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Background: BF211, a derivative of bufalin (BF), shows significantly improved solubility 
and potent antitumor efficiency compared to BF. Unfortunately, the unwanted toxicity such 
as cardiotoxicity caused by unspecific distribution has hindered its clinical use.
Methods: PEGylated BF211 liposomes (BF211@Lipo) were designed and optimizely pre-
pared based on the pre-prescription research. In vitro and in vivo cardiotoxicity was 
evaluated. In vivo pharmacokinetics and biodistribution of BF211@Lipo were investigated. 
In vivo antitumor activity and toxicity were evaluated in HepG2 cell xenograft models. The 
rapid-release triggered by Poloxamer 188 (P188) was assessed in vitro and in vivo.
Results: The optimized BF211@Lipo displayed a spherical morphology with a size of 
(164.6 ± 10.3) nm and a high encapsulation efficiency of (93.24 ± 2.15) %. The in vivo 
concentration–time curves of BF211 loaded in liposomes showed a prolonged half-life in 
plasma and increased tumor accumulation. No obvious abnormality in electrocardiograms 
was observed in guinea pigs even at 9 mg/kg. Moreover, to improve the efficient release of 
BF211@Lipo, a surfactant-assisted rapid-release strategy was developed, and the release- 
promoting mechanism was revealed by the fluorescence resonance energy transfer (FRET) 
and fluorescence nanoparticle tracking analysis (fl-NTA) technology. Sequential injection of 
BF211@Lipo and P188 could ignite the “cold” liposomes locally in tumor regions, facilitat-
ing the burst release of BF211 and enhancing the therapeutic index.
Conclusion: Our progressive efforts that begin with preparation technology and dosage 
regimen enable BF211 to like a drug, providing a promising nano platform to deliver the 
cardiac glycosides and alleviate the side effects by decreasing unspecific biodistribution.
Keywords: bufalin derivative, liposome, rapid-release, antitumor, cardiotoxicity

Introduction
Bufalin (BF) is one of the key active components of the traditional Chinese medicine 
ChanSu, which is derived from secretions from the skin and parotid venom glands of 
Bufo gargarizans Cantor or Bufo melanostictus Schneider.1 As a typical representative 
of cardiac glycosides, BF recently has been found to have substantial anticancer 
activity.2 However, the poor solubility and severe side effects hampered its extensive 
clinical use.3 BF211 is a derivative of BF, which has previously been synthesized and 
commonly used as hydrochloride. BF211 exhibited significantly improved solubility 
(increased from 10 μg/mL to 2500 μg/mL) and stronger cytotoxicity against cancer 
cells than BF, eg, the half maximal inhibitory concentration (IC50) of BF211 against 
the human liver hepatocellular carcinoma cell-line HepG2 was 18-fold lower than that 
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of BF.4 The underlying anticancer mechanisms mainly 
involved proliferation inhibition through the activation of 
signaling cascades downstream of the Na+/K+-ATPase 
signalosome,5 and apoptosis induction through the down-
regulation of cyclin A, Bcl-2 and Bcl-xL.6,7 Unfortunately, 
its side effects, particularly cardiotoxicity, have not yet been 
subdued (Figure 1A).

Liposomes are considered an effective method to 
improve the therapeutic efficacy and reduce the toxicity 
owing to their biocompatibility, prolonged blood circulation 
time and target-oriented delivery of precise medicines.8 The 
clinical performance of Doxil®, which was the first FDA- 
approved liposomal doxorubicin (Dox) in 1995, against 
various malignant tumors is superior to that of free Dox 

accompanied by the improved overall patient compliance.9 

Of all the submissions to the FDA for nanodrug products 
(1973–2015), liposomes were the most prevalent category 
(33% of drug products), demonstrating enduring attraction 
and development value.10 Hence, liposome formulation of 
BF211 was proposed to diminish its cardiotoxicity and 
enhance its therapeutic effect.

To realize the clinical transformation of liposomal 
drugs, sufficient and stable drug loading into liposomes 
is an obligatory requirement. In most cases, owing to the 
extremely limited space of liposomes, remote (active) 
loading of drugs may be the only approach to achieve 
a high drug concentration.11 Remote loading uses an ion 
gradient as the driving force for guiding drugs into 

Figure 1 Schematic representation of liposomal BF211 and surfactant-assisted rapid release technologies for enhanced antitumor efficacy and reduced cardiotoxicity. (A) 
The evolution of bufalin derivatives from natural active ingredients through chemical modification. BF211 manifests the improved solubility and the remaining cardiotoxicity. 
(B) Stealth liposomal BF211 (BF211@Lipo) fabricated based on the Quality by Design (QbD) strategies for the prolonged blood circulation time and reduced cardiotoxicity. 
(C) Sequential injection of BF211@Lipo and P188 achieves surfactant-assisted rapid-release of liposomes, further boosting the anti-tumor efficiency.
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prefabricated liposomes, and it is suitable for amphipathic 
weak acids or bases.12 BF211 is an amphipathic weak base 
that can be ionized and charged or nonionized and 
uncharged at a certain pH, accompanied by a change in 
water solubility4 (Figure 1). Drug loading can be achieved 
through a base exchange of the weak base BF211 with 
a transmembrane ion gradient, eg, ammonium ions.13

Another challenge for liposomes is the insufficient 
effective drug concentration at tumor sites and the unsa-
tisfactory clinical efficacy due to deficient drug release 
from liposomes.14 Although the systemic injection of lipo-
somes results in increased tumor accumulation through the 
enhanced permeability and retention (EPR) effects, 
a considerable proportion of drug-containing liposomes 
remain inactive in the tumor interstitial space. Intact lipo-
somes are reported to move only 3 to 5 cells away from 
vascular regions;15 therefore, the cellular uptake and pene-
tration of intact liposomes is restricted until the drug is 
released in the free form.16 Accumulating evidence indi-
cates that surfactants can affect the integrity and stability 
of lipid bilayers in different ways. Conventional anionic 
surfactants can make bilayers collapse and remove them 
from the surface, while nonionic surfactants are able to 
insert into and gradually replace lipid bilayers. The pertur-
bance of surfactants into lipid bilayers often increases the 
permeability of these membranes, leading to the acceler-
ated release of liposomal compounds.17

In this paper, for the first time, the developmental 
details of liposomal BF211 were disclosed, including 
formulation and process optimization, improvement of 
cardiac toxicity, pharmacokinetics (PK) and tissue distri-
bution results in animal models, and in particular the 
advantages of antitumor pharmacodynamics over the 
BF211 solution and the commercially available Dox lipo-
somes. In addition, the assembly behavior and morphol-
ogy characteristics of BF211 in different solution 
environments were presented, and the existence form of 
the drug in liposomes was studied. Furthermore, in view 
of the problem of insufficient release of liposomes, 
a surfactant-assisted liposome release technology was 
developed, and the release-promoting mechanism was 
studied by FRET technology, demonstrating the correla-
tion between release promotion and activity improve-
ment. The outcome of this study highlights the potential 
of liposomal BF211 for antitumor treatment and supports 
the further clinical development of this effective thera-
peutic approach.

Materials and Methods
Materials
BF211 was synthesized in our laboratory as previously 
described.4 Distearoyl phosphoethanolamine-PEG2000 

(2000PEG-DSPE), cholesterol (CH), hydrogenated soybean 
phospholipids (HSPC) were obtained from Lipoid GmbH 
(Ludwigshafen, Germany). Ammonium sulfate was pur-
chased from Nanjing Chemical Reagent Company 
(Nanjing, China). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT), 4% paraformaldehyde 
(PFA), 4´,6-diamidino-2-phenylindole (DAPI), DiD, DiR, 
DiI, PKH-26, trypsin-EDTA solution, DMEM and RPMI 
1640 were supplied by KeyGEN BioTECH Co. Ltd 
(Nanjing, China). Creatine Kinase (CK) kit and lactate 
dehydrogenase (LDH) kit, Doxorubicin (Dox) were pur-
chased from Nanjing JinYibai Biological Technology Co. 
Ltd. (Nanjing, China). Cinobufagin was supplied by Sigma 
Corporation (St. Louis, MO, USA). Poloxamer 188 (P188) 
(PEO/PPO/PEO ratio is 80/27/80, MW 8600) and Tween 
80 for injection were purchased from Feiyu BioTECH Co. 
Ltd (Nanjing, China). HPLC-grade methanol (MeOH), 
acetonitrile (ACN) and formic acid were obtained from 
Merck (Darmstadt, Germany). Deionized (DI) water pro-
duced by a Milli-Q® Plus System (Billerica, MA, USA) 
with a resistivity of 18.2 mΩ·cm-1 was used in all the 
experiments. All other chemicals and reagents were 
obtained from Sigma Aldrich (Shanghai, China), and 
used without further purification.

Cells and Animals
Human liver hepatocellular carcinoma (HepG2) cells, 
Raw264.7 macrophage cell, rat myocardial cells (H9C2) 
were obtained from American Type Culture Collection 
(ATCC), cultured at 37°C under a humidified atmosphere 
of 5% CO2 in DMEM or 1640 medium supplemented with 
10% fetal bovine serum (FBS), 100 IU/mL penicillin, and 
100 μg/mL streptomycin.

BALB/c mice and BALB/c nude mice (18–22 g), pig-
mented guinea pig (220–250 g), and Sprague-Dawley (SD) 
rats (220–250 g) were purchased from Nanjing 
Qinglongshan Animal Breeding Company (Nanjing, 
China). The animals were housed with ad libitum access 
to food and water at 25°C and relative humidity of 55%. 
Animal study protocol was approved by Animal Ethics 
Committee of Nanjing University of Chinese Medicine, 
and performed in accordance to Guide for Care and Use of 
Laboratory Animals.
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Preparation of BF211-Loaded Liposomes 
(BF211@Lipo)
The liposomes were prepared by the thin-film dispersion 
method with the ammonium sulfate gradient technique to 
actively load the drugs.18 In brief, HSPC, 2000PEG-DSPE 
and CH were dissolved in ethanol completely, rotary eva-
porated at 50°C to form a thin film, dried overnight under 
vacuum and hydrated with 0.11 M ammonium sulfate 
solution. Size reduction and homogenization of liposomes 
were performed by ultrasonic treatment using ultrasonic 
probes. The outside ammonium sulfate was replaced by DI 
water by gel exclusion chromatography with a Sephadex 
G50 column, and the blank liposome (Lipo) was incubated 
with 2 mg/mL BF211(aq) overnight with stirring at 50°C. 
BF211@Lipo was obtained after removing the unencapsu-
lated drug by Sephadex G50 column. Formulations and 
processes were systematically optimized in accordance 
with the scientific approach of QbD.19,20 The detailed 
parameters and process are shown in the supporting 
information.

Characterization of BF211@Lipo
The particle size, polydispersity index (PDI) and zeta 
potential of BF211@Lipo were measured with 
a Zetasizer (Malvern Instruments, Worcestershire, UK). 
The morphology of BF211@Lipo was characterized with 
an HT7700 transmission electron microscope (TEM) 
(HITACHI, Tokyo, Japan). The concentration of BF211 
was measured by an HPLC assay (Waters 2695 System, 
Milford, MA, USA). Specific conditions were as follows: 
Hedera® ODS-2 column (4.6 mm×250 mm, 5 µm); mobile 
phase, methanol/0.3% phosphoric acid in water (60: 40, v/ 
v); flow rate, 1.0 mL/min; column temperature, 30°C; 
detection wavelength, 300 nm; and injection volume, 10 
μL. The encapsulation efficiency and drug loading were 
calculated by the following formulas.

Encapsulation efficiencyðEE;%Þ

¼
Weight of BF211 in liposomes

Initial weight of BF211
� 100%

Drug loadingðDL;%Þ ¼
Weight of BF211 in liposomes
Total weight of BF211@Lipo
� 100%

The storage stability of BF211@Lipo was evaluated by 
monitoring the particle size and drug leakage at 4°C for 
one month. Liposomal stability in complex biological 
samples (serum or tumor homogenates) was determined 

by incubation with 75% FBS or homogenates (1:1, v/v) at 
37°C for 48 h using fl-NTA technology (NS300, Malvern, 
United Kingdom).

Liposomal BF211, BF211(aq) or a physical mixture of 
BF211 and empty liposomes were placed in a 1 mm cuv-
ette for circular dichroism (CD). The CD spectra were 
obtained at room temperature from 260 nm to 150 nm at 
a scan speed of 50 nm/min on a J-810 spectropolarimeter 
(Jasco, Easton, MD), and five scans were accumulated and 
averaged. Differential scanning calorimetry (DSC) was 
carried out using a Netzsch 204 instrument (Netzsch- 
Geraetebau GmbH, Selb, Germany). Samples were heated 
from room temperature to 300°C at a heating rate of 10°C/ 
min. Thermal events were determined from the obtained 
thermograms using Netzsch software.

Release Profile of BF211@Lipo
Drug release from BF211@Lipo was carried out in PBS 
media (pH 5.0, 6.5 and 7.4) using the dialysis method. 
BF211@Lipo (2.0 mg BF211) was placed into a dialysis 
bag (molecular weight cutoff: 3500 Da), immersed in 
50 mL PBS medium, and gently agitated in a tabletop air 
bath incubator at 37°C. At predetermined intervals, 
a dissolution sample of 5 mL was collected, followed by 
replenishment with fresh PBS medium. BF211 (2.0 mg) 
dissolved in DI water also served as a control for drug 
release. The concentration of BF211 in dissolution sam-
ples was quantified by HPLC.

Cardiotoxicity and Acute Toxicity 
Assessment
To evaluate the toxicity-reducing effect of BF211@Lipo, 
a series of safety tests were carried out. Electrocardiogram 
(ECG) assays were performed on pigmented guinea pigs to 
evaluate the cardiotoxicity of BF211@Lipo. In brief, 27 
male guinea pigs were divided into 3 groups, the 
BF211@Lipo and BF211(aq) groups were treated with 
different doses of 3, 4, 6 and 9 mg/kg, with saline as 
a control. After 1 h, the animals were anaesthetized with 
2% (w/v) pentobarbital sodium (0.25 mL/100 g) via intra-
peritoneal injection and placed in a supine position. 
Platinum electrodes of thin microneedles were positioned 
subcutaneously in the right forelimb (negative pole) and 
left hind limb (positive pole), and the black electrode was 
implanted in the right hind limb of grounded guinea pigs. 
These needles were connected via coaxial cables to the 
input of two differential Isodam amplifiers (Cardiosta-T, 
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Siemens). The signal was amplified, filtered and continu-
ously monitored and recorded at predetermined time inter-
vals. The amplitude and duration of ECG waves were 
manually measured from digitalized recordings with AD 
Instruments LabChart flexible data acquisition and analy-
sis software (PowerLab Version: 7.0). The body tempera-
ture of the animals was maintained with a 37°C heating 
pad throughout the examination process.

To calculate the lethal dose 50 (LD50) value of the 
BF211@Lipo, a single-dose acute toxicity study of 
BF211@Lipo or BF211(aq) was performed in both male 
and female BALB/c mice. The animals were treated intra-
venously with a single dose (10, 20, 30, 35, 40, 45, or 
60 mg/kg) and observed after dosing individually for 14 
days. At the end of the experiment, the numbers of dead 
animals were recorded. The LD50 value was calculated 
according to the Bliss method.21

Cardiac markers and pathological sections were also 
assessed. In brief, male BALB/c mice were divided into 3 
groups, treated intravenously with BF211@Lipo or BF211 
(aq) (7 mg/kg) or saline as a control every other day and 
monitored for 2 weeks. The mice were sacrificed on day 
15, and blood was withdrawn for CK and LDH analysis. 
To further investigate the potency of the liposomes indu-
cing cell death, dual acridine orange/ethidium bromide 
(AO/EB) staining was performed in rat healthy myocardial 
cells (H9C2). After 24 h treatment of BF211(aq) and 
BF211@Lipo, the cells were collected and dyed with 
AO/EB reagent according to the manufacturer’s instruc-
tions. All samples were conducted in triplicate.

In vivo PK and Tissue Biodistribution of 
BF211@Lipo
The PK of BF211@Lipo and BF211(aq) were investigated 
in male SD rats. In brief, BF211@Lipo or BF211(aq) was 
administered intravenously via tail vein injection at 5 mg/ 
kg, and 0.3 mL blood was collected from the orbital cavity 
at predetermined time intervals. The samples were centri-
fuged at 6000 rpm for 10 min at 4°C to obtain plasma. 
Cinobufagin, used as the internal standard for calibration 
and quality control, was added to the plasma sample and 
vortexed for 30 s. Then, 400 μL protein precipitant solvent 
(MeOH/ACN; 1:1, v/v, containing 0.6% formic acid) was 
added to the sample to precipitate the proteins and extract 
the analytes. After centrifugation, the supernatant was 
concentrated and redissolved in 100 μL MeOH for analy-
sis with UPLC Xevo TQD (Waters Corp., Milford, MA, 

US A). A quality control (QC) sample was prepared and 
determined discontinuously during the analysis. Specific 
UPLC conditions were as follows: ACQUITYTM 1.7 μm 
BEH C18 column (Waters Corp., Milford, MA, USA); 
mobile phase, (A) DI water with 0.3% (v/v) formic acid 
and (B) MeOH. The detailed gradient conditions were as 
follows: 0–5 min, 90–10% A; 5–6 min, 10–90% A; 6–6.5 
min, 90% A; flow rate, 0.3 mL/min; column temperature, 
40°C; and injection volume, 10 μL. The mass spectro-
metry conditions were as follows: ion mode, positive; 
desolvation gas (nitrogen), 800 L/h at 300°C; cone gas 
(nitrogen), 50 L/h; source temperature, 100°C; capillary 
voltage, 3.85 kV; cone voltage, 35 V. Data between m/z 50 
and 600 were recorded in centroid mode.

For biodistribution studies, HepG2 xenograft mice were 
established. Briefly, 5×106 HepG2 cells were injected sub-
cutaneously into the right forelimb armpit of BALB/c nude 
mice. Tumor volume (V) was calculated using V= L * W2/2, 
where L is the length of the tumor and W is the width of the 
tumor. When the tumor size reached 200–250 mm3, the mice 
were intravenously injected with DiR-labelled liposomes 
(DiR-Lipo) or free DiR.22 At predetermined time intervals 
(1, 2, 4, 8, 24 and 48 h), the mice were anaesthetized with 
isoflurane and photographed. At 24 h and 48 h post- 
injection, the mice were sacrificed, and the main organs 
and tumors were collected for imaging.

Antitumor Efficacy of BF211@Lipo
In vitro Cytotoxicity of BF211@Lipo
For MTT analysis, HepG2 cells were treated with Lipo, 
BF211(aq) or BF211@Lipo at various concentrations. In 
brief, 2×104 cells per well were seeded in a 96-well plate 
and incubated overnight. When the cells reached 80% 
confluence, the medium was replaced with BF211(aq) or 
BF211@Lipo ranging from 1 to 25 nM and incubated for 
24 h. After incubation, MTT was added, and samples were 
further incubated for 4 h. The insoluble crystal that formed 
was solubilized using DMSO, and the absorbance was 
read at 490 nm using a microplate reader (Tecan Infinite 
200 PRO, Austria).

In vivo Antitumor Efficacy of BF211@Lipo
The antitumor efficacy of BF211@Lipo was evaluated in 
HepG2 murine xenograft model (n= 5) through a HepG2 
xenograft model.23 When the tumor volume reached 
approximately 100 mm3, mice were treated with saline, 
BF211(aq) (2 mg/kg), BF211@Lipo (2, 4, and 8 mg/kg) or 
liposomal Dox (Dox@Lipo) (2 mg/kg), as a reference 
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product, every other day and monitored for 3 weeks. 
Animal body weight and tumor volume were recorded. 
On day 22, animals from each group were euthanized, 
and the tumors were harvested, washed with saline three 
times, photographed and fixed in 4% PFA for HE staining 
and TUNEL apoptosis staining. The main organs (heart, 
liver, spleen, lung and kidney) were collected for HE 
staining.

Surfactant-Assisted Rapid-Release Strategy of 
Liposomes
To increase the release efficiency of liposome, 
a surfactant-assisted rapid release strategy was developed. 
Two commonly used injectable surfactants, Tween 80 and 
P188, were used to investigate their effects on the release 
of liposomes.24 The effective concentrations of surfactants 
triggering liposome release were screened and optimized. 
In brief, a series of surfactants was mixed with 
BF211@Lipo and incubated for 2 h at 37°C. Then, the 
released drug was collected by ultrafiltration and deter-
mined by HPLC. Additionally, the dialysis method was 
employed to verify the effect of P188 (0.05%, w/v) on 
BF211@Lipo release with tumor homogenates in PBS 
medium pH 6.5 to simulate the tumor microenvironment.

The interaction mechanism of P188 and liposomes was 
investigated. P188 (0.05%, w/v) was mixed with lipo-
somes (or fluorescence-labeled liposomes) and incubated 
for 2 h at 37°C. The size distribution was measured by 
DLS and fl-NTA. The morphology and structural details 
were characterized by TEM. To further confirm the inter-
action, the FRET technique was utilized.

Optimization of Dosage Regimen
To realize the rapid release of liposomes at the tumor site, 
the dosage regimen was further optimized. The time at 
which BF211@Lipo and P188 reached the tumor was 
monitored using a noninvasive near-infrared imaging sys-
tem. DiR-Lipo or DiR-labeled P188 (DiR-P188) was pre-
pared and intravenously injected into HepG2 tumor- 
bearing mice, respectively. At predetermined intervals, 
the mice were anaesthetized with isoflurane and photo-
graphed. At 8 h, 24 h and 48 h post administration, the 
mice were sacrificed, and the tumors were collected for 
imaging. Regions of interest (ROIs) were circled around 
the tissues, and the fluorescence intensity was analyzed 
using Living Image Software 4.5.2. To further verify the 
results, UPLC/MS was employed to quantify the BF211 
concentration in the tumor tissues.

Antitumor Efficacy of Intermittent 
Treatment Schedules with BF211@Lipo 
and P188
The cytotoxicity was evaluated by exposing HepG2 cells 
to Lipo, P188, BF211@Lipo or BF211@Lipo with P188 
for 24 h followed by MTT assay. To evaluate the in vivo 
combination therapy of BF211@Lipo and P188 with 
sequential injection, HepG2 tumor-bearing mice were 
intravenously treated with P188 (0.25%, w/v, 200 μL/ 
mouse) 46 h post injection of BF211@Lipo at a dose of 
2 mg/kg every five days compared with saline, Lipo, P188, 
BF211(aq) or BF211@Lipo alone. The mouse body 
weight and tumor volume were recorded every three 
days. Finally, the animals were sacrificed, and samples 
were collected for HE staining.

Statistical Analysis
All data are presented as the mean ± standard deviation 
(SD). One-way or two-way ANOVA was used for the 
statistical analysis, depending on the study parameters. 
Statistical significance was indicated as *p< 0.05, **p< 
0.01, and ***p< 0.001.

Results
Optimization of BF211@Lipo by QbD 
Approach
The liposomes were prepared by the thin-film dispersion 
method with the ammonium sulfate gradient technique 
(Figure 2A). To optimize the liposomal formulations, we 
adopted the QbD approach to optimize the factors that 
affect the quality of the formulation.25 A combinatorial 
library containing different compositions of formulations 
and process parameters was built, which comprised the 
definition of the quality target product profile (QTPP) to 
determine the final liposomal product (Table S1), critical 
quality attributes (CQAs) to ensure the desired product 
quality (Table S2) and critical process parameters (CPPs) 
to monitor or control the preparation process (Table S3). 
The types of lipids and solvents were determined according 
to similar commercially available varieties to ensure the 
safety of production and use.26 The range of BF211@Lipo 
formulations and process parameters were optimized criti-
cally, resulting in a final composition of HSPC/ 
CH/2000PEG-DSPE (14:5:6, wt%). The incorporation ratio 
of 2000PEG-DSPE was determined by a PK study. As shown 
in Table S4, when the ratio of 2000PEG-DSPE to total lipids 
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was 24%, the prepared liposomes had the longest half-life. 
The optimized ultrasonic conditions were 30% power (200 
W) and 10 min with a 1 s interval for homogenization of 
liposomes; the incubation conditions of BF211(aq) and Lipo 
were 20 h with stirring at 50°C. Specific optimized formu-
lations and process parameters are shown in Figure 2B. The 
final concentration of BF211 in BF211@Lipo was 
1.2 mg/mL.

Characterization of BF211@Lipo
The hydrodynamic diameter of BF211@Lipo measured by 
DLS was (164.6 ± 10.3) nm, with PDI restricted to 
a narrow distribution of 0.185 ± 0.017 (Figure 2C), and 
the zeta potential was (−32.25 ± 2.39) mV (Figure 2D). 
The TEM images (Figure 2E) revealed that the morphol-
ogy of the liposomes was near-spherical, and the mean 
particle size was approximately 160 nm. A uniform and 
intact lipid bilayer with a thickness of 8.11 nm was 

observed on the surface of liposomes in accordance with 
the previous reports.27 The EE% of BF211@Lipo was 
(93.24 ± 2.15) % and the BF211@Lipo remained stable 
at 4°C for at least one month (Figure 2F). As shown in 
Figure S1A, after 12 h incubation with plasma, the size of 
liposomes increased by approximately 8 nm, mainly due to 
the adsorption of the plasma protein corona.28 The size 
remained basically constant within 48 h with a slight 6% 
decrease in EE%, indicating satisfactory stability of 
BF211@Lipo in plasma. The particle size of liposomes 
also remained unchanged in tumor homogenates with only 
a certain increase in PDI (Figure S1B), satisfying the 
required therapeutic concentration and stability of the 
products.

TEM images of liposomal BF211 did not exhibit an olive- 
shaped morphology similar to liposomal Dox,29 which prob-
ably depended on the structure of the payload itself. Dox, an 
anthraquinone compound, easily forms π-π packing between 

Figure 2 Optimization, characterization and drug release of BF211@Lipo. (A) Schematic of the BF211@Lipo prepared by ammonium sulfate gradient method to load 
BF211 into the blank liposomes (Lipo). (B) Range of formulation parameters and physicochemical properties evaluated during the development of BF211@Lipo, with 
optimized BF211@Lipo parameters indicated by the red dotted line. Particle size distribution (C) and Zeta potential (D) of the optimized BF211@Lipo by DLS. (E) 
Morphology of BF211@Lipo measured by TEM, insert was a magnification manifesting an intact lipid bilayer of 8.11 nm thickness. Scale bar, 100 nm. (F) Stability of 
BF211@Lipo stored at 4 °C for one month. (G) The CD spectra of BF211@Lipo and the physical mixture (BF211+Lipo), where the solid lines were in corresponding to the 
left y-axis and dashed line to right y-axis. (H) The DSC graph of BF211, Lipo, BF211@Lipo and the physical mixture. (I) Percentage of cumulative release of BF211(aq) and 
BF211@Lipo at 37 °C in PBS with different pHs. All data were presented as mean ± SD, n=3.
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planar conjugated systems, causing axial stretching of aggre-
gates and deformation of liposomes.30 However, BF211 is 
a steroid compound and lacks a conjugated structure,4 which 
could account for the difference in morphology with liposomal 
Dox. As shown in Figure 2G, loading of BF211 into ammo-
nium sulfate-containing liposomes dramatically changed the 
CD spectrum compared to the physical mixture of BF211 and 
empty liposomes. Even if BF211 was loaded into liposomes at 
a ten times lower concentration, the CD signal was nearly the 
same. The changes in CD spectra demonstrated that new 
species occurred inside the liposomes at a low concentration 
of BF211.29 The DSC thermograms of BF211@Lipo and the 
physical mixture are shown in Figure 2H. The endothermic 
peak at 210–212°C was attributed to melting of BF211. This 
peak was not present for BF211@Lipo, suggesting that the 
incorporation of liposomes may indeed have altered the crys-
tallinity of BF211.31

In vitro Drug Release of BF211@Lipo
The release profile of BF211@Lipo was evaluated with the 
dialysis method at 37°C under various pH values of 5.0, 6.5, 
and 7.4 to stimulate the endosomal or lysosomal compart-
ment, inflammatory or tumor microenvironment, and normal 
physiological environment, respectively.32 As illustrated in 
Figure 2I, the cumulative release of BF211(aq) exceeded 
75% within the first 2 h at all three different pH values, 
while the BF211@Lipo only released less than 10% at pH 
7.4 or pH 6.5, which suggested that liposomes significantly 
inhibited the discharge of BF211. Moreover, the increased 
release of BF211@Lipo at pH 5.0 was mainly attributed to 
the protonation of BF211 with a higher dissolution rate in the 
acidic environment.33 In fact, even at pH 5, the release of 
BF211@Lipo after 24 h was only approximately 35%, while 
it was almost stagnant at pH 7.4 or pH 6.5. Notably, cumu-
lative data have confirmed that robust drug retention in lipo-
somes is a key factor in determining good in vivo 
performance and efficacy.11 A fast drug release upon the 
large dilution that occurs in the in vitro test often forebodes 
a similar or worse efficacy compared to free drugs.34 

Therefore, the in vitro sustained release profile of 
BF211@Lipo is beneficial to drug stability and safety in 
circulation, which is exactly what we expected.

Cardiotoxicity and Acute Toxicity 
Assessment of BF211@Lipo
Accumulating data indicated at high dosage BF can induce 
myocardial cell arrest within a few seconds after 

administration by altering intracellular calcium storage in 
cardiomyocytes. Another study showed that the addition of 
BF to guinea pig papillary muscle (0.4 µM) can lead to 
arrhythmias.35 To evaluate the cardiotoxicity of 
BF211@Lipo, the surface ECG was recorded on guinea 
pigs (Figure 3A). As shown in Figure 3B, subtle ECG 
changes were observed in the BF211(aq) group, mainly 
manifested in flattening and inversion of the T wave and 
depression of the ST segment. As the dose increased, the 
PR interval was prolonged, and deaths occurred at 24 
h post injection of 6 mg/kg (data not listed) or less than 
1 h after the injection of 9 mg/kg, which was due to 
ventricular fibrillation resistant to electrical cardioversion 
or systolic arrest.36 These results suggested that the cardi-
otoxicity of BF211 is an acute and dose-dependent symp-
tom, so lowering the initial concentration exposed to the 
heart is beneficial to reduce the risk of cardiac damage and 
death.37 In contrast, there was nearly no abnormality in the 
ECG profile of BF211@Lipo except for the slightly 
increased heart rate (Figure 3C). No deaths were observed 
at dosages up to 9 mg/kg. As shown in Figure 3C, for 
BF211(aq), the heart rate at 6 mg/kg was faster than those 
at 4 mg/kg (P=0.0357) and 3 mg/kg (P=0.0129), and the 
data dispersion, which represented as relative standard 
deviation (RSD), showed a significant dose-dependent 
increase (RSDs of control, 3 mg/kg, 4 mg/kg and 6 mg/ 
kg group were 0.62, 2.66, 5.54 and 8.66, respectively). 
This result was probably attributed to the irregular heart-
beat at the high dose of BF211. In contrast, for liposomal 
BF211, the heart rate was slightly increased from 3 mg/kg 
to 4 mg/kg, probably resulting from trace amounts of free 
drug, while it remained constant in response to the 
increased dose of BF211 from 4 mg/kg to 9 mg/kg 
(P>0.05). The disappearance of the dose dependence 
implied that liposomes changed the output kinetics of 
BF211. These results suggested that BF211@Lipo remark-
ably alleviated cardiotoxicity and had better tolerance than 
BF211(aq).

Single-dose acute toxicity testing showed that the LD50 

of BF211@Lipo (95% confidence) was 3-fold higher than 
that of BF211(aq) (Table S5), revealing that the liposomal 
formulation had a much lower toxicity in mice and 
extended the therapeutic window. We also investigated 
the biochemical parameters in mice on day 15 after 
repeated administration. CK and LDH are cardio-specific 
markers for ischemic cardiac injury and myocardial cell 
injury.38 Animals exposed to BF211(aq) showed 
a significant increase in the levels of CK and LDH 
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(Figure 3D and E), probably implying increased myocar-
dial cell necrosis.39 In contrast, this phenomenon was not 
observed in mice treated with BF211@Lipo. Furthermore, 
AO/EB staining in H9C2 demonstrated that BF211@Lipo 
presented less potency to induce healthy cells death than 
BF211(aq) (Figure 3F). Taken together, liposomal encap-
sulation of BF211 can effectively diminish the toxic side 
effects, especially cardiotoxicity, which was probably 

ascribed to the reduced nonspecific distribution and 
decreased exposure of the heart to drugs.

In vivo PK and Biodistribution of 
BF211@Lipo
The PK study of BF211@Lipo and BF211(aq) was per-
formed on SD rats. The drug concentration of BF211(aq) 
in plasma almost reached to the limit of detection at 12 

Figure 3 Cardiotoxicity and biosafety assessment of BF211@Lipo on pigmented guinea pigs and mice. Schematic of electrocardiograms (ECGs) test (A), ECGs graphs (B) 
and heart rate (BPM) (C) recorded in guinea pigs 1 h post intraperitoneal injection. CK (D) and LDH (E) levels of mice on day 15 after intravenous (iv) injection of BF211(aq) 
or BF211@Lipo. Mice dosed at 7 mg/kg with respect to BF211 content of each formulation every other day for 2 weeks. (F) Dual AO/EB fluorescent staining of H9C2 cells 
after BF211(aq) and BF211@Lipo treatments (20 μM, 24 h). Live cells, live apoptotic cells and dead cells were recognized by the colors green, yellow and red. Scale bars: 75 
μm. All data were presented as mean ± SD, n=3, *p< 0.05, **p< 0.01.
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h post injection, whereas BF211@Lipo remained quantifi-
able for at least 48 h (Figure S2). The decreased drug 
concentration of BF211(aq) in the blood resulted in a rapid 
distribution to the peripheral compartment and a 23-fold 
larger volume of distribution (V) than that of BF211@Lipo 
(Table 1), which might cause unexpected side effects.40 In 
contrast, BF211@Lipo remained a longer half-life (11.56 
h vs 4.59 h for free BF211), yielding areas under the con-
centration time curve (AUC) 57-fold higher than those of the 
BF211(aq) group (p<0.001). The drug clearance (CL) of 
BF211@Lipo was reduced 50-fold compared to that of 
BF211(aq) (p<0.001), which verified that the BF211@Lipo 
had favorable stability in blood circulation.

Biodistribution of BF211@Lipo in HepG2 xenografts 
was monitored in comparison to BF211(aq) by near- 
infrared (NIR) fluorescence imaging, in which DiR signals 
can be keenly detected. As presented in Figure 4A, the 
fluorescence signals were quickly eliminated in free DiR 
group, whereas the signals in mice receiving DiR-Lipo 
was maintained at a high level for up to 48 h post- 
injection. Notably, DiR-Lipo showed a significantly 
increased tumor accumulation. At 24 h and 48 h post- 
injection, the tumors were excised for imaging. The results 
demonstrated that the fluorescence signals in the tumors 
from the mice treated with DiR-Lipo were approximately 
4.5 times stronger than those from the mice receiving free 
DiR group at 48 h post-injection, respectively (Figure 4B 
and C). Based on the comprehensive analysis of tissue 
distribution and cardiac safety evaluation results, the 
mechanism of reducing side effects of BF211@Lipo may 
be mainly attributed to its modification of drug distribution 
behavior in vivo, improvement of tumor targeting effi-
ciency, and delay and reduced the release of drugs in 

normal organs, leading to the effective suppression of the 
acute toxicity of cardiac glycosides.

Antitumor Efficacy of BF211@Lipo
To evaluate the antitumor efficacy of BF211@Lipo, xeno-
graft mice bearing HepG2 tumors were treated intrave-
nously with saline, BF211@Lipo or BF211(aq) every 
other day and monitored for 3 weeks. Dox@Lipo was 
used as a commercial control (Figure 5A). The results 
showed visible tumor regression in all drug-treated groups 
compared with the saline group (p< 0.001) (Figure 5B–D). 
The tumor inhibition of BF211@Lipo showed a certain 
dose-dependent characteristics. At a low dose of 2 mg/kg, 
both BF211@Lipo and BF211(aq) showed a favorable 
tumor inhibition effect, which was significantly better 
than that of Dox@Lipo (p< 0.001) with tumor volume 
and weight as evaluation criteria. BF211@Lipo showed 
more potent antitumor efficiency than free BF211 (p< 
0.05) with a 94.01% vs 84.79% decrease in tumor mass, 
which was probably attributed to the longer blood circula-
tion time and the better tumor tendency of BF211@Lipo in 
virtue of the EPR effect.41 When the administration dose 
reached 4 or 8 mg/kg, BF211@Lipo exhibited a dominant 
effect on tumor inhibition, almost eliminating the tumor 
completely in a week. In vitro cytotoxicity results showed 
that BF211(aq) had stronger antitumor cell proliferation 
capacity than BF211@Lipo (Figure S3A). This may be 
attributed to the inefficient release of liposomes decreasing 
the antitumor performance of BF211@Lipo.42 

Additionally, the uptake of BF211@Lipo was evaluated 
on normal Raw 264.7 macrophages and HepG2 tumor 
cells (Figure S3B and C). The results indicated that 
BF211@Lipo were more ingested by tumor cells, showing 
a certain cell selectivity, which would be beneficial to 
reduce phagocytosis and toxicity to normal cells, enhan-
cing the specific antitumor therapeutic effect. During the 
efficacy test, no noticeable behavioral abnormality was 
observed in any of the experimental mice. Even in the 
high-dose group (8 mg/kg) of BF211@Lipo, only slight 
weight loss was observed (p< 0.05) (Figure S4), and this 
weight loss might be caused by the complete ablation of 
tumors or the overloaded administration of BF211@Lipo.

Histologic images demonstrated that after receiving 
BF211@Lipo, massive cancer cell remission occurred in 
the tumor tissue (Figure 5E), with no obvious pathological 
abnormality in other primary organs (Figure S5). 
Considering the above cardiotoxicity experiments, it can 
be concluded that BF211@Lipo have good short-term and 

Table 1 Calculated PK Parameters of BF211 Following Single 
Intravenous Injection of BF211(Aq) and BF211@Lipo in Ratsa

Parameter BF211(aq) BF211@Lipo

AUC0-inf (h·μg/mL) 15.21 ± 2.83 838.23 ± 148.77***

T1/2 (h) 4.59 ±0.62 11.56 ±1.24**

V (L/kg) 1.37 ± 0.45 0.06 ± 0.01***

CL (mL/h/kg) 200.00 ± 40.00 4.00 ± 1.00***

Cmax (μg/L) 5224.20 ± 928.97 81,040.80 ± 4116.24***

Notes: aAnimals dosed at 5 mg/kg with respect to BF211 content of each formula-
tion. All data were presented as mean ± SD, n=5, **p< 0.01, ***p< 0.001. 
Abbreviations: CL, clearance; V, volume of distribution; T1/2, half-life; AUC, area 
under the plasma concentration versus time curve.
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long-term safety. As shown by TUNEL staining (Figure 
5E), tumors treated with BF211@Lipo presented the high-
est level of cell apoptosis, indicating that the prominent 
capability of tumor growth inhibition was partly due to the 
elevated apoptosis induced by BF211@Lipo.43 Statistical 
analysis of the apoptotic cells in three randomly selected 
tumor-section views showed that significantly more posi-
tive cells were found in the BF211@Lipo groups than in 
the BF211(aq) and Dox@Lipo groups (p< 0.001) 
(Figure 5F).

Surfactant-Assisted Rapid-Release 
Strategy of BF211@Lipo
Surfactants are often used to increase the solubility of 
insoluble drugs and are often added to release media to 
achieve sink conditions.44 When surfactants are added to 
liposomes or amphiphilic micelles, they often disturb the 
membrane structure or change the composition of 
micelles, resulting in the instability of nanostructures and 
drug leakage.45,46 Therefore, surfactants were employed to 
trigger liposome release at the tumor site, improving the 

Figure 4 In vivo biodistribution of BF211@Lipo in a HepG2 xenograft model. (A) In vivo fluorescence imaging of tumor bearing nude mice at 1, 2, 4, 8, 24 and 48 h after 
intravenous injection of free DiR and DiR-labelled liposomes (DiR-Lipo). Red dotted circles indicate tumor regions. (B) The dissected organs from mice at 24 h and 48 
h after drug treatment were photographed. (C) Semiquantitative analysis of the fluorescence intensity from the excised organs and tumors at 24 h and 48 h post-injection. 
Data were represented as mean ± SD, n=3, *p< 0.05.
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Figure 5 Antitumor efficiency of BF211@Lipo in HepG2 murine xenograft model. (A) Schematic diagram of the dosage regimen. Violet triangle denotes the intravenous 
injection of saline, Dox@Lipo, BF211(aq) or BF211@Lipo. (B) Photographs of tumors harvested from mice receiving different treatments at the experimental endpoint. (C) 
Tumor weight in HepG2 tumor-bearing mice after 3-week repeated treatments. The numbers in brackets denote the dosage (mg/kg) of different formulations. (D) Tumor 
growth curves over the course of the pharmacodynamics study. (E) Histological and apoptosis comparison after different treatments. Tumor sections were stained with HE 
for histological observation, positive TUNEL staining for apoptotic cells (brown), and DAPI for nuclei (blue). Scale bar, 50 μm. (F) Semiquantitative analysis of apoptosis area 
in the TUNEL graph with Image Pro Plus software. Data were represented as mean ± SD, n = 5, *p< 0.05, ***p< 0.001.
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drug release of BF211@Lipo. There are few surfactants 
currently approved for intravenous use, of which Tween 
80 and P188 are considered to be typical representatives of 
injectable surfactants.47 Herein, the effects of the dosage 
of surfactants on liposome release were investigated. As 
shown in Figure 6A, P188 promoted liposome release in 
the range of 0.005% to 1.25%. In particular, when the 
concentration was in the range of 0.005% to 0.1%, the 

release-promoting effect was strongest. In contrast, Tween 
80 displayed a weak and unregulated release-promoting 
effect with no obvious optimal threshold (Figure S6). 
Therefore, P188 (0.05%, w/v) was selected as a trigger 
to promote liposome release at the tumor site.

Subsequently, the cumulative release profile of 
BF211@Lipo was investigated in the presence of surfac-
tants. As shown in Figure 6B, there was a certain increase 

Figure 6 Scheme optimization of P188-assisted rapid-release of BF211@Lipo. (A) The effects of P188 with different concentrations on the release of BF211@Lipo after 
incubation at 37 °C for 2 h. (B) Percentage of cumulative release of BF211@Lipo in the presence of P188 or tumor homogenates (H) at 37 °C. (C) TEM images of 
BF211@Lipo and BF211@Lipo incubated with P188 (0.05%, w/v) for 2 h at 37 °C. Scale bar, 100 nm. (D) In vivo FRET imaging of DiD and DiR release from liposomes in 
HepG2 tumor-bearing mice at 2 h post intravenous injection of P188 (0.05%, w/v). (E) Average FRET ratios measured in the tumor regions and calculated using the 
automatic ROIs tool. Data were represented as mean ± SD, n = 3, **p< 0.01, ***p< 0.001.
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in the release of BF211@Lipo after incubation with tumor 
homogenates (30% within 24 h), which may be due to the 
presence of a large number of surfactant biomolecules in 
the tumor regions.48,49 Comparing with the results of 
liposomes incubated with serum (Figure S1A), it seems 
that liposomes are more likely to be released at tumor 
sites. However, the results clearly demonstrated that the 
release of BF211@Lipo was very limited even in the 
complex tumor microenvironment. However, after adding 
P188 to the tumor homogenates, the release of 
BF211@Lipo was significantly increased to nearly 75% 
for 24 h, suggesting that the release-promoting properties 
of P188 could be locally effective at the tumor sites.

The interaction mechanism of P188 and liposomes was 
further investigated. The results detected by DLS and fl- 
NTA showed that the addition of P188 did not change the 
size distribution of liposomes (Table S6 and 7). TEM 
results showed that after P188 was added to liposomes 
and incubated for 2 h (37°C), discontinuous segments 
appeared on the lipid bilayer, indicating the heterogeneity 
of the liposomal membrane50 (Figure 6C). FRET technol-
ogy was employed to investigate the structural stability of 
liposomes. Two fluorescence dyes, DiD (donor) and DiR 
(acceptor), were used for FRET imaging.51 As shown in 
Figure S7, the fluorescence intensity of DiD/DiR-Lipo in 
the presence of P188 showed a 10-fold increase compared 
to that of DiD/DiR-Lipo alone; this result was probably 
attributed to the increased packing density of the 

phospholipid bilayer caused by the insertion of P188 into 
the lipidic membrane,52,53 leading to the enhanced FRET 
effect. The findings of in vivo FRET accord with the 
in vitro results. With the addition of P188, DiD/DiR-Lipo 
exhibited a significantly higher FRET ratio of 0.59 ± 0.04 
compared to 0.35 ± 0.04 for DiD/DiR-Lipo alone (Figure 
6D and E). The variations in FRET ratio indicated the 
changes in compatibility between probes and membranes, 
such as hydrophobicity and miscibility, which was closely 
associated with the addition of P188. Accumulating evi-
dence indicates that amphiphilic molecules can both pre-
vent the formation of and dissolve previously formed 
aggregates.49 Nonionic surfactants are able to insert into 
and gradually replace lipid bilayers, leading to increased 
membrane permeability.17 Combined with the in vitro 
release data, we demonstrated that P188 can accelerate 
drug release by disturbing the composition and structure 
of the lipid membrane.54

In the subsequent animal experiment, to achieve the 
optimal release-triggering concentration of P188 at the 
tumor site, 0.25% P188 was chosen as a trigger on the 
assumption of a blood volume of 5.94 mL/100 g and 
a weight of 20–25 g per mouse.55 The dosing interval of 
BF211@Lipo and P188 was optimized using in vivo ima-
ging techniques. The results showed that the fluorescence 
intensity of DiR-Lipo in tumors reached a maximum at 48 
h post intravenous injection, while DiR-P188 reached the 
tumors at 2 h post intravenous injection and remained for 

Figure 7 Monitor the accumulation of BF211@Lipo in the tumors. (A) Biodistribution of DiR-P188 or DiR-Lipo monitored in HepG2 tumor-bearing mice using 
a noninvasive near infrared imaging system. The red circles represent the tumor regions. (B) Ex vivo fluorescence images of tumors collected from mice at 8, 24 and 48 
h post injection of DiR-P188 or DiR-Lipo. Data were represented as mean ± SD, n = 3.
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Figure 8 Antitumor efficacy of intermittent treatment schedules of BF211@Lipo and P188 in HepG2 murine xenograft model. (A) Schematic diagram of the dosage 
regimen. Violet triangle denotes the intravenous injection of BF211@Lipo. Carmine triangle denotes the injection of 0.25% P188 at 46 h post BF211@Lipo administration. 
(B) Photographs of tumors harvested from mice at the experimental endpoint. (C) Tumor weight in HepG2 tumor-bearing mice after 3-week repeated treatments. (D) The 
relative tumor volume over the course of the pharmacodynamics study. (E) Tumor inhibition rate of two dosage regimens versus the total doses of BF211 administrated to 
mice. Qod and q5d represent every other day and every 5 days, respectively. (F) HE staining of tumor sections. Scale bar, 50 μm. Data were represented as mean ± SD, n = 
5, *p< 0.05, ***p< 0.001.

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S313153                                                                                                                                                                                                                       

DovePress                                                                                                                       
3595

Dovepress                                                                                                                                                              Gao et al

https://www.dovepress.com
https://www.dovepress.com


at least 24 h (Figure 7A and B). Finally, we developed 
a sequential injection of BF211@Lipo and P188 with a 46- 
h interval.

Antitumor Efficacy of Intermittent 
Treatment Schedules with BF211@Lipo 
and P188
The in vitro cytotoxicity of BF211@Lipo combined with 
P188 was evaluated in HepG2 cells. As shown in Figure 
S8, neither P188 nor Lipo presented obvious cytotoxicity 
to HepG2 cells. In contrast, the addition of P188 enhanced 
the tumor growth inhibition capacity of BF211@Lipo 
compared to that of BF211@Lipo alone. These results 
demonstrated that P188 might trigger the release of 
BF211 from liposomes and increase the potent cytotoxicity 
of BF211.

The therapeutic regimen of intermittent dosing was 
determined according to preliminary screening and opti-
mization. The whole regimen had four courses of treat-
ment, each of which consisted of sequential injection of 
BF211@Lipo and P188 once with a 46-h interval (Figure 
8A). After the treatment, the size and weight of the iso-
lated tumors were measured. As shown in Figure 8B and 
C, the combination therapy exhibited a dominant antitu-
mor effect compared to BF211(aq) and BF211@Lipo 
alone. The tumor shrinkage caused by BF211@Lipo with 
P188 was more obvious compared with BF211(aq) (p< 
0.01) and BF211@Lipo alone (p< 0.05) at the same 
BF211 dose of 2 mg/kg (Figure 8C and D). In contrast, 
Lipo and P188 had no significant tumor suppression effect 
similar to the saline group, demonstrating that the syner-
getic efficacy was mainly due to the increased drug con-
centration from liposomes triggered by P188 at the tumor 
site. The body weight of mice showed no significant 
change (Figure S9), indicating that there was no severe 
systemic toxicity caused by BF211@Lipo and P188. 
Furthermore, the effective BF211 dose (50% tumor inhibi-
tion) of sequential administration (q5d, iv) was 50 μg/ 
mouse, which was only half that of BF211@Lipo alone 
(qod, iv) (Figure 8E), demonstrating that P188-assisted 
rapid release promoted the therapeutic efficiency of 
BF211@Lipo at the lower dose. HE staining images also 
supported the synergistic effect of BF211@Lipo and P188 
as evidenced by the highest level of cancer cell remission 
in the tumor tissue (Figure 8F). In conclusion, the inter-
mittent schedule combination therapy of BF211@Lipo and 
P188 resulted in synergetic antitumor efficiency, reducing 

the dose of chemotherapeutics and providing 
a comparative or even better therapeutic effect. Injectable 
excipients such as P188 effectively ignite “cold” lipo-
somes locally at tumor regions to scintillate the energy 
against tumors similar to catalytic agents.56

Conclusion
From an active lead compound to a high-quality clinical 
drug, a series of careful designs and optimizations were 
required to meet the standards of safety, effectiveness, 
stability, control and compliance (the “five principles”). 
In this study, to solve the problem of poor in vivo targeting 
and severe side effects of BF211, stealth liposomes com-
bined with an active drug loading strategy were developed 
under the direction of the QbD strategy. Obviously, the 
optimized liposomal formulation (BF211@Lipo) pro-
longed the blood circulation time, resulting in reduced 
cardiotoxicity, improved tolerance and ultimately pro-
moted druggability. Furthermore, a P188-triggered 
immediate release strategy was established to enhance 
the release efficiency of BF211@Lipo at the tumor site. 
With the optimized intermittent administration schedule, 
BF211@Lipo exhibits both in vivo safety and antitumor 
activity and is obviously superior to the market available 
liposomal Dox. The progressive development of bufalin 
from a natural active lead compound to a “drug-like” 
candidate was achieved through efforts including struc-
tural modification, dosage form design and optimization 
of dosage regimen and has widened the opportunities for 
the research and development of high-end preparations 
with liposomes.
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