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Gambogic acid (GA) is a potential clinical anticancer drug that can exert antitumor effects via various
molecular mechanisms. Notwithstanding, GA’s low water solubility, poor stability, short half-life, and un-
avoidable toxic side effects have significantly hampered its clinical application. Erythrocyte membrane-
coated nanoparticles (RBCM-NPs) improve drug’s physicochemical properties, biocompatibility, and phar-
macokinetic behaviors, allowing for long-term drug circulation and passive targeting. In this study, a
novel biomimetic drug delivery system (DDS) against hepatocellular carcinoma was prepared by covering
RBCM on GPP-NPs (GA-loaded mPEG-PLA NPs) to develop the RBC@GPP-NPs. In comparison to RBCM-free
nanoparticles and free GA, RBC@GPP-NPs improved the drug’s water solubility, stability, safety, and anti-
tumor activity in vivo. We expect that this bionic nanoparticle composite can expand the clinical applica-
bility of GA and provide a feasible solution for the research and development of GA’s nano-formulation.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hepatocellular carcinoma (HCC) is the third leading cause of
cancer death worldwide, the fifth most common cancer worldwide,
and the most common and fatal primary liver cancer (75%-85%)
[1,2]. Pharmacological treatments are irreplaceable in the fight
against cancer, where natural compounds play an increasingly
important role [3,4]. Gambogic acid (GA), a natural compound
with a polyprenylated xanthone structure, is the main active
component of gamboge, a widely used Chinese herbal medicine,
and is derived from the resin of the Garcinia Hanburryi tree in
Southeast Asia [5]. GA has significant antitumor activity against
multiple cancers, including liver cancer [6,7], lung cancer [8],
breast cancer [9], and pancreatic cancer [10]. Especially, GA has
better suppression on HCC cells with high expression of UNC119
(uncoordinated 119 or retinal protein 4) [11]. Additionally, our
team has also demonstrated that GA can have effective inhibition
of proliferation against some liver cancer cells, which stimulated
our interest in its further study. Unfortunately, the poor water
solubility (less than 0.5 pg/mL) and short half-life of GA (less than
20 min in rats) limit its clinical applications [12,13]. A variety of
drug delivery systems (DDS), including the current rapidly evolving
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bionanosystems, have been designed to overcome these barriers.
Cell membrane-coated nano-delivery platforms are simple and
adaptable technologies that provide nanoparticles with increased
safety and biocompatibility, longer in vivo retention time, and
enhanced antitumor activity [14-18].

Recently, numerous cell membranes, including platelet mem-
brane [19], macrophage membrane [20], and tumor cell mem-
branes [21], have been employed to improve the biological con-
nectivity and targeting of DDS to cancer cells. The various protein
compositions of these membranes endow the nanoparticles with
diverse biological functions such as immune escape, prolonged
drug circulation time, and enhanced targeting, and help to stream-
line the tedious bottom-up preparation process [22]. These fruits
are inspired by the application of erythrocyte membrane (RBCM).

On one hand, as the first natural membrane donor to receive
attention, erythrocytes have the richest cellular source, an excep-
tionally long in vivo circulation time (4 months), and autoimmune
regulatory proteins (CD47) located on the cell membrane surface,
which allow for a longer retention time of nanoparticles encapsu-
lated in the erythrocyte membrane, effective avoidance of non-self
recognition and uptake by macrophages, and long-term drug cir-
culation [23-25]. On the other hand, the preparation process for
RBCM-coated NPs (RBCM-NPs) dates back to 2011 and has been
very mature so far, during which the RBCM-NPs are widely used to
optimize the application of many natural products (curcumin and
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Fig. 1. Characterization of nanoparticles. (A) Size distribution of RBC@GPP-NPs. (B)
Size distribution of GPP-NPs. (C) TEM image of RBC@GPP-NPs. (D) TEM image of
GPP-NPs. (E) TEM image of erythrocyte membrane vesicles. The yellow dashed lines
show the thickness of RBCM. The scale bars=100 nm.

gambogic acid) [26,27] or synthetic compounds (sorafenib) [28].
And the cell membrane nanotechnology has achieved breakthrough
development in the past five years, which organically combines
bionic technology and nanotechnology to improve therapeutic ef-
fect of drugs. Moreover, the RBCM can be further modified to favor
its targeting functions since its surface contains diversified func-
tional groups [29].

Herein, we built a biomimetic nanocarrier based on the RBCM,
specifically by wrapping GA in the polymer mPEG-PLA to form
nanoparticles (GPP-NPs) and mimicking it with RBCM to obtain
RBC@GPP-NPs to overcome these shortcomings of GA and improve
its antitumor activity. After that, we performed a series of charac-
terization experiments to identify the physicochemical properties
of GPP-NPs and RBC@GPP-NPs. The results obtained through mem-
brane dialysis methods (DLS) showed that RBC@GPP-NPs and GPP-
NPs were narrow and monodisperse and owned the averages of
particle size were about 102.3 £ 3.1 nm (Fig. 1A) and 89.55 + 0.92
nm (Fig. 1B), respectively. Noticeably, the increment in diameter
is approximately equals to the thickness of RBCM, which is about
12 nm [30]. And the average particle size of GPP-NPs was within
the range of what the membrane cloaking approach could be ap-
plied to [31]. The transmission electron microscopy (TEM) results
showed that RBC@GPP-NPs (Fig. 1C) and GPP-NPs (Fig. 1D) were
all uniformly distributed spherical NPs. Besides, RBC@GPP-NPs had
an outer membrane with the same thickness as the RBCM (Fig.
1E). The encapsulation efficiency (EE) of RBC@GPP-NPs and GPP-
NPs were (79.11 £+ 1.42)% and (86.37 & 0.84)%, respectively, indi-
cating that RBCM-coated NPs could efficiently load GA.

Next, to test the stability of RBC@GPP-NPs, we recorded their
changes of size and PDI in PBS within 17 days at 4 °C. As shown
in Fig. 2A, at day 6, the particle size of RBC@GPP-NPs increased
from an average diameter of 98.35 nm to 100.06 nm with an in-
crement of 1.71 nm, and the size of GPP-NPs increased from 85.01
nm to 89.7 nm, the increment was 4.69 nm. This led to the fact
that both two NPs were stability with 6 days, but RBC@GPP-NPs
performed better. After 16 days their increments were both less
than 7 nm, yet the increment of membrane-free NPs was lower
than RBC@GPP-NPs. Additionally, the PDI values of both groups
converged to 0.15 after day 6, which indicated that they both had
good dispersion. To predict the release behavior of nanoparticles in
vivo, we investigated their drug release characteristics of at pH 7.4
and pH 5.5. In neutral medium (pH 7.4), the maximum cumula-
tive GA release rate of RBC@GPP-NPs was about 36.62%, which was
lower than that of GPP-NPs (41.44%). While in acidic medium (pH
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Fig. 2. (A) Stability of GPP-NPs and RBC@GPP-NPs. Drug release of GPP-NPs and
RBC@GPP-NPs at pH 5.5 (B) and pH 7.4 (C). (D) Hemolysis assay of GPP-NPs and
RBC@GPP-NPs. Data were presented as the mean + SD (n=3). *P < 0.05; **P <
0.01; ***P < 0.001.

5.5), the maximum GA cumulative release rate of RBC@GPP-NPs in-
creased to 53.25%, which was still lower than the drug release rate
of GPP-NPs (62.96%). And the results of Figs. 2B and C showed that
the drug release of RBC@GPP-NPs and GPP-NPs both had higher re-
lease in acidic environment than neutral environment; RBC@GPP-
NPs could delay the release of GA, and its continuous and sta-
ble slow-release behavior would increase the accumulation of drug
in the tumor environment while reducing the side effects [32,33].
These results expressed that RBCM coated NPs have the potential
to maintain effective drug concentrations in vivo where the RBCM
acts as a physical barrier to NPs [34].

To investigate the blood biocompatibility of RBC@GPP-NPs, we
moved on to carry out the hemolysis assay experiments. Fig.
2D shows that the hemolysis ratio (HR) of GPP-NPs was slightly
hemolyzed at a maximum drug concentration of 5.6 g/mL, whereas
the HR of free GA was nearly 12%. The hemolytic results of
RBC@GPP-NPs, on the other hand, were much lower and negligible
(<5%), indicating that RBC@GPP-NPs were safe for blood system.

To evaluate the whether the RBC@GPP-NPs could reserve
the anti-tumor activity of GA against HepG2, we used 3-(4,5-
dimethylthiazol-2-y1)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay to check cell viability. Normal cell line (LO2 cells) was used
to appraise the safety of nanoparticles. All pharmaceutical agents
were detected to have both a dose- and time-dependent cytotox-
icity to HepG2 cells after 24 and 48 h of incubation. The results
after 24 h demonstrated no distinction between the three groups
on HepG2 cells (Fig. 3A). However, a notable phenomenon was that
the cell viability of RBC@GPP-NPs rapidly decreased from 90% to
30% at GA concentrations of 0.35-1.4 pg/mL (Fig. 3B), which was
twice as much as the other two groups. This was probably in re-
sponse to the improved controlled drug release effect of RBC@GPP-
NPs.

Apart from that, we examined the cytotoxicity of GA loaded
nanoparticles on normal cells by MTT method. The results con-
firmed that RBC@GPP-NPs and GPP-NPs can both decrease the
cytotoxicity of LO2 cells when compared to free GA. And the
erythrocyte membrane-encapsulated bionic nanoparticles have
the highest safety profile. After 24 h, the cell survival rate of L02
cells was almost 100% at low drug concentrations (0.35-2.8 pg/mL)
of RBC@GPP-NPs, and the GPP-NPs group was the second high-
est (Fig. 3C); after 48 h, the cell survival rate of RBC@GPP-NPs
was significantly higher than that of GPP-NPs and free GA group
(Fig. 3D), indicating that RBCM could enhance the biocompatibility
of RBC@GPP-NPs. These were consistent with the results of previ-
ous studies [35].
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Fig. 3. In vitro evaluation of anticancer activity of nanoparticles. HepG2 cell survival
ratio after treatment with different types of GA at various concentrations for 24 h
(A) and 48 h (B). Cell survival ratio of L02 cells after treated with different types of
GA for 24 h (C) and 48 h (D).

After verifying the potential antitumor activity of RBC@GPP-NPs
in vitro, we proceeded to discuss their antitumor efficacy in tumor-
bearing mice. The protocols for animal assays were approved by
Institutional Animal Care and Ethics Committee of Sichuan Provin-
cial People’s Hospital (No. 2017050009). The main experimental
flow was given in Fig. 4A, and all mice were dissected under ether
anesthesia (Fig. 4B). As shown in Fig. 4C, the RBC@GPP-NPs group
showed the slowest increase in tumor volume with a mean volume
of 715 mm3. After the last treatment with saline, GA and GPP-NPs,
the tumor volume of mice increased to approximately 1138 mm?3,

%
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920 mm3 and 922 mm?3, respectively after 16 days from the first
injection, indicating that the dose of 2 mg/kg did not achieve the
effective concentration of tumor growth inhibition. Photographs of
tumor tissue in different groups were shown in Fig. S1 (Supporting
information). The enhanced anti-tumor function may be due to the
remarkable increase of GA circulation time in mice by the bionic
nanoparticles [36]. Besides, the H&E results supported the above
results that RBC@GPP-NPs exhibited the strongest tumor growth
inhibition as they resulted in more extensive apoptosis in tumor
tissues compared to the GPP-NPs group and free GA group (Fig.
4D). Together, these results validated that RBC@GPP-NPs could pro-
mote anti-tumor activity of GA for sustained treatment of HCC.

In addition to favorable antitumor efficacy, RBC@GPP-NPs also
provided a high in vivo safety profile. As shown in Fig. S2A (Sup-
porting information), the body weight of mice in the RBC@GPP-
NPs, GPP-NPs, free GA and saline groups had no significant differ-
ences. The major organ coefficients were normal in all groups with
no significant differences (Fig. S2B in Supporting information). In
top of that, there were no abnormal expression in ALT (alanine
aminotransferase), AST (aspartate aminotransferase), CREA (creati-
nine), and UA (uric acid) levels between whatever medication ad-
ministration group or control group, indicating that liver and kid-
ney functions were not impaired in all groups (Fig. S2C in Support-
ing information). Meanwhile, H&E-stained images of major organs
in each group suggested non-obvious organ damage in all groups
(Fig. S2D in Supporting information), suggesting a good biocompat-
ibility of RBC@GPP-NPs. Taken together, the results suggested that
RBC@GPP-NPs displayed enhanced anti-tumor activity, good bio-
compatibility and safety, high stability, and increased water solu-
bility, therefore were promising for future clinical applications.

In conclusion, we have successfully constructed novel erythro-
cyte membrane-based mimetic gambogic acid-loaded nanoparti-
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Fig. 4. In vivo antitumor efficacy of RBC@GPP-NPs. (A) Animal experiments procedure. The groups and therapeutic agents from top to bottom are RBC@GPP-NPs, GPP-NPs,
free GA and saline (n=6). The blue arrows indicate the direction of experimental progress. (B) Nude mice were dissected under ether anesthesia; tumors on the right axilla
of nude mice were exhibited with a black oval dotted line for the four groups. (C) Changes in tumor volume growth of each group, the black arrow on the left represents
the first dose and the right represents the last dose. (D) Histological analyses of tumor sections after various treatments by H&E staining, scale bars indicate 400 pm. *P <

0.05; **P < 0.01; ***P < 0.001, ****P < 0.0001.
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cles (RBC@GPP-NPs), which exhibited good stability, long in vitro
release time and good biosafety, and demonstrated effective HepG2
inhibitory activity in vitro and the most potent antitumor activ-
ity in vivo. We created a new type of membrane-encapsulated
nanoparticles (RBC@GPP-NPs) with a core-shell structure by co-
extruding the RBCM shell and the GA-loaded polymeric NPs core.
Our studies revealed that RBCM not only enhanced the biocom-
patibility of RBC@GPP-NPs compared with single GPP-NPs, but also
produced stronger antitumor activity in vivo while ensuring the
safety of systemic administration. Therefore, this study is instruc-
tive for any further research of GA’s nano-formulations.
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