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Abstract: Due to the obstruction and heterogeneity of the blood-brain barrier, the clinical treatment
of glioma has been extremely difficult. Isoliquiritigenin (ISL) exhibits antitumor effects, but its low
solubility and bioavailability limit its application potential. Herein, we established a nanoscale
hybrid membrane-derived system composed of erythrocytes and tumor cells. By encapsulating
ISL in hybrid membrane nanoparticles, ISL is expected to be enhanced for the targeting and long-
circulation in gliomas therapy. We fused erythrocytes with human glioma cells U251 and extracted
the fusion membrane via hypotension, termed as hybrid membrane (HM). HM-camouflaged ISL
nanoparticles (ISL@HM NPs) were prepared and featured with FT-IR, SEM, TEM, and DLS particle
analysis. As the results concluded, the ISL active pharmaceutical ingredients (APIs) were successfully
encapsulated with HM membranes, and the NPs loading efficiency was 38.9± 2.99% under maximum
entrapment efficiency. By comparing the IC50 of free ISL and NPs, we verified that the solubility
and antitumor effect of NPs was markedly enhanced. We also investigated the mechanism of the
antitumor effect of ISL@HM NPs, which revealed a marked inhibition of tumor cell proliferation and
promotion of senescence and apoptosis of tumor cells of the formulation. In addition, the FSC and
WB results examined the effects of different concentrations of ISL@HM NPs on tumor cell disruption
and apoptotic protein expression. Finally, it can be concluded that hybridized membrane-derived
nanoparticles could prominently increase the solubility of insoluble materials (as ISL), and also
enhance its targeting and antitumor effect.

Keywords: red blood cell membrane; nanoparticle; antitumor; mechanism

1. Introduction

Isoliquiritin (ISL) is a natural chalcone extracted from licorice, belonging to the
flavonoids. Flavonoids generally have antioxidant [1], free radical scavenging [2], an-
ticancer [3], antiviral [4], anti-inflammatory [5], and other pharmacological effects [6],
and are increasingly applied [7]. It has been shown that ISL exerts anti-inflammatory
activity by inhibiting the production of prostaglandin E2 (PGE2) and interleukin-6 (IL-6)
by macrophages [8]. Inflammation plays a major role in the development of malignant
tumors. Flavonoids are considered to be good chemopreventive drug candidates with
low toxicity and significant anti-tumor activity in the therapy of inflammation-associated
tumors [9]. Recent reports had identified the anti-tumor activity of ISL. Zhang [10] et al.
found that ISL inhibited cell proliferation, induced cell apoptosis, and caused G2/M (late
DNA synthesis and late division) cell cycle arrest at 25–50 µM in vitro. They also found
that ISL could significantly alter the signaling pathways of cell cycle, DNA damage, and
apoptosis signaling pathways through microarray transcriptional profiling. Zhao [11] et al.
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demonstrated that ISL could prevent ethoxyethane (AOM)-induced colon cancer by in-
hibiting M2 macrophage polarization in animal models. The mechanisms of ISL in tumor
cells include induction to apoptosis, inhibition of tumor cell proliferation, regulation of
autophagy, and anti-angiogenesis [12]. However, the application of ISL in clinical is still
limited due to its poor hydrophobicity and insolubility.

Drug delivery across the brain is difficult due to the blood-brain barrier (BBB), so most
drugs, antibiotics, and neuropeptides cannot overcome the BBB. Nanoparticles have the
potential to treat extremely aggressive brain tumors by endocytosis into endothelial cells of
brain capillaries [13]. They can also effectively be accumulated in tumor sites through the
enhanced permeability and retention (EPR) effect, promising to be delivery vehicles for
anti-brain cancer drugs [14,15]. However, nanodrugs still face challenges, involving poor
drug loading efficiency, rapid blood circulation clearance, low antitumor efficiency, and
high recurrence risk [16]. More importantly, nanomedicine targeting glioma is hampered
by the heterogeneity of glioma and the blood-brain barrier, which causes the non-selective
distribution of drugs in the brain [17]. Therefore, designing an ideal targeting drug delivery
system is not only necessary but also a long-term challenge in glioma therapy [18].

Recent studies have shown successful targeted therapy of brain tumors using nanocar-
riers, viruses, and cell-derived nanoparticles [19,20]. Among them, cellular delivery systems
offer many advantages over artificial nanocarriers and microcarriers, such as immunogenic-
ity and low cytotoxicity, targeting injured tissues, and prolonged internal circulation and
half-life [21]. Currently, numerous types of membranes including cancer cells, bacteria,
or macrophages have been applied in the modification of NPs for drug delivery [22,23].
Erythrocytes, monocytes, and neutrophils have long cycles and specific tropism to injured
tissues, which can be also exploited for drug delivery therapy [24].

Red blood cells (RBCs), a kind of blood cell, have immune function and are the
most important oxygen transport medium in vertebrates [25]. RBCs are a potential
natural carrier system for targeted drugs due to their excellent biomechanical flexi-
bility, non-immunogenicity, biosecurity, abundant sources, and immunosuppressive
ability to escape phagocytosis by reticuloendothelial cells [26–28]. For example, due
to the presence of “self-labeling” (e.g., Cluster of Differentiation 47 (CD47) protein),
RBC membrane (RBCM) coating allows for a variety of nanoparticles to avoid immune
reaction in vivo [29]. Since mature erythrocytes lack a nucleus and most organelles,
RBCs can provide maximum space for oxygenated hemoglobin, by simple hypotonicity
and centrifugation, termed as red blood cell ghosts or RBCM. During different hypotonic
hemolysis procedures or through their coupling with the cell surface, it can effectively
load a broad spectrum of drugs, enzymes, other types of biologically-active substances,
and inorganic nanoparticles (NPs) into the RBCM [30]. In addition, RBCM has a large
number of active groups that could bind specific polypeptides or antibodies to the
erythrocyte surface, which is highly beneficial for achieving the targeted therapies of var-
ious cells and tissues. This property can be effectively deployed for crossing biological
barriers including the BBB [31].

In nanodrug delivery systems, surface modification with bio-membranes allows
the transfer of intact membranes and peripheral proteins to nanoparticles [16,32]. The
bio-membranes coated nanoparticles exhibit properties specific to the source cell. Thus,
by fusing membrane material from two different cells, combinatory functions could be
achieved [33]. Dehaini and his coauthors successfully fused RBC membrane and platelet
membrane, the reported method of bestowing nanoparticles with enhanced functionality
provides a facile and natural alternative to synthetic post-functionalization strategies [33].
Based on the unique properties of red blood cell and tumor cell membranes, Qin [34]
and his co-authors fused RBCM with MCF-7 cell membranes and fabricated an RBCM
hybrid membrane-camouflaged melanin nanoparticle (Melanin@RBC-M) platform. The
fused Melanin@RBC-M exhibited prolonged blood circulation and simultaneous homotypic
targeting to source MCF-7 cells. Similarly, Dongdong Wang [35] and his coauthors fused



Pharmaceuticals 2022, 15, 1059 3 of 15

RBC and melanoma cells (B16-F10 cells) to create RBC-B16F10 hybrid membrane-coated
copper sulfide NPs that exhibited excellent blood circulation and tumor-targeting ability.

However, no existing work has addressed ISL enveloped in the biofilm as a drug
delivery system. Therefore, we proposed that ISL could be encapsulated in the combination
of RBC and U251 hybrid membrane nanoparticles, which in turn might promote anti-glioma
efficacy through membrane fusion.

2. Results and Discussion

Nanotechnology has emerged as a promising solution for the elimination of cancer, but
nanoparticles are rapidly cleared in vivo due to the lack of specificity for tumor cells [36].
Cell membrane coating is a powerful way to enhance the utility of nanoparticles. Nanopar-
ticles coated with cell membrane could present a similar long circulation and target delivery
as the original cells [24], especially for the red blood cells [37]. To improve the antitumor
and brain targeting properties of ISL, here we report a facile and effective method for
preparing HM by fusion of different types of cells. The ISL@HM NPs were characterized,
and the anti-tumor effect was investigated. Figure 1 shows the preparation process of
ISL@HM NPs.

Figure 1. Illustration of the preparation of drug loaded ISL@HM NPs.

2.1. Hybrid Membrane Preparation

The first step in the preparation of biomimetic nanoparticles was to prepare HM.
There were two methods for preparing HM here: the first approach is to fuse cells before
extracting the HM, and the second one is to fuse the two types of membranes after ex-
tracting cell membranes [38]. Cells fusion before HM preparation allows better retention
of cell surface antigens [39]. Firstly, we isolated RBCs and U251 as shown in Figure 2A
separately. The abundance of red blood cells in the body and the rapid proliferation
of cancer cells make these two fused cells more easily accessible. The protein of RBC,
U251, and hybrid membrane was subjected to the SDS-PAGE, respectively. As shown in
Figure 2B, HM retains characteristic proteins inherited from RBC and U251 membranes.
To further verify the successful fusion of RBC and U251, RBCs were stained with red
1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindodicarbocyanine,4-chlorobenzenesulfonate salt
(DiD), and U251 were stained with green 5(6)-Carboxyfluorescein diacetate succinimidyl
ester (CFSE). As shown in Figure 2C, significant colocalization between fluorescence
signals derived from HM, while negligible colocalization could be found in physical
coculture of RBC and U251 membrane. These results indicated the successful fusion of
natural cell membranes from two different origins. Compared to erythrocyte/cancer
single cell membrane, the hybrid cell membrane expressing CD47 membrane protein
and self-recognition molecules, from erythrocytes and cancer cells, provides remarkable
features to the synthetic vehicles, such as immune evasion, long-term circulation, and
homotypic targeting [40]. In this paper, polyethylene glycol (PEG) 2000 was used to
induce cell fusion, which PEGylation of the membrane during this process has the poten-
tial to further increase the circulating half-life. This is possibly due to PEG interference
with protein adsorption on membrane coating defects [41]. Therefore, NPs prepared by
fusion of RBC and U251 membrane are expected to deliver drugs to the brain and target
the highly aggressive brain tumor U251.
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Figure 2. (A) cell morphology of RBC and adherent U251 cells. (B) SDS−PAGE protein analysis
of Marker (1), U251 cells (2), RBCs (3), hybrid cells (4), U251 membrane (5), RBC membrane (6),
hybrid membrane (7), U251 NPs (8), RBC NPs (9) and HM NPs (10). (C) Fluorescence images of
RBC membrane, U251 membrane, a mixture of RBC membrane and U251 membrane, and the hybrid
membrane. Red represents the fluorescence of DiD dye and green represented the fluorescence of
CFSE dye (scale bars = 2 µm). (D) Size distributions of HM NPs and ISL@HM NPs in PBS. (E) Surface
charge of HM vesicles, ISL API, and ISL@HM NPs. (F) TEM images of ISL@HM NPs with potassium
phosphotungstate staining (scale bar = 100 nm). (G) ISL loading capacity of ISL@HM NPs when the
ISL concentration was 25, 50, and 100 µg·mL−1, respectively. (H) FT-IR spectrum of HM, ISL API,
and ISL@HM NPs.

2.2. Synthesis and Characterization of ISL@HM NPs

Drug encapsulation and surface coupling are two methods of HM drug delivery [42].
We designed the ISL@HM NPs by encapsulating insoluble ISL into HM with repeated
squeezing using a microextruder. The average hydrodynamic diameter of HM NPs in-
creased from 225.16 ± 12.68 nm to 264.59 ± 44.08 nm after loading of ISL (Figure 2D).
Transmission electron microscopy (TEM) images can identify obvious layer coating struc-
ture in the ISL@HM NPs, clearly indicating the successful formation of ISL@HM NPs
(Figure 2F). More TEM images of hybrid nanoparticles can be seen in Supplementary
Materials. The zeta potentials of HM, ISL, and ISL@HM NPs were −13.33 ± 1.04 mV,
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−31.01 ± 1.26 mV, and −12.05 ± 1.23 mV, respectively (Figure 2E), and the highly negative
core can be shielded by the less negative outer membrane surface [23,43]. It can be seen
that the zeta potential of ISL@HM NPs rose to the same level as HM membrane, proving
the successful encapsulation of the ISL. The bicinchoninic acid (BCA) protein kit showed
the concentration of extracted HM membrane proteins was 242.76 ± 11.55 µg mL−1. The
changes of chemical structure during the preparation of ISL@HM NPs were analyzed by
Fourier infrared spectrometer (FT-IR). The FT-IR spectrum of ISL@HM NPs (Figure 2H)
revealed the characteristic peaks of ISL were located at 3200–3000 cm−1 and 1250–500 cm−1

due to the C-H stretching vibration and fingerprint area on benzene [44]. At 1700 cm−1, the
characteristic peak was enhanced by tensile vibration of the C=O bonds of ISL and HM [45].
The characteristic peaks of ISL at 3500–3300 cm−1 overlapped with the peaks of ISL@HM
NPs, resulting in the peak enhancement of stretching vibration of the -OH groups [19].
The FT-IR spectrum of ISL@HM NPs displayed both characteristic peaks at the same time,
indicating the successful encapsulation of ISL in HM NPs.

2.3. In Vitro Analyses

Poor solubility of isoliquiritin hinders it is in vivo application, while nano-preparation
may help to improve this issue [46]. The drug loading ability of ISL@HM NPs in the
presence of different concentrations of ISL was examined. As shown in Figure 2G, the drug
encapsulation rates of ISL@HM NPs were 46.95%, 55.63%, and 41.32%, respectively, in
the presence of 25 µg mL−1, 50 µg mL−1, and 100 µg mL−1 ISL. The results demonstrated
that the HM had good encapsulation rates at 50 µg mL−1 ISL, so 50 µg mL−1 of ISL was
selected for subsequent experiments, while NP’s loading capacity was 38.9 ± 2.99% under
these conditions.

The hemolysis assay was performed to explore the hemocompatibility of the NPs.
The hemolysis rate of ISL@HM NPs was lower than 8% after 6 h incubation with different
concentrations of ISL (Figure 3A), which is similar to the research in other labs [19,47],
indicating that ISL@HM NPs have high biosafety and biocompatibility, which is conducive
for the practical application.

2.4. Cellar Examination

We also investigated the cytotoxicity of different NPs with different cells. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay results revealed that
cell viability was more than 78% after treatment with different concentrations of ISL@HM
NPs (0, 5, 10, 20 µg·mL−1) in HFF cells (Figure 3B), which indicated that ISL@HM NPs had
high biosafety and biocompatibility in transformation by lentiviral transduction cells. Mean-
while, after 72 h incubation with U251 cells, cell viability was reduced to 38% at the concen-
tration of 20 µg mL−1 (Figure 3C). This suggested ISL@HM NPs had good antitumor effect,
which may be due to HM enabling nanoparticles with excellent homologous targeting.

With the advanced research of flavonoids and other traditional Chinese medicines,
isoliquiritin has shown the ability to anti-tumor [48,49] and induction of tumor cells to dif-
ferentiate into normal cells [50]. Subsequently, we further investigated the antitumor ability
of ISL@HM NPs in vitro. We observed and calculated the live and dead viability with
Calcein AM/propidium iodide (C-AM/PI) dual fluorescent dyes stained U251. With the
increase of ISL, the green fluorescence was significantly reduced, and red fluorescence in-
creased in ISL@HM NPs group compared to free ISL (Figure 3D,E). These results suggested
a significant antitumor effect of ISL@HM NPs in vitro.

Wound healing is a simple method to study cell migration or tumor invasion. In
Figure 3F,G, the damage-repair curves of U251 cells at different concentrations of ISL in
ISL@HM NPs were continuously detected for 72 h. The results showed that the healing
percentages of U251 cells in ISL@HM NPs group were 6%, 45.2%, and 75%, respectively,
which were significantly higher than the blank group (2.5%). Our study demonstrated that
ISL and ISL@HM NPs significantly restrain U251 cell migration, suggesting an inhibitory
role of ISL@HM NPs in the treatment of brain tumors.
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Figure 3. (A) Hemolysis quantification of HM at various concentrations of ISL@HM NPs. Cytotoxicity
of ISL@HM NPs to HFF cells (B) and U251 cells (C,D) Live/dead staining and (E) the cell livability of
U251 cells after different treatments (scale bar = 50 µm). The cell migration rate of U251 cells after
different concentrations of ISL (F) and ISL@HM NPs (G) treatments. (n = 3; mean ± s.d. *** p < 0.001,
** p < 0.01 and * p < 0.05, as determined by unpaired, two−tailed Student’s t-tests. n refers to
biological replicates.)

2.5. Primarily Anti-Tumor Mechanism Analysis

Cells responding to DNA damage implement complex adaptive programs that often
culminate in one of two distinct outcomes: apoptosis or senescence [51]. Here, we examined
cell apoptosis by the green fluorescence change of intracellular medium using the terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay kit to
detect. On the other hand, we employed a β-galactosidase staining kit to detect the changes
of SA-β-Gal (senescence-associated β-galactosidase) activity level during cell senescence
induced by ISL@HM NPs. A characteristic feature of apoptosis is DNA fragmentation.
This fragmentation can be detected by TUNEL of DNA in dying cells [52,53]. As depicted
in Figure 4A, the green fluorescence in ISL@HM NPs treated cells was greatly increased,
while Figure 4B exhibited a rate of apoptosis cells of 84.41% in the 20 µg mL−1 ISL@HM
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NPs treated group, which was significantly higher than the apoptosis rate of 7.79% in blank
group. These results suggested that ISL@HM NPs have considerable apoptotic ability of
tumor cells in vitro through DNA damage, which is consistent with previous work [54].
Cellular senescence has been identified as one of the mechanisms mediating the anticancer
effects of chemotherapies [55]. As illustrated in Figure 4C,D, the senescence rate of 82.93%
of cells in 20 µg mL−1 ISL@HM NPs treated group, which was dramatically higher than
the early senescence rate of 14.31% in the blank group. These results suggested that cell
senescence may contribute to the anti-tumor and growth-inhibiting effects of ISL@HM NPs.

Figure 4. Fluorescence images (A) and quantitative assay (B) of TUNEL staining after different
treatments with U251 cells (scale bar = 50 µm). Fluorescence images (D) and quantitative assay
(C) of β−Galactosidase staining after different treatments with U251 cells (scale bar = 50 µm). (n = 3;
mean ± s.d. *** p < 0.001, as determined by unpaired, two−tailed Student’s t-tests. n refers to
biological replicates.)

The mechanism of ISL@HM NPs promoting apoptosis of U251 cells was further in-
vestigated with a fluorescence-activated cell sorter (FACS). U251 cells were stained with
Annexin V-FITC and propidium iodide (PI) to distinguish and quantify non-apoptotic cells
(Annexin V-FITC negative/PI negative), early apoptotic cells (Annexin V-FITC positive/PI
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negative), late apoptotic/necrotic cells (Annexin V-FITC positive/PI positive) and dead
cells (Annexin V-FITC negative/PI positive). The findings of Annexin V-FITC/PI apoptosis
assay disclosed that the total number of early apoptotic and late apoptotic U251 cells at
different concentrations of the ISL@HM NPs treated group was 9.52% ± 0.14, 53.6% ± 8.03,
72.3% ± 2.61, respectively, which were distinctly superior to the blank group with an apop-
totic rate of 2.57% ± 0.07 (Figure 5A,B). We found that the apoptotic phenotype occurred in
more cells than the necrotic phenotype, therefore, apoptosis may be the prevalent response
to ISL treatment in U251 cells [56]. These results clearly implied that ISL@HM NPs can
trigger apoptotic cell death, which can also be potent inducers of senescence.

Figure 5. Annexin V−FITC/PI apoptosis assay (A) and quantitative analysis (B) of U251 cells after
different treatments. Western blotting analysis (C) and quantitative analysis (D,E) of Bcl−2 and BAX
expression in U251 cells after different treatments. (n = 3; mean ± s.d. *** p < 0.001, as determined by
unpaired, two−tailed Student’s t-tests. n refers to biological replicates.)

Finally, we observed the apoptosis-promoting ability of ISL@HM NPs at molecular
level. B cell lymphoma 2 (Bcl-2) and Bcl-2 associated X (Bax) protein belong to the Bcl-
2 family, where Bcl-2 is the anti-apoptotic protein and Bax is the pro-apoptotic protein.
The balance of these two proteins determines whether a cell undergoes apoptosis [57,58].
We analyzed the location and depth of staining of the Western blot protein bands which



Pharmaceuticals 2022, 15, 1059 9 of 15

reflect the expression of Bcl and BAX in treated U251. Bcl-2 protein level was suppressed
significantly and Bax protein level was increased dramatically in the ISL@HM NPs group
compared to the control (Figure 5C–E). The changes in the expression in these proteins were
consistent with the trend of cell apoptosis, proving that ISL@HM NPs induced apoptosis.
Previous studies have demonstrated that ISL-induced cell apoptosis is associated with
disruption of mitochondrial function [49]. A cluster of proteins belonging to the Bcl-2
family localizes to the outer membrane of mitochondria to regulate cell apoptosis [57].
Therefore, ISL@HM NPs may induce U251 apoptosis via mitochondrial signaling [59].

3. Materials and Methods
3.1. Materials

Isoliquiritigenin (ISL) and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). U251 cells were obtained from the National Collection of authenticated
cell cultures (Shanghai, China). Human foreskin fibroblasts (HFF) were obtained from
Zhong Qiao Xin Zhou Biotechnology Co., Ltd. (Shanghai, China). Fetal bovine serum
(FBS) was purchased from Thermo Fisher Scientific Co., Ltd. (Shanghai, China). DF12 1:1
and DMEM media were purchased from Cytiva life sciences Co., Ltd. (Beijing, China).
Chemical reagents, including TMA-DPH, Calcein-AM, 5(6)-carboxyfluorescein diacetate
succinimidyl ester (CFSE), propidium iodide (PI) were purchased from MedChemExpress
Biotechnology Co., Ltd. (Shanghai, China). RIPA lysis buffer, phenylmethylsulfonyl flu-
oride (PMSF), and β-galactosidase staining kit were purchased from Solarbio Science &
Technology Co., Ltd. (Beijing, China). Bicinchoninic Acid (BCA) protein assay kits were pur-
chased from Novazin Biotechnology Co., Ltd. (Nanjing, China). Terminal deoxynucleotidyl
transferase mediated 2′-deoxyuridine 5′-triphosphate nick-end labeling (TUNEL) test kit,
1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindodicarbocyanine,4-chlorobenzenesulfonate salt
(DID) and pepstatin A were purchased from Beyotime Biotechnology Co., Ltd. (Shanghai,
China). Annexin V-FITC/PI double staining apoptosis detection kits were purchased from
Nanjing Jiancheng Bioengineering Institute Co., Ltd. (Nanjing, China). NaCl, Na2HPO4,
NaH2PO4, and ethylene diamine tetraacetic acid (EDTA) were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). PAGE Gel Fast Preparation Kits and
Coomassie Blue Fast Staining were purchased from Epizyme Biotech Co., Ltd. (Shanghai,
China). B cell lymphoma 2 (Bcl-2) and Bcl-2 associated X (Bax) antibodies were purchased
from Abcam Trading Co., Ltd. (Shanghai, China). SD rats were obtained from Jiangsu
university laboratory animal research center (Zhenjiang, China). All other reagents were of
analytical purity and used without further purification.

3.2. Preparation of Hybrid Membrane

The animal studies were approved by the Institutional Animal Care and Use Com-
mittee of Jiangsu University (Jiangsu, China; protocol code UJS-IACUC-2021042002 and
approved on 31 July 2022). Firstly, whole blood collected from SD male rats was centrifuged
at 1400× g for 3 min, and RBCs were separated. The isolated RBC was washed with ice-cold
phosphate buffer saline (PBS) solution until the supernatant became colorless to obtain
RBCM. RBCM were mixed with U251 cells in a 10:1 ratio, and the mixed cells were washed
three times with serum-free Dulbecco’s modified eagle medium (DMEM) medium and
centrifuged at 1000× g for 5 min. The bottom of the tube was flicked to mix the two cells
evenly. Fusion was induced by dropwise addition of pre-warmed 50% PEG 2000 at 37 ◦C.
PEG fusion was terminated by adding pre-warmed DMEM medium containing 15% serum
to the tube after one minute. After being centrifuged at 1000× g for 5 min, RBC and U251
fused cells were obtained.

Next, the HM was prepared by hypotonic dissolution. Briefly, the hybrid cells were
incubated in ultrapure water at 4 ◦C to induce osmotic lysis and liberation of the cell nuclei
(after about 20 min, monitored by microscope). HM was separated from unbroken cells
and nuclei by centrifugation at 2000× g for 20 min. The obtained was concentrated by
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ultrafiltration tube (100 kDa) through centrifuged at 4000× g for 20 min. All procedures
were performed on ice. The concentrated HM was diluted in PBS and stored at −80 ◦C.
BCA protein assay kit was performed to quantify the concentration of HM proteins.

3.3. Synthesis of ISL@HM NPs

The hybrid membrane camouflaged isoliquiritin nanoparticles (ISL@HM NPs) were
prepared by extrusion method [29,36]. Briefly, 0.9 mL of PBS buffer or medium was added to
100 µL of HM solution (0.25 m44g mL−1). After that, 5 µL of ISL solution was added for final
concentration of 10 mg mL−1. The mixture was sonicated for 20 min at room temperature
(RT). ISL@HM NPs were formed using a micro-syringe (Avanti, Birmingham, AL, USA)
extruded 15 times by squeezing through 400 nm polycarbonate porous membranes.

3.4. Characterization of Hybrid Membrane

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to
characterize the membrane protein. Briefly, RBC membrane, U251 membrane, and HM
were lysed with radio immunoprecipitation assay (RIPA) lysis buffer and total protein
concentration was determined by BCA protein assay kit. All samples with equivalent pro-
tein amounts were loaded on 12% SDS-PAGE gel and electrophoresed. Then the resultant
gel was stained in Coomassie Blue staining for 2 h and washed overnight for subsequent
imaging with luminescence imaging system (CLINX, CHN).

Additionally, the fused cell membrane was labeled and observed under a fluorescence
microscope. Briefly, U251 and RBCs were stained with CFSE and DID, separately. The two
labeled cells were fused as described above. CFSE was excited by a 488 nm laser and the
green emission was collected at 518 nm. DiD was excited by a 644 nm laser and the red
emission was collected at 665 nm.

3.5. Characterization of ISL@HM NPs

ISL@HM NPs were characterized by TEM (Zeiss, Jena, Germany), dynamic light
scattering (DLS, Brookhaven, GA, USA), and FT-IR (Nicolet, Madison, WI, USA).

3.6. In Vivo Exploration
3.6.1. Loading Efficiency (LE) and Encapsulation Efficiency (EE)

ISL@HM NPs were demulsified with ethanol and centrifuged at 400× g for 5 min using
an ultrafiltration tube (10,000 kDa) to remove unencapsulated ISL from the supernatant.
To quantify the LE and EE of ISL, different concentrations of ISL (25, 50, 100 µg mL−1)
were loaded into ISL@HM NPs following a similar procedure. The supernatant was then
demulsified with ethanol and measured by a microplate reader (BioTek, Winooski, VT,
USA). The membrane protein content in ISL@HM NPs was measured using a BCA protein
assay kit. The LE and EE results of ISL were calculated according to Equations (1) and (2).

LE(%) =
ME

ME + MP
× 100% (1)

EE(%) =
ME
MN
× 100% (2)

where ME is the mass of encapsulated ISL, MN is the mass of ISL, and MP is the mass of
membrane protein in ISL@HM NPs.

3.6.2. Hemolysis Assay

Mouse whole blood was centrifuged at 400× g for 5 min and washed five times with
PBS solution to extract pure erythrocytes. Afterward, 500 µL of 4% erythrocytes (v/v)
was mixed with 500 µL of ISL@HM NPs solution at various concentrations (5, 10, and
20 mg mL−1) and incubated at 37 ◦C for 8 h. The erythrocytes were mixed with pure
water and 100% hemolyzed. The absorbance of the samples supernatants at 540 nm was
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measured on a microplate reader. The percentage of hemolysis was calculated according to
Equation (3).

Hemolysis (%) =
I
I0
× 100% (3)

where I represent the absorbance of supernatant for erythrocytes with ISL@HM NPs, and
I0 is the absorbance of erythrocytes after complete hemolysis in pure water.

3.7. Cellular Assay
3.7.1. Cell Culture

U251 and HFF cells were cultured in DMEM medium containing 10% Fetal Bovine
Serum (FBS) and 1% streptomycin/penicillin (PS). Cells were cultured at 37 ◦C in an
incubator with 5% CO2.

3.7.2. Cell Viability

The cytotoxicity of ISL@HM NPs against U251 cells and HFF cells was determined
by MTT assay. U251 was seeded in a 96-well plate at a density of 1 × 104 cells per well
and incubated for 24 h. The original medium was refreshed with serum free medium
containing different concentrations of ISL (0, 5, 10, 20 µg·mL−1) in free ISL and ISL@HM
NPs, respectively. Meanwhile, untreated cells were detected as a control. After cells were
treated for 72 h, 20 µL MTT (5 mg mL−1) solution was added to each well. Cells were
incubated for another 4 h. The supernatants of each well were discarded and 100 µL
dimethyl sulphoxide (DMSO) was added. The absorbance at 490 nm was measured using a
microplate reader. Cell viability was calculated according to Equation (4).

Cell viability =
A1− Ac
A0− Ac

× 100% (4)

where A1 is the absorbance value of the cells treated with different concentrations of
ISL@RBC, A0 is the absorbance value of cells without treatment, and Ac is the absorbance
value of the MTT medium solution at 490 nm.

3.7.3. Live/Dead Assay

The antitumor efficacy was further explored by live/dead staining. U251 cells were
seeded in a 96-well plate at a density of 1 × 104 cells per well and incubated at 37 ◦C in
5% CO2 for 24 h. The original medium was refreshed with serum free medium containing
different concentrations of ISL (0, 5, 10, 20 µg·mL−1) in free ISL and ISL@HM NPs. The
medium of each well was discarded after 72 h of incubation, and 100 µL fresh Serum
free medium with 0.2 µL of Calcein-AM (10 µM) solution and 0.5 µL PI staining solution
(15 µM) was added into each well, stained for 10 min. All the cells were washed with PBS
in triplicated and imaged using inversed fluorescent microscope.

3.7.4. Wound Healing Assay

U251 cells were seeded in a 48-well plate at a density of 2 × 104 cells per well and
incubated for 24 h at 37 ◦C in 5% CO2. The cell culture plate was scratched vertically
with a 20 µL sterilized pipette tip and washed with PBS in triplication to remove the
floating cells, and the slits were clearly visible. The serum free medium containing different
concentrations of ISL (0, 5, 10, 20 µg mL−1) in free ISL and ISL@HM NPs was replaced in
each well, separately. Cells were cultivated in a 5% CO2 incubator at 37 ◦C. Cells scratches
were observed and recorded using a microscope at different time points (24, 48, 72 h).

3.8. Related Mechanism Analysis
3.8.1. TUNEL Test Kit Apoptosis Assay

U251 cells were seeded at a density of 1 × 104 in a 96-well plate and cultivated for
24 h. Next, different concentrations of ISL (0, 5, 10, 20 µg mL−1) in free ISL and ISL@HM
NPs added to fresh serum free medium and incubated for another 72 h. For the apoptosis
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assay, the cells were stained with TUNEL test kit. Finally, the treated cells were imaged
under inverted fluorescent microscope.

3.8.2. β-Galactosidase Staining Kit

U251 cells were seeded at a density of 2 × 104 cells per well in a 48-well plate and
cultivated for 24 h. Next, different concentrations (0, 5, 10, 20 µg mL−1) of ISL in free ISL and
ISL@HM NPs were mixed with fresh serum free medium, added to each well, and cultivated
for another 72 h. For the senescence assay, cells were stained with a β-galactosidase staining
kit. Finally, the treated cells were imaged under inverted fluorescent microscope. All the
experiments were replicated in triplicate.

3.8.3. Apoptosis Assay

U251 cells were seeded at a density of 1 × 105 cells per well in a 6-well plate and
cultivated for 24 h. Next, different concentrations (0, 5, 10, 20 µg mL−1) of ISL@HM
NPs were added to fresh serum-free medium and incubated for another 72 h. For the
apoptosis assay, the cells were stained with Annexin V-FITC/PI solution. Finally, the
treated cells were detected by flow cytometry (BD, Franklin Lakes, NJ, USA) and analyzed
via flowjo (v10.8.1).

3.8.4. Western Blotting

U251 cells were inoculated in a 6-well plate at a density of 1 × 105 per well and
cultivated for 24 h, followed by the addition of different concentrations of ISL (0, 5, 10,
20 µg mL−1) in ISL@HM NPs in fresh serum free medium. After further incubation for
another 72 h, the cells were harvested and lysed with RIPA lysis buffer on ice. Finally,
western blotting was performed to detect the expression level of Bcl-2 and Bax in U251
cells. The results were detected by a Chemiscope 3600 mini luminescence imaging system
(CLINX, CHN).

3.9. Statistical Analysis

All the samples were conducted at least three parallel trials. Graphical and statistical
analyses were performed using GraphPad Prism 8 and ImageJ software. Differences were
considered significant when p < 0.05.

4. Conclusions

In summary, we presented a theoretical and experimental study of the ISL@HM NPs.
Firstly, we successfully prepared HM and synthesized ISL@HM NPs, which were shown
good biocompatibility in hemolysis experiments. The results of the MTT assays and C-
AM/PI staining indicated that ISL@HM NPs could inhibit the proliferation of U251 in a
dose-dependent manner. Furthermore, the results of the wound healing illustrated that
ISL@HM NPs suppressed the migration of U251 cells in vitro. We found ISL@HM NPs
distinctly elevated the percentage of apoptosis and senescence in U251 cells shown by
TUNEL assays, β-galactosidase staining, and flow cytometry analysis. Furthermore, the
expression of apoptosis-associated proteins was measured to understand the molecule
mechanisms. The levels of Bax were significantly elevated, while Bcl-2 was remarkably
reduced compared with the control group. These results suggest that ISL@HM NPs can
promote U251 cell apoptosis and senescence. However, more in vivo anti-tumor experi-
ments should be studied to verify the in vitro findings. Further research on the role and
mechanism of nanoparticles in vivo will be done in our further studies. The combination
of hybrid membranes, such as RBC and tumor cells, could improve the controllability and
targeting of drug delivery systems
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