USA). Primary and second-
ary HRP-conjugated antibody provided by Santa Cruz Bio-
technology (Santa Cruz, USA). Annexin V-FITC/PI (Pro-
pidium Iodide) and binding buffer provided by Beyotime 
Biotechnology (Shanghai, China). Chamber slides, 6/12/96- 
well plates were purchased from SPL(Korea). HT-29 cell 
line was purchased from the National Cell Bank of Iran 
(NCBI; Pasteur Institute, Tehran).

Preparation and characterization of liposomal 
formulations

Multilamellar vesicles (MLVs) were generated using a tech-
nique based on the established film method and modified 
for low-solubility drugs. Briefly, the lipid entities DSPE-
mPEG-2000 (5% of total solvent), DOPE, and DOTAP cati-
onic lipids (DOPE: DOTAP,1:1 M ratio) were dissolved in 
chloroform and the required amount of SR9243 (SR) (25 µL; 
5 µM) as selected drug added to lipids, and then the sol-
vent evaporated on a rotary evaporator to yield a dry film 
as per the standard lipid film hydration method. The film 
was hydrated with 300 mM of citrate buffer, pH 5.5, to give 
a final drug concentration of 0.2 M as stock solutions. To 
prepare small unilamellar vesicles (SUV), the MLVs were 
subjected to hear force-induced homogenizer (20,000 rpm 
for 20 min at 50–60 °C of bathwater), and probe sonica-
tion for 5–10 sonication cycles (60 s/cycles) with 60 s stop 
time between each sonication cycle using a Bioruptor® Plus 
sonicator at 4 °C to form SR-loaded PEGylated liposomes 
(or Lipo-SR).

The role of DOTAP in the prepared cationic liposomes 
(CLs) was providing cationic lipid nanoparticles, which con-
ducted the electrostatic interaction between the negatively 
charged anti-CD133 mAbs (1 mg/mL, pH 7.4) and cata-
tonic lipid DOTAP to produce modified Immunoliposomes 
(anti-CD133-ILipo) in a post-insertion method. Briefly, the 
anti-CD133 mAbs were added into 5 mL of pre-formulated 
Lipo-SR at a molar ratio of 100:1 (DOTAP/mAbs) to form 
liposomes while being shaken gently for one h at 4 °C. Anti-
CD133 ILipo-SR was obtained following purification by 
dialysis.
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The sizes, zeta potential, and polydispersity index (PDI) 
of Lipo-SR and ILipo-SR were determined by a dynamic 
light scattering (DLS) system using the photon correlation 
spectroscopy (PCS) technique measured on a Malvern Zeta-
sizer Nano-ZS (Malvern Instruments Ltd., UK). Using the 
cuvettes supplied by Malvern, 100 μL of the sample was 
diluted by freshly filtered hydration phase (i.e., 1:100 v/v 
PBS or  dH2O) up to 1 mL, and the zeta potential, vesi-
cle size, and PDI were measured at 25 °C. Furthermore, 
to investigate the morphology and core–shell structure of 
prepared nanocarriers, transmission electron microscopy 
(TEM) was used (Zeiss NEO-906, 100 kV Germany).

Entrapped SR assay

The amount of SR entrapped in the liposomal nanoparti-
cles was determined by filtering the formulation through 
Amicon centrifugal tubes (30 K) for 3000 rpm 10 min to 
remove the free drug not bound to liposomes. After dialysis, 
free drugs not bound to liposomes were analyzed using UV-
HPLC (Knauer, Germany) to calculate drug unloading at the 
258 nm wavelength for SR. A Luna 5 μ C8, 40 mm × 4.6 mm 
100 A, Phenomenex column was used to for HPLC separa-
tion using acetonitrile (ACN) and water (80:20 v/v) as the 
mobile phase was run at 1 mL/min and the absorbance was 
read at 258 nm. Standard calibration curves of the drug were 
used to calculate free drug not bound to liposomes.

Cell culture, MACS, and characterization of isolated 
cells

Human colorectal adenocarcinoma cell line HT-29 was 
cultured in RPMI 1640 medium supplemented with 10% 
v/v FBS, 100 IU/mL Penicillin, and 100 μg/mL Strep-
tomycin. In the current experiment, CSCs were enriched 
based on stemness surface marker CD133 using MACS 
(Magnetic Activated Cell Sorting) according to the man-
ufacturer’s instruction [5]. In short, the adherent HT-29 
cells at 70–80% confluency were harvested using 0.25% 
trypsin–EDTA and washed twice with PBS. The nonspe-
cific binding sites were blocked with 1% BSA. To isolate 
 CD133+ cells, HT-29 cells (30 ×  106) were incubated with 
100 µL of microbeads against CD133 at 4 °C for 20 min on 
a rotator. After that, cells were washed with PBS contain-
ing 1% BSA and passed through the LS column. Soon after 
enrichment,  CD133+ cells were collected as primary CSCs 
for subsequent studies. To confirm the purity of enriched 
CSCs, we performed flow cytometry (FCM) assays of 
CD133. The LS-enriched cells were washed twice with 
PBS and incubated with 10 µL of the FITC-conjugated 
anti-human CD133 antibody at 4 °C for 30 min. Then, 
cells were washed twice with PBS, resuspended in PBS, 
and analyzed using a FACSCalibur flow cytometer (BD 

Bioscience, USA) and FlowJo software (version 7.6.1). 
The purity of cells expressing CD133 was compared with 
control HT-29 cells before the MACS procedure.

Cellular binding of FITC‑CD133 mAbs‑targeting 
Liposomes

Specific binding of Immunoliposomes to sorted  CD133+ 
CSCs and pre-MACS HT-29 cells was performed using 
fluorescence microscopy. The CSCs were seeded in 8 
well chamber slides for 24 h, and then treated with FITC-
CD133 mAbs-conjugated ILipo (with or without SR) and 
incubated for 15 min at 37 °C. After being washed three 
times with PBS, the treated cells were treated with 2% 
cold paraformaldehyde for 15 min, stained with DAPI for 
10 min at 25 °C in a dark room, and finally, examined 
using a fluorescence microscope. Moreover, the binding of 
anti-CD133 Ab to the surface of liposomes was evaluated 
using the silver staining method as reported previously 
[18].

In vitro cellular uptake assay

FCM study assessed Lipo and ILipo uptake. The lipid 
composition and hydration step are similar to Lipo-SR 
preparation for fluorescent liposomes. For this purpose, 
the formulations were prepared without drugs, containing 
the fluorescent lipid core marker, RhoB, encapsulated at 
0.5% v/v. To separate the free RhoB from entrapped RhoB, 
a purification process was applied using an Amicon® tube 
(Ultra‐30 kDa molecular weight cut‐off membrane). The 
fluorescent liposomes were placed into the upper cham-
ber of Amicon® Falcon and centrifuged at 3000 rpm for 
15 min. Unloaded RhoB molecules were passed through 
the filter and gathered in the lower chamber of the Amicon 
tube. The upper chamber that comprised pure fluorescent 
liposomes was diluted with PBS and then centrifuged three 
times again to ensure the total removal of non-entrapped 
RhoB from the nanoparticles. To prepare ILipo-RhoB, 
anti-CD133 mAbs were conjugated by the same procedure 
used for conjugation in ILipo-SR. After that, the  CD133+ 
CSCs were seeded 2 ×  105 cells/well in 12‐well plates and 
incubated at 37 °C in 5% CO2 for 24 h. After that, cells 
were treated with fluorescent RhoB‐loaded Lipos and 
ILipo for 1, 2, 4, 8, 12, and 24 h.; they were washed twice 
with sterile PBS and collected by centrifugation, and fol-
lowed by being resuspended in 500 µL PBS. Finally, the 
quantitative cellular uptake of the formulations was ana-
lyzed using the FACSCalibur flow cytometer (BD Biosci-
ence, USA) and FlowJo software (version 7.6.1).
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Cell viability assay

The effect of free SR, Blank Lipo, Lipo-SR, and ILipo-SR 
was determined on CSC viability by a colorimetric assay 
using MTT. Briefly, 1.5 ×  104 CSCs resuspended in a cul-
ture medium enriched with 2% FBS and transferred onto 
each well of 96-well plates. After 24 h, cells were exposed 
to various concentrations of formulated SR (50–500 nM). 
After completing the treatment protocol for 48 h, 50 µL 
of MTT (2 mg/mL) solution was added to each well and 
incubated for the next 4 h. Thereafter, the culture medium 
was removed and replaced with 200 µL DMSO solution. 
Finally, the absorbance value was measured at 630 nm 
using a microplate reader (BioTeK Instruments, USA). The 
data was analyzed, and the  IC50 value was obtained using 
GraphPad Prism software (Version 9.0.0).

Western blot analysis

To study the impact of different SR preparations on CSC 
metabolism and stemness, we used WB to analyze rel-
evant genes expression in  CD133+ CSCs. Following the 
completion of cell treatment Blank Lipo/Lipo-SR/ILipo-
SR, CSCs were lysed in a protein extraction buffer com-
posed of 25 mm HEPES, 1% Triton X-100, 2 mM EDTA, 
0.1 M NaCl, 25 mM NaF, 1 mM Sodium Orthovanadate 
and protease cocktail inhibitor (Roche) on ice for 30 min. 
Cell lysates were centrifuged at 12,000 g for 20 min at 
4 °C. Then, the total protein concentration of superna-
tants was measured using Nanodrop®. The samples were 
electrophoresed by 12.5% SDS-PAGE and transferred to 
PVDF membrane. A 5% skim milk solution was used to 
block nonspecific binding sites. In this study, membranes 
were incubated with primary antibodies at 4 °C overnight. 
An appropriate secondary HRP-conjugated antibody was 
applied for 1 h at room temperature. Finally, immunoreac-
tive bands were detected by using ECL reagent (BioRad). 
The density of each band was determined using ImageJ 
software (ver. 1.4).

Clonogenicity assay

The colony formation assay was performed to investigate the 
effect of the Blank Lipo, Lipo-SR, and ILipo‐SR on the clo-
nogenicity of  CD133+CSCs. That, 1 ×  103 CSCs/well cells 
were seeded in a six‐well plate after 24 h incubation. They 
are treated with mentioned formulations based on their  IC50 
obtained by MTT assay. Following 14 days of culture, the 
colonies were stained with crystal violet 2% for 15 min, and 
then photographed. They were counted manually and plotted 
as the number of colonies.

Intracellular ROS assay

The reactive oxygen species (ROS) level was evaluated using 
2′, 7′-dichlorofluorescein diacetate (DCFH-DA) staining and 
FCM assay. In brief, 1 ×  106  CD133+CSCs were seeded in 
6-well plates and treated with blank Lipo, free SR (113 nM), 
Lipo-SR (87 nM), ILipo-SR (43 nM), and hydrogen perox-
ide  (H2O2) as a positive control. After 48 h, CSCs were incu-
bated with 10 µg/mL of DCFH-DA for 60 min. After that, 
cells were trypsinized, washed, and resuspended in PBS. 
Finally, the FCM assay used 1000 events per sample using 
Fl2-H band-pass filter (FITC). The data were analyzed by 
FlowJo software (ver. 7.6.1), and the fluorescence intensity 
of the treatment groups was compared to each other.

Apoptosis assay

The percent of apoptotic CSCs was determined after LXR 
inhibition via FCM analysis of Annexin V-FITC/PI double 
staining assay. After 48 h treatment with Blank Lipo, free 
SR, Lipo-SR, or ILipo-SR, cells were collected and washed 
twice with PBS, and resuspended in binding buffer at 4 °C 
for 20 min followed by incubation in 10 μg/mL Annexin 
V-FITC that targets PS (phosphatidylserine) molecules pre-
sent on the outside layer of apoptotic cell membranes and 
5 µL of PI. This fluorescent DNA intercalant molecule stains 
nuclear DNA when cells undergo late apoptosis/necrosis. 
CSCs were incubated at 4 °C for 20 min and then washed 
in 2 mL of binding buffer. CSCs were then centrifuged and 
the cell pellet was resuspended in 500 µL of binding buffer. 
The percent of apoptotic CSCs was determined using the BD 
FACSCalibur and FlowJo software (ver.7.6.1).

Statistics

Statistical evaluation was performed through one-way 
and two-way ANOVA. All data are expressed as the 
mean ± standard deviation (SD) unless otherwise noted. A 
value of p < 0.05 was considered statistically significant.

Results

Liposome’s characterization

According to DLS analysis, the PDI, particle size and 
zeta potential value of Lipo-SR were 0.25, 62.79  nm, 
and + 26 mV, respectively (Fig. 1a-b). DLS analysis reported 
the PDI, hydrodynamic diametric, and zeta potential value 
of ILipo-SR 0.49, 64.79 nm, and + 22.1 mV, respectively 
(Fig. 1d, e). The IgG Ab like anti-CD133 mAb bears nega-
tive charges in PBS buffer (pH 5) [19], therefore, it is pre-
sumable the ILipo would have more negative surface charges 
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than normal Lipo, and a reduction of the positive charge 
of Lipo-SR from + 26 to + 22.1 mV in ILipo-SR indicated 
the effect of negatively charged anti-CD133 mAbs on cata-
tonic lipid DOPE, and thus, confirmed the occupancy and 
presence of conjugated anti-CD133 mAbs on the surface 
of Lipo-SR to produce CD133-ILipo. However, there were 
no significant differences in average particle sizes between 
Lipo-SR and ILipo-SR. Furthermore, TEM also revealed 
that prepared nanoparticles had liposomal morphology and 

confirmed formulations size reports ensuring that CD133-
ILipo had the acceptable size for drug delivery (Fig. 1c). 
Silver staining demonstrated the binding of antibody to 
liposomes (Fig. 1f), and then, UV-HPLC analysis showed 
any absorbance of free drug not bound to liposomes SR 
at 258 nm, which indicated full encapsulation of SR into 
liposomal formulation as an expected duo the very small of 
used SR in compares to used lipid components that used in 
liposomal structure (Fig. 1g).

Fig. 1  DLS obtained particle size and zeta potential for Lipo-SR (a-
b) and ILipo-SR (d, and e). TEM results of prepared nanostructured 
ILipo-SR (c). Silver staining result of anti-CD133 mAbs and ILipo 
(f). Loading study of the SR9243 (SR) by analysis of the absorp-
tion of free SR in unloaded liposomes at 258  nm using UV-HPLC 

chromatogram (g). The chromatogram of standard (dark blue) and 
unladed SR-liposomes (pale blue) after filtering the formulation 
through Amicon centrifugal tubes. DLS, dynamic light scattering; 
ILipo, Immunoliposomes; Lipo, liposomes; SR, SR943; TEM, trans-
mission electron microscopy (Color figure online)
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FCM confirmed the purity of MACS‑isolated CSCs

CD133 is a potentiated stem cell marker within the most typ-
ical future of colon carcinoma [20], and thus, we performed 
MACS analysis to enrich CSCs from the human HT-29 cell 
line (Fig. 2a) through applying specific anti-CD133+ anti-
bodies. Then, FCM was performed to confirm the purity 
of CSCs. Direct quantification of the  CD133+ cell popula-
tion revealed that about 98.7 ± 4.2% of MACS-isolated cells 
expressed  CD133+ surface marker (Fig. 2b), showing that a 
large proportion of enriched cells exhibited CSC-like phe-
notype (Fig. 2c). These data showed the successful isolation 
and identification of CSC subpopulation from total HT-29 
cells.

Anti‑CD133 mAb mediated CSCs recognition 
and uptake of RhoB by targeted liposomes

The conjugation of anti-CD133 mAb to the surface of 
PEGylated liposome and produced ILipo was detected by 
FITC-conjugated anti-human CD133 antibody and fluores-
cence microscopy. The negative control (i.e., CD133 LE 
HT-29 cells) showed no detectable binding of FITC-CD133-
ILipo fluorescence intensity afterv15 min (Fig. 3a), however, 
as shown in Fig. 3b coupled anti-CD133 mAbs cause the 
ILipo to bind selectively to CD133 overexpressed CSC anti-
gens after 15 min, which leads to increased uptake and deliv-
ery of FITC-CD133-ILipo to the target cells. Meanwhile, 
 CD133+CSCs displayed a high affinity for the CD133 anti-
body coupled to the nanocarrier, with a significant increase 
in fluorescent intensity, compared with pre-MACS HT-29 
cells.

Liposomal targeting with mAbs able to increase the 
uptake by cells overexpressing the related receptor. In the 
present work, the cellular uptake of Lipo and ILipo was 
evaluated at 1, 2, 4, 8, 12, and 24 h in pre-  CD133+CSCs 
(or cells with high expression (HE) of CD133 marker). As 

expected, the results showed significantly higher uptake of 
the ILipo-RhoB in the  CD133+CSCs compared to the non-
targeted Lipo-RhoB (p < 0.05–0.0001), and was noticeable 
even after 2 h, increasing over time (Fig. 3c). Moreover, 
nanocarriers uptake was time-dependent, the cell uptake 
increased over time of incubation in MACS-enriched 
 CD133+CSC-like cells CSCs, both for the Lipo-RhoB and 
for the ILipo-RhoB (Fig. 3c). These results indicated the bet-
ter uptake of ILipo by the  CD133+ cell line and emphasize 
the conjugation of anti-CD133 mAbs as the ligand on the 
surface of ILipo can specifically lead to increased coupling 
of ILipo-RhoB/SR to CD133 on CSCs, and subsequently 
increased their cellular uptake.

Liposomal SR formulations reduced the CSCs 
viability

CSCs are resistant to anti-proliferative chemotherapeutic 
agents [10], and enriched CR-CSCs were tested for their 
metabolism and growth inhibition by various liposomal SR 
(an LXR antagonist) formulations. Increased growth inhibi-
tory effect in CR-CSCs was achieved by encapsulating SR 
in Lipo and more so in CD133-targeting ILipo in a dose-
dependent manner (Fig. 4). According to our data, the Lipo-
SR (~ 58 nM in  IC50 value) and CD133-targeting ILipo-SR 
(~ 37 nM in  IC50 value) showed the 1.3- and 2.63-fold higher 
cytotoxicity than free SR (~ 79 nM in  IC50 value) on HT-29 
CSCs, respectively (Fig. 4). This is presumably due to the 
increased solubility and delivery of poorly water-soluble 
SR9243 (i.e., liposomal SR formulations vs. free SR) into 
CSCs. We selected  IC50 values for subsequent analyses.

Liposomal SR modulated the metabolic 
and stemness phenotypes of CSCs

The reprogrammed lipogenesis contributes to CSCs’ 
survival, metabolism, and stemness [1, 3]. Here, we 

Fig. 2  CD133 + cancer stem-like cells (CSCs) were enriched from human HT-29 cell line (a) using magnetic activated cell sorting assay 
(MACS), and then FITC-conjugated anti-CD133 antibody and flow cytometry analysis was used (b) to assay the purity of isolated cells (c)
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investigated whether LXR inhibition could alter the pro-
tein expression of lipogenesis SCD1 and FASN (fatty acid 
synthase) enzymes, the β-catenin factor of WNT pathway 
(presenting maintenance and propagation of CSCs), and 
NANOG, ALDH1 (aldehyde dehydrogenase 1), SOX2 
(SRY box-containing gene-2), and OCT 3/4 (octamer-
binding transcription factor 3/4) biomarkers presenting 

self-renew and stemness phenotype of CSCs. Here, we 
showed that incubation of CSCs with Lipo-SR and ILipo-
SR diminished the protein level of SCD1 after 48 h, com-
pared to Blank Lipo-treated CSCs (Fig. 5). Also, incuba-
tion of CSCs with ILipo-SR decreased the protein level 
of FASN and β-catenin compared to Blank Lipo-treated 
CSCs. Nonetheless, protein levels of FASN and β-catenin 

Fig. 3  Fluorescence microscopy 
imaging of FITC-CD133-ILipo 
binding to CD133 LE and HE 
cells after 15 min, respectively 
(a-b). Flow cytometry analysis 
of cellular uptake of RhoB 
labeled ILipo after 1–24 h 
of incubation. Histogram 
of CD133 + cells that were 
treated with different liposomal 
formulations of Lipo-RhoB and 
ILipo-RhoB. Data represent 
mean ± SD (n = 3). DAPI, 4′, 
6-diamidino-2-phenylindole. 
HE, high expression, LE, low 
expression; Lipo, liposomes; 
RhoB, Rhodamine B
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were not altered after CSCs were exposed to non-targeted 
Lipo-SR. Calling attention, the ILipo encapsulating SR led 
to a much more significant reduction of the protein levels 
of stemness biomarkers (ALDH1, NANOG, SOX2, and 
OCT4) compared with Blank Lipo- and Lipo-SR- treated 
CSCs after 48 h (Fig. 5). These data showed that LXR 
inhibition especially when selected drug delivered by 
anti-CD133 mAb-coated ILipo could decrease the protein 

levels of factors associated with lipogenesis, survival, and 
stemness.

Lipo‑SR and ILipo‑SR reduced clonogenic capacity 
in CSCs

According to the negative effects of Lipo-SR and ILipo-
SR on CSCs growth and viability (Fig. 4), and reduction 

Fig. 4  In vitro CD133 + CSCs 
cytotoxicity of free SR and SR 
formulations at various concen-
trations (mean ± SD, n = 3) after 
48 h using MTT assay involving 
absorbance. Data confirmed 
a dose-dependent activity of 
liposomal formulations on HT-
29-isolated CSCs

Fig. 5  Protein levels of SCD1, FASN, β-catenin, SOX-2, OCT 3/4, 
NANOG, and ALDH1 were determined by western blotting in CSCs 
after incubation with Blank Lipo, Lipo-SR, and ILipo-SR at their 

IC50 concentration for 48  h. LXR inhibitory SR9243(SR)-loaded 
liposomal formulations reduce factors associated with lipogenesis, 
WNT pathway, and stemness in CD133 + CSCs
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of stemness markers-supporting colony formation (Fig. 5), 
we investigated whether LXR inhibition using both free SR 
and Lipo-formulated SR could modulate the clonogenic 
capacity of CSCs. Based on data (Fig. 6a), the incubation of 
CSCs with the free SR, Lipo-SR, and ILipo-SR significantly 
decreased the number of colonies after 48 h compared with 
the control, Blank liposomes (p < 0.001). In addition, the 
encapsulation of SR by liposomes and Immunoliposomes 
led to a much more significant reduction of colony formation 
compared with free SR (p < 0.001). Taken together, these 
data showed that inhibition of LXR suppressed clonogenic 
capacity and malignancy of CSCs.

Liposomal SR encapsulation increased ROS content 
in CSCs

We investigated whether targeting LXR could alter the 
ROS content by using DCFH-DA-based FCM assay after 
treatment of CSCs with  IC50 concentration of free SR and 
nano-formulations. Compared to the Blank Lipo, increased 
fluorescence intensity was indicated in CSCs free treated 
with free SR and SR-loaded Lipo/ILipo; showing the inhibi-
tion of LXR resulted in the accumulation of ROS in CSCs 
(p < 0.0001) (Fig. 6b). Compared to the free SR, CD133-
targeting ILipo-SR more promoted ROS generation in CSCs 
after 48 h of treatment (p < 0.05). However, no significant 

differences were observed between the fluorescence intensity 
in free SR, and Lipo-SR treated CSCs groups (p > 0.05). 
Also, no significant differences were observed between the 
fluorescence intensity in Lipo-SR and ILipo-SR treated 
CSCs (p > 0.05) (Fig. 6b). These results suggest that both 
free and liposomal formulations of SR can induce ROS gen-
eration, and delivery of SR using ILipo conjugated with anti-
CD133 antibodies exerting more ROS accumulation which 
could hamper the survival of  CD133+ CR-CSCs.

Liposomal SR formulation promoted apoptosis 
in CSCs

Apoptotic effects of SR-encapsulated liposomes and CD133-
targeting Immunoliposomes were tested on CR-CSCs by 
FACS and compared with other SR formulations including 
free SR and blank liposomes. Empty liposomes showed a 
very low cytotoxic effect (or early apoptosis) (5.42%), which 
might duo the cytotoxic component that is used in a liposo-
mal structure (Fig. 7). Results showed that free SR induced 
early apoptosis (50.2%), and late apoptosis (5.67%) of the 
CSCs. More than free SR, the Lipo-SR induced early apop-
tosis (50.2% vs. 55.9%), while lower than free SR, Lipo-SR 
induced late apoptosis (5.67% vs. 1.26%) of the CSCs in 
a concentration-dependent manner. As indicated, the per-
centage of early apoptosis of CSCs by ILipo-SR slightly 

Fig. 6  a Free SR and SR-loaded liposomes suppressed clonogenicity 
in HT‐29 CSCs. The number of colonies was significantly decreased 
(p < 0.001) in six-well plates after treatment with free and SR-loaded 
liposomes/Immunoliposomes in their IC50 value, compared to the 
control group (or blank Lipo). b FCM assay of ROS in CSCs after 
being treated with SR-loaded Lipo formulations. DCFH-DA assay 

showed significant increases in fluorescence intensity in CSCs after 
exposure to 79  nM free SR, 58  nM Lipo-SR and 37  nM ILipo-SR, 
indicating increased ROS content after the liposomal formulation of 
LXR inhibitor (SR, SR9243). MFI, mean fluorescence intensity; ns, 
non-significant. The data represent mean ± SD (n = 3) SD, standard 
deviation; *p < 0.05, ***p < 0.001, and ****p < 0.0001
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increased compared with that by free SR (65.3% vs. 50.2%) 
and Lipo-SR (65.3% vs. 55.9%) (Fig. 7). These results mir-
rored results from the MTT assay (Fig. 4), and indicate 
that the free SR and Lipo-SR can induce apoptotic cell 
death in  CD133+CSCs. This effect is intensified by using 
Immunoliposomes.

Discussion

CSCs exhibit tumor-promoting properties such as drug 
resistance, dormancy, recurrence, and metastasis [10, 21, 
22]. Cancer therapy using chemo agents encountered non-
specific delivery/action, uncontrollable drug concentration 
at the tumor site, and poor solubility [23]. Target-directed 
liposomes are the most promising to overcome the drug 
limitation [24], and CD133 is a CSC-surface biomarker 

that can maintain CSCs in an undifferentiated state [8]. 
Therefore, MACS technology enriched  CD133+CSC-like 
phenotype in high purity as the target cells to increase 
the efficacy of liposomal drug delivery. Moreover, LXR 
activation can upregulate the transcription of target genes 
participating in lipogenesis and stemness, [5, 25–27], and 
thus, using LXR reverse agonist SR9243 (SR)-loaded 
PEGylated Immunoliposomes (ILipo-SR) should be a suit-
able candidate to suppress CSCs tumorigenesis. Indeed, 
tumor cells display high metabolic activity (i.e., glycoly-
sis and lipogenesis) with high LXR activity and SR9243 
has the potential to downregulate the LXR expression and 
reduce SREBP-1c-, FASN- and SCD-driving metabolic 
activities in tumor cells. LXR inverse agonist SR9243 
induces interactions between LXR and co-repressors and 
thus, inhibits the transcription of target genes by LXR 
[17].

Fig. 7  FACS analysis to determine the apoptotic effect of free SR 
and SR in various liposomal formulations in isolated CSCs. The per-
centages of the early apoptosis and total cell death slightly increased 
through Lipo encapsulation of SR, and targeting CD133 using ILipo-
SR led to a much greater enhancement in apoptosis-derived CSCs 

death. Live CSCs were considered as Annexin V neg/PI neg events. 
CSCs in early apoptosis were considered as Annexin V + /PI − . CSCs 
in late apoptosis were considered as Annexin V + /PI + and, finally, 
necrotic CSCs were considered as Annexin V − /PI + 
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In the present study, the designed Lipo or ILipo showed 
full encapsulation of SR, indicating that the encapsulation 
efficiency increased at nanomolar concentrations of SR, 
and functionalization of liposomes with anti-CD133 mAb 
did not interfere with SR loading. DLS analysis showed 
the Lipo-SR/ILipo-SR average diameter of approximately 
63.79 nm, which was revealed to be suitable and practical 
for drug delivery. The surface morphologies of Lipo-SR and 
ILipo-SR investigated by TEM revealed a uniform spheri-
cal shape. Both of Lipo-SR and ILipo-SR showed positive 
zeta potential, but compared to Lipo-SR, the zeta poten-
tial of ILipo-SR is lower, confirming that the anti-CD133 
mAbs conjugation have slightly modified the surface charge 
of ILipo-SR. The non-significant differences between the 
size and zeta of Lipo-SR and ILipo-SR are consistent with a 
study that has shown the incorporation of the peptide antigen 
did not influence the size and zeta potential results of CLs 
[28]. Notably, CLs are water solubility and their flexibility 
and high cationic charge density provide their interaction 
with negatively charged cancer cell surfaces and improve 
their cellular binding as well uptake into target cells [29]. 
Nonetheless, CLs can induce protein corona resulting in 
their rapid clearance in vivo [30], that conjugated anti-
CD133 mAbs and the stealth effect produced by mPEG-2000 
can reduce exposed charges to extend storage stabilities or 
improve the circulation time in the body. In addition, DOPE-
containing CLs presented a neutral charge at physiologi-
cal pH, which improved their circulation and reduced their 
toxicity [30].

Besides ionic interaction, the specific overexpression 
of cell surface antigen selected ligand plays a critical role 
in immunoliposomal therapy [10, 31]. The binding ability 
of CD133-ILipo is positively related to the CD133 expres-
sion level on HT-29 cells in vitro, and we indicated that the 
binding of anti-CD133 mAb-FITC to CD133 antigen lead to 
enhancement of the cellular binding, and subsequently led 
to significantly increased endocytosis and uptake of ILipo-
RhoB in  CD133+CSCs. Moreover, the interaction between 
the cationic DOTAP and endosomal/lysosomal membranes-
anionic molecules increased their permeability and thus can 
contribute to the release of drugs at low pH [32].

More efficient than Lipo-SR and free SR, the ILipo-
SR induced cellular toxicity and inhibited the CSCs pro-
liferation at lower concentrations with acceptable safety 
profiles. Compared to differentiated cancer cells, glioblas-
toma CSCs (GSCs) [33] and  CD133+CR-CSCs [34] exhib-
ited higher lipogenesis, and we showed the dual targeting 
of the CD133 and LXR pathway using ILipo-SR reduced 
the expression of lipogenesis FASN and SCD-1 enzymes 
in  CD133+CR-CSCs. Inhibition of lipogenesis resulted in 
reducing the expression of stemness-driving factors includ-
ing β-catenin, ALDH1, NANOG, SOX2, and OCT4, which 
is resealable results as FASN and SCD-1 play pivotal roles 

in the maintenance of stemness in  CD133+GSCs, ovarian 
 ALDH+/CD133+CSCs, and lung  ALDH1A1+TICs (tumor-
initiating cells) [3, 33, 35].

Stemness, active de novo lipogenesis, and high levels of 
lipid droplets are distinctive marks of  CD133+GSCs and 
 CD133+CR-CSCs [33, 36], thus, inhibition of those proper-
ties upon LXR suppression using both free and liposomal SR 
formulations lead to a decrease in CSC clonogenicity and 
self-renewal capacity. Moreover, cholesterol synthesis as an 
active metabolic pathway promotes the sphere-forming cells 
[37], and therefore, targeting LXR signaling as a regulator of 
cholesterol biosynthesis could be decreased colony forma-
tion in CSCs, as we indicated. Fatty acid metabolism main-
tained ROS at a minimum level in human stem cells [38], 
and targeting LXR as a regulator of lipogenesis is expected 
to enhance ROS generation in  CD133+CSCs as an FCM 
assay confirmed this result. Moreover, Nanog-silenced TICs 
promoted the accumulation of ROS and reduced spheroid 
formation [39, 40], consistent with this study that reduc-
tion of CSC stemness factor enhanced ROS production and 
reduced colony formation.

Finally, the FCM assay indicated that targeting the 
LXR pathway induced early apoptosis in CSCs. This event 
enhanced upon encapsulation of SR in Lipo and ILipo, 
while late apoptosis was reduced. The low ROS niche and 
active lipogenesis support the stemness and self-renewal 
capacity of CSCs [6, 33], and induced apoptosis could be 
explained by produced ROS and inhabited cell metabolism 
and stemness. SR9243 downregulated the fatty acid synthe-
sis as well as intracellular fatty acid content and thus, caused 
membrane structural function disruption and apoptosis 
induction in cancerous cells [41]. SR9243 also induced the 
PPP1R15A expression, which promoted apoptosis by induc-
ing the phosphorylation of TP53 [42]. Moreover, the SCD-1 
downregulation leads to induction of palmitic acid-induced 
toxicity and unfolded protein response in the endoplasmic 
reticulum, and also an increase in membrane-saturated fatty 
acids-inducing apoptosis [43]. In summary, according to our 
cellular association studies, more efficient than free SR and 
Lipo-SR, the internalized ILipo-SR has shown potentially 
exerted their anticarcinogenic properties through modula-
tion LXRs activity as well downstream events. There are 
some limitations in this study that demand more evaluation 
of ILipo-SR anticancer effects on the CSC-xenographted 
model, as in vitro experiments cannot be fully used to predict 
the behavioral changes of nanoparticles in vivo.

Conclusion

Herein, we developed an ILipo-SR delivery system. Results 
conformed dual targeting of CD133 as a stem biomarker, 
and the LXR signaling pathway as a regulator of lipogenesis 
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could alter the activity of CR-CSCs. According to the FCM 
assay, more effective than non-targeted liposomes, recep-
tor-ligand interaction improved the cell binding and uptake 
of ILipo. The biological cell culture studies demonstrated 
cationic ILipo encapsulating SR significantly reduced CSCs 
tumorigenesis and induced apoptosis in  CD133+CSCs 
in vitro. In conclusion, these results suggest that anti-CD133 
mAb-conjugated PEGylated ILipo-SR can be considered a 
potential platform to target CD133 antigen and metabolic 
program of CSCs, and could be investigated in further 
in vivo drug delivery evaluations.
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