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Abstract
The therapeutic efficacy of hepatocellular carcinoma (HCC) medication is severely compromised by inadequate drug deliv‐
ery to tumor sites. Herein, we fabricated a biomimetic nanoplatform for improved drug targeting ability by wrapping H22 
tumor cell membranes around natural chalk to encapsulate the model drug doxorubicin (C-DOX@H22 CM). When camou‐
flaged with H22 tumor cell membranes, C-DOX@H22 CM achieved primary targeting to the tumor tissues due to the 
immune escape ability and secondary deep targeting to HCC cells owing to the homologous targeting properties. The cellular 
uptake of C-DOX@H22 CM by H22 cells was via clathrin-mediated endocytosis. Meanwhile, C-DOX@H22 CM exhibited 
the property of deep penetration into dense tumor tissues. Moreover, the pH-responsive characteristics of the natural chalk 
enabled C-DOX@H22 CM to achieve endosomal escape and drug release, thereby expanding its antitumor effects without 
compromising biocompatibility. Importantly, the in vivo experiments also confirmed that C-DOX@H22 CM had favorable 
antitumor efficacy and biosafety in the H22 tumor-bearing mouse model. Overall, the novel C-DOX@H22 CM nanoplat‐
form provides a safe and effective treatment option for HCC and has the potential to achieve clinical translation for the tar‐
geted delivery of other drugs for the treatment of various tumors.
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1　Introduction

Liver cancer is the sixth most prevalent cancer worldwide, 
with approximately 760 000 deaths reported in 2022 [1]. He‐
patocellular carcinoma (HCC) is the most common form of 
primary liver cancer, accounting for 75%–85% of all cases. 
Most HCC patients are diagnosed at the advanced stage, when 
effective surgical resection is usually no longer possible. These 
unresectable HCC patients are treated with interventional 
therapy, liver transplantation, and/or medical therapy [2–4]. 
Although conventional drugs are available, the clinical effi‐
cacy of these medications is low and the side effects are se‐
vere due to their insufficient exposure to tumor cells and ex‐
cessive accumulation in normal tissues. Thus, it is impera‐
tive to explore more effective and safer strategies for the tar‐
geted delivery of therapeutic agents to tumors.

With the development of nanotechnology, nanodrug deliv‐
ery systems have exhibited enhanced therapeutic efficacy to 
overcome the drawbacks related to conventional therapy [5–8]. 
Notably, several nanodrugs (doxorubicin liposomes, pacli‐
taxel albumin, etc.) have been used clinically [9, 10]. Never‐
theless, many nanomedicines are rapidly cleared by the im‐
mune system in the circulation, do not effectively target 
pathological sites through passive targeting [11], and there‐
fore do not achieve improvements in progression-free sur‐
vival or overall survival at an overall level. To address these 

obstacles, the functionalization of nanoparticles (NPs) with 
specific ligands, such as folic acid, peptides, transferrin, aptam‐
ers, and antibodies, has been reviewed [12]. However, even 
though numerous nano-formulations with active targeting 
functions have been reported, their selectivity to tumor tissues 
remains inadequate due to the stimulation of plasma protein 
opsonization [13] and the ability to add multiple functional‐
ities using additional materials is often accompanied by in‐
creased preparation steps and costs at the expense of bio‐
compatibility [14, 15]. The efficacy of tumor-targeted therapy 
is still strongly restricted by its unfavorable intracellular 
drug release, especially being trapped in endo-lysosomes [16]. 
Due to the above deficiencies, it remains challenging to im‐
prove the targeting and endosomal escape capabilities and 
biocompatibility of NPs.

Recently, the emergence of cell membrane camouflage 
techniques has brought novel insight into tumor-targeted 
drug delivery, attributed to their high targeting ability and 
low immunogenicity [17–19]. Natural cell membranes equip 
the NPs with the inherent features of the source cells with‐
out affecting their physicochemical properties [20]. To date, 
various biomimetic NPs modified by natural cell membranes 
have been reported, such as erythrocyte membrane-coated 
NPs, which exhibit long-term circulation [21], macrophage 
membrane-camouflaged NPs, which exhibit immunological 
escape [22], NPs with inflammatory targeting capability in the 
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brain [23], NPs that target orthotopic rectal cancer cells [24], 
hybrid Staphylococcus aureus and Veillonella atypica cell 
membranes engineered microrobots with inflammatory and 
anaerobic targeting [25], and hybrid cell membrane-modified 
nanomotors with homologous tumor-targeting capability and 
enhanced ability to bypass the blood–brain barrier (BBB) [26], 
and cancer cell membrane-coated NPs that exhibit long cir‐
culation time and active tumor cell targeting [27] or enhanced 
stability and antitumor immune activity [28]. Among them, 
tumor cell membranes have been a research hotspot in re‐
cent years [28]. Driven by the unique molecules expressed 
on the tumor cell membranes (adhesion proteins, cluster of 
differentiation 47 (CD47), etc.), they have homologous tar‐
geting function and immune escape ability, thereby enhanc‐
ing drug intracellular accumulation [29, 30]. More remark‐
ably, they can be easily obtained and mass-produced through 
in vitro simple cell proliferation and membrane extraction [31]. 
Calcium carbonate (CaCO3), as a nontoxic biomineral, has 
attracted great attention for biomedical applications due to its 
high drug-loading capacity, outstanding biocompatibility, 
inherent pH sensitivity, and low cost [32–34]. CaCO3 is struc‐
turally stable under physiological conditions, readily generates 
carbon dioxide (CO2), and achieves rapid volume expansion 
under acidic conditions, making CaCO3 a promising candidate 
for promoting endosomal escape and triggering the release of 
cargo [35]. In addition, previous studies have shown that cal‐
cium carbonate can be used for acidification to increase the 
intracellular alkalization pH, thereby enhancing the antitu‐
mor efficacy of weak-base chemotherapeutic drugs [36]. 
Unfortunately, many studies found that there was no better 
way to separate the suspended nanoscale calcium carbonate 

in water [37]. In particular, chalk is an inert natural biomin‐
eral mainly composed of stable CaCO3 (biogenic calcite) [38], 
and our previous research demonstrated that chalk possessed 
superior absorption and antitumor effects [39].

Herein, we constructed a biomimetic tumor cell membrane-
coated chalk that showed promoted effectiveness against HCC 
and negligible side effects. As shown in Scheme 1, the che‐
motherapeutic drug doxorubicin (DOX) was selected as the 
model drug and adsorbed onto the chalk (C-DOX). Subse‐
quently, an H22 cell membrane was wrapped around the 
DOX-adsorbed chalk to encapsulate the C-DOX (C-DOX@ 
H22 CM). The preparation process of C-DOX@H22 CM 
was simple. C-DOX@H22 CM could avoid being captured 
by immune cells to achieve primary targeting to the tumor 
tissues due to the stealth coating of H22 tumor cell mem‐
brane (H22 CM) and secondary active targeting to HCC 
cells owing to the excellent homing effects of the tumor cell 
membranes. Once C-DOX@H22 CM was taken up by HCC 
cells, the lower pH accelerated the decomposition of the 
NPs, leading to the destruction of the lysosome, followed 
by the release of DOX, thus amplifying the cancer therapy. 
In this study, we assessed the tumor targeting efficiency and 
antitumor effect of C-DOX@H22 CM compared with eryth‐
rocyte membrane-coated NPs or normal NPs in immune or 
tumor cell lines and H22 subcutaneous tumor models. In ad‐
dition, the biosafety of C-DOX@H22 CM was evaluated. 
Overall, the natural C-DOX@H22 CM nanoplatform may 
provide an attractive paradigm for effective drug targeting 
of liver tumor cells while avoiding its adverse effects, 
which might inspire a new concept for future translational 
research on the treatment of HCC.

Scheme 1  Schematic illustration for the construction process of C-DOX@H22 CM (a) and effective drug targeting to HCC (b)
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2　Materials and methods

2.1　Materials

Dulbecco’s modified Eagle’s medium (DMEM), Roswell 
Park Memorial Institute (RPMI) 1640 medium, fetal bovine 
serum (FBS), dimethyl sulfoxide (DMSO), sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) Bis-
Tris precast gel, protein loading buffer, poly-D-lysine (PDL), 
4’,6-diamidino-2-phenylindole (DAPI), amiloride hydro‐
chloride, and doxorubicin hydrochloric acid (DOX·HCl) were 
provided by Shanghai Titan Technology Co., Ltd. (China). 
The chalk was purchased from Xincheng Mineral Products 
Co., Ltd. (Hebei, China). Phosphate-buffered saline (PBS), 
hematoxylin-eosin (H&E) high-definition (HD) constant 
dye kit, terminal deoxynucleotidyl transferase-mediated 
dUTP nick-end labeling (TUNEL) assay kit, Ki67 antibody, 
CY3-labeled goat anti-rabbit immunoglobulin G (IgG), pro‐
tein marker, 3,3'-dioctadecyloxacarbocyanine perchlorate 
(DiO), and fluorescein isothiocyanate (FITC) fluorescent 
dyes were purchased from Wuhan Service Technology Co., 
Ltd. (China). The cell membrane protein and cytoplasm pro‐
tein extraction kit, phenylmethylsulfonyl fluoride (PMSF), 
and Fast Silver Stain Kit were obtained from Beyotime 
(China). Nystatin was purchased from Dalian Meilun Biotech‐
nology Co., Ltd. (China). Chlorpromazine was purchased 
from TCI Chemical Trading Co., Ltd. (Shanghai, China). 
All materials were of analytical grade and without purifica‐
tion unless otherwise stated.

2.2　Cell culture and animals

HCC cells (H22) were provided by Wuhan Service Technol‐
ogy Co., Ltd. Macrophage leukemia cells (RAW264.7), co‐
lon cancer cells (CT26), and embryonic fibroblasts (NIH-3T3) 
were obtained from the Shanghai Academy of Sciences 
(China). The cells were cultured in RPMI 1640 or DMEM 
medium containing 10% FBS and 1% antibody in a 37 °C, 
5% CO2 incubator.

Female BALB/c mice (6–8 weeks old, approximately 20 g) 
were selected for the animal experiments. To establish the 
HCC model, 1×106 H22 cells were subcutaneously inocu‐
lated into the right legs of the mice. All reagents and con‐
sumables were sterilized before use.

2.3　Extraction and protein characterization 
of cell membranes

Tumor cell membranes were extracted from H22 cells using 
a cell membrane protein and cytoplasm protein extraction 
kit. Briefly, 30 million H22 cells were collected and resus‐
pended in a pre-cooled lysing buffer with PMSF. Subse‐
quently, the cell homogenate was transferred to an ice bath 

for 15 min after centrifugation at 4 °C and 600g for 5 min. 
The obtained cells were subjected to the freeze–thaw experi‐
ment at least five times, followed by collection of the super‐
natant by centrifugation at 4 °C and 700g for 10 min. The 
cell membranes were extracted by centrifugation at 4 °C and 
14 000g for 30 min, then lyophilized, and stored at −80 °C 
for the subsequent experiments. Finally, H22 tumor cell mem‐
brane vesicles (H22 CM) were obtained through 400 nm 
polycarbonate films with an Avanti micro extruder (Avanti 
Polar Lipids, USA).

Red blood cell (RBC) membranes were extracted using 
hypotonic treatment as previously reported [40]. Briefly, fresh 
heparinized blood was withdrawn from the BALB/c mice. 
Buffy coats and plasma were removed after centrifugation 
at 4 °C and 3000 r/min for 10 min. The RBCs were washed 
with five volumes of ice-cold PBS, and the precipitate was 
collected after centrifugation at 4 °C and 800g for 5 min. 
The RBCs were resuspended in a cold hypotonic solution 
(0.25× PBS) for 20 min and subsequently centrifuged at 
4 °C and 800g for 5 min. After removing the hemoglobin, 
the RBC membranes (RBCMs) were collected via centrifu‐
gation at 4 °C and 800g for 5 min and purified with PBS 
solution. After sonicating for 30 min at 100 W, the final cell 
membrane-derived vesicles were obtained through a lipo‐
some extruder with 400 nm polycarbonate track-etch (PCTE) 
membrane.

2.4　Preparation and characterization of 
C-DOX@H22 CM

C-DOX@H22 CM was prepared via the ultrasound method. 
A mixture of chalk (10 mg) and DOX (1 mg) was dissolved 
in deionized water and stirred for 12 h. The precipitate was 
collected to obtain the C-DOX core after centrifugation at 
8000 r/min for 3 min. Next, 250 μg H22 CM and C-DOX 
(mass ratio=1:1) were mixed well and sonicated with gradi‐
ent programs (50 W, 15 min, 3 s, 3 s) to construct C-DOX@ 
H22 CM. The C-DOX@RBCM was prepared following the 
procedure described above, except that the cell membranes 
were extracted from the RBCs. The fluorescence spectro‐
photometer FS5 (Edinburgh Instruments, UK) was used to 
measure the emission curves of DOX, C-DOX, and 
C-DOX@H22 CM at an excitation wavelength (λEx) of 
490 nm, and the fluorescence intensity of DOX in the super‐
natant was used to calculate the encapsulation efficiency 
(Fig. S2 in the supplementary information) and loading rate. 
The ultraviolet–visible (UV–Vis) absorption spectra of 
C-DOX@H22 CM were measured using a UV–Vis spectro‐
photometer (UV-1900; Shimadzu, Japan) to determine the 
intermolecular forces in the NPs after mixing with 0.2% 
sodium dodecyl sulfate (SDS) solution. Fourier transform in‐
frared (FTIR) spectroscopy (FTIR-IS50; Thermo Fisher, 
USA) was employed to determine the possible interactions 
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between the drug, chalk, and surface membrane coating, 
with the wavelength scanning from 400 to 4000 cm−1. The 
particle size and zeta potential of the surface charge were 
measured by a dynamic light scattering instrument (Zeta‐
sizer Nano; Malvern, UK), and the surface structures of 
H22 CM, chalk, and C-DOX@H22 CM were observed un‐
der a transmission electron microscope (TEM Tecnai G20; 
FEI, USA). Cell membrane proteins were characterized by 
SDS-PAGE according to the protocol previously reported 
by Ying et al. [41] to confirm the successful encapsulation 
of H22 CM on the C-DOX. Samples preprocessed in the 
loading buffer and protein markers were added to the gel 
wells. Electrophoresis was carried out at 100 V for 110 min. 
The gel was stained with Silver staining solution for 30 min 
and then decolored on a shaker overnight for photographic 
analysis. Cell membrane fragments of C-DOX@H22 CM 
were then assessed by Western blot. To further visualize the 
cell membrane coating on C-DOX, H22 CM was stained 
with a fluorescent DiO probe. Briefly, the H22 CM and 
DiO staining working solutions were incubated at 37 °C in 
the dark. After staining for 30 min, the supernatant contain‐
ing the unstained fluorescent probe was removed by cen‐
trifugation at 14 000g for 30 min at 4 °C. Then the precipi‐
tate was finally collected for the preparation of C-DOX@ 
CM-DiO. C-DOX@CM-DiO was prepared in a similar 
manner to the preparation method for C-DOX@CM. In 
brief, 10 μL samples were dropped onto a glass slide, and 
covered, and the green fluorescence (DiO) and red fluores‐
cence (DOX) were observed under bright-field confocal la‐
ser scanning microscopy (CLSM, Nikon, Japan).

2.5　pH-sensitive in vitro drug release

The dialysis method was applied to calculate the cumulative 
release of DOX in C-DOX@CM under an acidic environ‐
ment. Each group was laid in a dialysis bag (molecular weight 
cut-off (MWCO): 3500) and immersed in 15 mL PBS (pH: 
7.4, 4.5). At a predetermined time point, 3 mL of release 
solution was collected and supplied with an equal volume of 
fresh PBS. The concentration of released DOX was further 
detected using a fluorescence spectrophotometer (λEx=
490 nm, λEm=590 nm, with λEm representing the emission 
wavelength) (FS5; Edinburgh Instruments).

2.6　In vitro cytotoxicity assay and safety 
evaluation

The in vitro cytotoxicity of the nanoparticles was evaluated 
in H22 and NIH-3T3 cells via MTT assay. In brief, the cells 
were seeded in 96-well plates and then treated with C@H22 
CM NPs (the concentration of chalk was 1, 10, 25, 50, and 
100 μg/mL) and different controls. After incubation for 24 
or 48 h, the supernatant was discarded, 100 μL of fresh 

medium containing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphen‐
yltetrazolium bromide (MTT, 5 mg/mL) was added, and the 
cells were incubated for a further 4 h. The cells were then 
centrifuged at 1000 r/min for 10 min; after that, the superna‐
tant was discarded, and 150 μL of DMSO was added to 
each well and incubated on a shaker for 10 min. The optical 
density (OD) of each well at 570 nm was obtained using a 
microplate reader.

The hemolysis test was applied to evaluate the hemolytic 
effect of C-DOX@CM. First, fresh orbital blood was ob‐
tained from healthy mice into the anticoagulant tube, and 
then centrifuged at 4 °C, 2000 r/min for 10 min to remove 
the upper plasma and washed three times with pre-cold 
saline. The 20% erythrocyte suspension was obtained after 
diluting with saline. Next, the RBC suspension was incu‐
bated with various sample concentrations (0.1, 1.0, 2.5, 5.0, 
and 10.0 μg/mL) at 37 °C for 2 h (or with saline as the nega‐
tive control and pure water as the positive control). The 
RBC suspensions were centrifuged at 2000 r/min for 10 min, 
and then the supernatants were collected for measurement 
of the hemoglobin OD at 540 nm. The hemolysis rate was 
calculated using the following formula: 
rh=(ODsamples−ODnegative)/(ODpositive−ODnegative)×100%,
where ODsamples, ODnegative, and ODpositive represent the op‐
tical densities of the sample, negative, and positive control 
groups, respectively.

2.7　In vitro cellular uptake assay

To study the homologous targeting and immune escape prop‐
erties of C-DOX@H22 CM, CLSM and flow cytometry ex‐
periments were conducted. First, H22 cells were treated 
with DOX, C-DOX (without CM), C-DOX@RBCM (with 
RBC CM), and C-DOX@H22 CM (with H22 CM). Then, 
the cells were collected to detect the DOX fluorescence 
uptake by a flow cytometer (C6 Plus; BD Accuri, USA). 
These cells were washed with PBS and fixed in 4% parafor‐
maldehyde for 15 min. After rinsing with PBS to discard 
paraformaldehyde, the cells were stained with DAPI solution 
for 10 min and imaged using CLSM. To explore the cellular 
endocytic pathway, the H22 cells were preincubated with 
nystatin, amiloride, or chlorpromazine for 30 min. The super‐
natant was removed and then replaced with C-DOX@H22 
CM (DOX concentration of 2.5 μg/mL) for 4 h coculture. 
After washing with PBS, the cells were collected, and the 
fluorescence of DOX was measured by flow cytometry. 
Second, to ascertain the impact of cell type on cellular up‐
take, normal embryonic fibroblasts NIH-3T3, RAW264.7, 
colon cancer cells (CT26), and H22 liver cancer cells were 
collected after 4 h incubation with C-DOX@H22 CM (DOX 
concentration of 2.5 μg/mL). The DOX cellular uptake 
was analyzed by CLSM and flow cytometry following the 
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protocol mentioned above. In addition, to evaluate the com‐
petitive uptake ability of C-DOX@H22 CM, the fluores‐
cence images were recorded as described above except that 
the cells were a mixture of H22 cells and NIH-3T3 cells. 
The tumorsphere model was established to evaluate the tar‐
geting efficiency. In brief, H22 and NIH-3T3 cells were 
seeded in 1.5% agarose in a 96-well plate. Next, the tumor‐
sphere models were cocultured with DOX, C-DOX, and 
C-DOX@H22 CM. After 24 h of incubation, the models 
were placed on a coverslip and analyzed under CLSM.

2.8　In vitro antitumor assay

The in vitro antitumor effects of C-DOX@CM were assessed 
with H22 and NIH-3T3 cells via MTT assay. In brief, H22 or 
NIH-3T3 cells were seeded in a 96-well plate and incubated 
with DOX, C-DOX, and C-DOX@H22 CM (the final con‐
centrations of DOX were 0.1, 1.0, 2.5, 5.0, and 10.0 μg/mL) 
and different controls for 24 h. Then, the supernatants were 
discarded and replaced with 100 μL of fresh media contain‐
ing MTT (5 mg/mL) for another 4 h. After centrifugation at 
1000 r/min for 10 min, the supernatant was removed. To 
each well, 150 μL of DMSO was added, followed by incu‐
bation for 10 min on a shaker. The OD of the samples was 
detected at 570 nm using a microplate reader.

2.9　In vivo targeting experiments

Indocyanine green (ICG) was chosen as the probe encapsu‐
lated in chalk, RBCM, and H22 CM-coated chalk according 
to the preparation method of C-DOX@H22 CM. To investi‐
gate the targeting of nanoparticles, free ICG, C-ICG, C-ICG@ 
RBCM, and C-ICG@H22 CM (n=3) were injected via the tail 
vein of tumor-bearing mice when the tumor volume reached 
80–100 mm3, with a DOX content of 5 mg/kg. The tumor 
volume was recorded according to the following formula: 
length×width×width/2. Fluorescence images of the mice were 
recorded at 6, 24, and 48 h in an ex vivo/in vivo imaging 
system (ABL-X5; Tanon, China). After 48 h of injection, the 
mice were dissected, and the tumors and major organs (heart, 
liver, spleen, lungs, and kidneys) were collected and then 
photographed using the ex vivo/in vivo imaging system. The 
tumor accumulation of membrane-coated nanoparticles was 
studied in the H22 tumor-bearing mice. Mice were adminis‐
tered a single intravenous injection of C-DOX@H22 CM 
(5 mg/kg DOX equivalent) via the tail vein. The dissected 
tumors were weighed and added to a 5-mL centrifuge tube 
containing isopropyl alcohol (IPA) HCl 48 h after injection. 
After the tumors were homogenized using a high-speed dis‐
perser, the homogenate was precipitated in a thermostatic 
oscillator overnight and centrifuged at 13 000 r/min for 15 min. 
The fluorescence intensity of the supernatant was measured 
using an FS5 fluorescence spectrometer, and the cumulative 

amount of DOX in the tumor was calculated using the DOX 
concentration-fluorescence intensity standard curve for IPA 
HCl (Fig. S3 in the supplementary information).

2.10　In vivo antitumor efficacy and biosafety 
evaluation

When the tumor volumes grew to around 80–100 mm3, tumor-
bearing mice were randomly divided into the saline, free 
DOX, and C-DOX@H22 CM groups (n=5). The tumor-
bearing mouse models were intravenously injected with 
saline, free DOX, and C-DOX@H22 CM (DOX content: 
5 mg/kg) every 2 d. In addition, the body weight and tumor 
size were recorded every day. After 9 d of injection, to as‐
sess the antitumor effects, the mice were sacrificed, and the 
tumor was stripped for size comparison, H&E staining, and 
TUNEL apoptosis detection, separately. To evaluate the 
potential biosafety in vivo, whole blood was collected for 
hepatic function and blood routine analysis, which included 
aspartate aminotransferase (AST), alanine aminotransferase 
(ALT), alkaline phosphatase (ALP), RBC, white blood cell 
(WBC), and platelet (PLT) quantification. The main organs 
were sectioned for H&E and immunofluorescence staining. 
Finally, the tissues were visualized under a fluorescent micro‐
scope (Nikon Eclipse C1, Japan) or CLSM.

2.11　Statistical analysis

Data were expressed as mean±standard deviation (SD). The 
degree of difference was analyzed by Student’s t-test or one-
way analysis of variance (ANOVA) using GraphPad Prism 
9. The significance levels are indicated by *P<0.05, **P<
0.01, or ***P<0.001.

3　Results and discussion

3.1　Preparation and characterization of 
C-DOX@H22 CM

The preparation process of the C-DOX@H22 CM is illus‐
trated in Scheme 1. First, the H22 cell membrane was ex‐
tracted from the H22 cells, and then the core chalk-loaded 
DOX was prepared and wrapped in the H22 membrane to 
form the biomimetic C-DOX@CM through the ultrasonic 
method. After extrusion by the liposome extruder, as shown 
in Fig. 1, the particle size of the H22 CM vesicles was approxi‐
mately 146 nm, and the zeta potential was (−23.7±1.6) mV. 
The average diameter of the C-DOX@H22 CM nanoparticles 
increased, whereas the zeta potential was (−28.3±1.5) mV, 
which was similar to that of the H22 CM vesicle. DOX 
has the highest fluorescence characteristic peak at 590 nm 
under the excitation wavelength of 490 nm by the FS5 

614



Bio-Design and Manufacturing (2025) 8:609–624

fluorescence spectrometer. As shown in Fig. 1c, the highest 
peaks of C-DOX and C-DOX@H22 CM were both located at 
590 nm, but the lower fluorescence values than those of 
DOX demonstrated that DOX was successfully encapsu‐
lated in the chalk and C-DOX was wrapped in H22 CM. In 

addition, as shown in Fig. 1d, the characteristic peak of 
DOX (around 480 nm) obviously recovered from a low, flat, 
broad peak to the original high, narrow peak in the UV 
spectra of C-DOX@H22 CM after adding 0.2% SDS, which 
suggested a hydrophobic interaction between C-DOX and 

Fig. 1  Preparation and characterization of C-DOX@H22 CM. Particle size distributions (a) and zeta potential (b) of H22 CM and C-DOX@H22 CM 
(n=3). (c) Fluorescence spectra of DOX, C-DOX, and C-DOX@H22 CM (λEx=490 nm, λEm=590 nm). (d) UV–Vis spectra of C-DOX@H22 CM. 
(e) FTIR spectra of chalk, DOX, H22 CM, C-DOX, and C-DOX@H22 CM. (f) TEM images of chalk, H22 CM, and C-DOX@H22 CM. Scale bar: 
200 nm. (g) Fluorescence images of C-DOX@H22 CM. Scale bar: 100 μm. (h) Protein expression of H22 cancer cell membrane (h3) and C-DOX@H22 
CM (h4) via SDS-PAGE ((h1) marker and (h2) C-DOX). (i) Expression of galectin-3 and EpCAM in C-DOX, H22 cell membrane vesicles, and 
C-DOX@H22 CM by Western blot analysis. (j) Release profile of C-DOX@H22 CM in PBS buffer solutions at different pH values (pH 4.5 or pH 
7.4; n=3). (k) Cytotoxicity of NIH-3T3 or H22 cells after incubation with C@H22 CM NPs for 24 h and 48 h (n=6). (l) Hemolysis percentage 
and images of red blood cells treated with C-DOX@H22 CM at concentrations of 0.1, 1.0, 2.5, 5.0, and 10.0 μg/mL, using saline and water as nega‐
tive (−) and positive (+) controls, respectively (n=3). Data are expressed as mean±standard deviation. EpCAM: epithelial cell adhesion molecule
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H22 CM. We also verified the interaction of the drug and 
chalk and the surface membrane wrapping of C-DOX@H22 
CM by FTIR. As shown in Fig. 1e, the characteristic ab‐
sorption peaks of chalk were located at 1418, 1071, 869, and 
725 cm−1, and the characteristic absorption peaks of DOX 
were located at 3314, 2933, 1728, 1575, 1408, and 1069 cm−1. 
C-DOX basically preserved the characteristic peaks of 
DOX [42] and chalk [43], indicating that DOX was success‐
fully physically adsorbed on the chalk. For C-DOX@H22 
CM, a new peak around 1054 cm−1 was ascribed to the P=O 
absorption of phospholipid, and a typical peak at 1634 cm−1 
was attributed to the C=N absorption of the amide group in 
H22 CM [44]. These data demonstrated the successful en‐
capsulation of DOX on chalk and the effective coating of 
the cancer membranes. The TEM images (Fig. 1f) showed 
that H22 CM was irregularly round, with a particle size of 
approximately 150 nm, and the cavity of the C-DOX@H22 
CM was clearly observed after negative staining, which also 
indirectly confirmed the successful encapsulation of CM. 
Subsequently, the H22 CM was stained with a DiO fluores‐
cent probe to visualize the CM coating of C-DOX. Figure 1g 
shows that the green fluorescence of DiO and the red fluo‐
rescence of DOX overlapped. Taken together, these results 
proved that the cell membrane was successfully coated on 
the surface of the C-DOX NPs.

Currently, natural cell membrane-coated nanocarriers can 
replicate the diverse functions of membrane surface pro‐
teins from source cells onto engineered nanoparticles [45]. 
After Silver staining, C-DOX had no protein bands, while a 
common protein band of H22 CM and C-DOX@ H22 CM 
was observed at around 30 and 42 kDa (Fig. 1h). The results 
of SDS-PAGE revealed that the surface protein bands of 
C-DOX@H22 CM were consistent with those of H22 CM, 
indicating that C-DOX@H22 CM retained its cell mem‐
brane proteins. It has been reported that galectin-3 and epi‐
thelial cell adhesion molecule (EpCAM) are the main cell 
adhesion molecules that mediate cell adhesion to cancer cell 
membranes [46]. We further identified the specific membrane 
proteins of C-DOX@H22 CM by Western blot analysis. As 
shown in Fig. 1i, galectin-3 and EpCAM were enriched on 
the surface of the C-DOX@ H22 CM and H22 cell mem‐
branes, while the corresponding bands were rarely found on 
the surface of C-DOX. This indicated that C-DOX@H22 
CM NPs retained cell adhesion molecules (galectin-3 and 
EpCAM), which can enable NPs to specifically target source 
tumor cells. These results confirmed that the interaction 
between the H22 cell membrane and C-DOX was physical 
adsorption. Given their unique physicochemical properties, 
tumor cell membranes can be considered as suitable candi‐
dates to realize drug-targeted delivery. Moreover, we mea‐
sured the drug-loading and entrapment rates of C-DOX@ 
H22 CM. DOX solution (0.5 mg) and chalk suspension 
(DOX:chalk=1:1, 1:2, 1:5, 1:10, 1:15, and 1:20, mass ratio) 

were stirred in the dark for 12 h. The standard curve of DOX 
was shown in Fig. S1 (supplementary information). The drug 
efficiency reached 94.01% when the mass ratio of DOX to 
chalk was 1:10 and no longer increased, as observed in our 
previous research [39], and the drug-loading rate was 8.59%. 
Thus, this ratio was used in the subsequent experiments.

The pH of the normal human physiological environment 
is around 7.4, while the pH of the lysosome acidic environ‐
ment is around 4.0–5.0 [47]. After nanocarriers achieve cell 
targeting, their antitumor effect can suffer from lysosome 
clearance. Therefore, stimuli-responsive nanomaterials have 
been designed to exhibit lysosomal escape ability to elevate 
drug efficacy [48, 49]. To explore the release profile of 
C-DOX@H22 CM in vitro, C-DOX@H22 CM was incu‐
bated in the PBS solution at pH 4.5 or pH 7.4. As shown in 
Fig. 1j, the release of C-DOX@H22 CM was markedly in‐
creased, with a cumulative release rate of higher than 60% 
after 4 h in the PBS solution at pH 4.5, while the cumula‐
tive release rate in the PBS solution at pH 7.4 was only 
19.5% within 96 h. This pH-sensitive responsiveness of 
chalk not only prevents drug leakage but may also promote 
lysosomal membrane disruption to accelerate drug release 
under acidic conditions, which would contribute to excel‐
lent antitumor efficacy and fewer side effects.

As shown in Fig. 1k, the cytotoxicity test illustrated no 
noticeable killing effect on normal liver cells or cancer cells 
when incubated for 24 or 48 h. Furthermore, the blood com‐
patibility of C-DOX@H22 CM was carefully monitored. 
There was almost no hemolysis appearance even with the 
treatment of C-DOX@H22 CM at 10 μg/mL (Fig. 1l), dem‐
onstrating the biosafety of these nanoparticles.

3.2　Cellular uptake of C-DOX@H22 CM

Due to the surface membrane proteins, cancer cell membrane-
coated nanomaterials have become ideal drug delivery sys‐
tems, conferring excellent immunocompatibility and homolo‐
gous targeting abilities. The cellular uptake of C-DOX@H22 
CM was first evaluated in RAW 264.7 cells. To study the 
immune escape capacity of C-DOX@H22 CM, RAW 264.7 
cells were incubated with free DOX and C-DOX@H22 CM, 
and the fluorescence intensity was measured using flow cy‐
tometry. Compared to free DOX, as shown in Fig. 2a, the 
fluorescence intensity of C-DOX@H22 CM was lower (P<
0.01). Various studies have shown that cancer cell membrane 
encapsulation significantly improves the stability of nanopar‐
ticles in the physiological environment and enhances cellu‐
lar uptake in tumor cells through a homing effect compared 
to unencapsulated nanoparticles, therefore offering tremen‐
dous potential for their employment as individualized thera‐
peutic agents in clinical oncology treatment [50].

Next, we measured the fluorescence intensity of C-DOX@ 
H22 CM in H22 tumor cells to confirm the homologous 
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targeting ability of C-DOX@H22 CM. The fluorescence 
intensity of C-DOX@H22 CM was higher than that of free 
DOX (Fig. 2b). The internalization of C-DOX@H22 CM in 
different cells, such as H22, NIH-3T3, and CT26 cells, was 
also assessed. As expected, the homologous specificity of 
C-DOX@H22 CM was confirmed by the result of the stron‐
gest cellular uptake in H22 cells, while the uptake in normal 
cells, NIH-3T3, and CT26 colon tumor cells was weak 
with flow cytometry (Fig. 2d). In addition, we prepared 
C-DOX@H22 CM-DiO by assembling DiO-labeled H22 cell 
membranes with C-DOX to detect the fluorescence intensity 
under CLSM. As shown in Fig. 2c, the results of the CLSM 
were consistent with the flow cytometry experiment. Both 
NIH-3T3 and CT26 cells displayed only weak green and red 
fluorescent signals in the cytoplasm. In contrast, the strong 
yellow fluorescent signal (overlaid with green and red fluo‐
rescence) was observed in the cytoplasm of H22 cells, which 
might benefit from the expression of specific proteins on the 
cell membrane. In addition to the signal in the cytoplasm, a 
purple fluorescence signal (overlaid blue and red fluores‐
cence) was observed in the cell nucleus. The cell membranes 

of different cell types contain unique lipids and proteins that 
largely determine the complex functions that the cells can 
perform. In particular, tumor cells have an innate ability to 
recognize and adhere to the source cancer cells with the aid 
of adhesion molecules on the cancer cell membranes, known 
as “Ho–Mo adhesion” [51–53]. These results indicated that 
C-DOX@H22 CM was more easily internalized by homolo‐
gous cells and rapidly released DOX into the nucleus, which 
is conducive to the anti-cancer effect of HCC and has supe‐
rior safety in normal cells to reduce side effects.

Moreover, C-DOX@RBCM was successfully prepared 
by coating with RBCMs to explore the selection of nanopar‐
ticles. The results demonstrated that C-DOX@ H22 CM 
exhibited better tumor targeting capability compared with 
the C-DOX@RBCM group (Fig. 3a). C-DOX@ H22 CM 
was further cocultured with H22 cells and NIH-3T3 normal 
cells to detect the homologous specificity under CLSM. As 
shown in Fig. 3b, the fluorescence intensity of C-DOX@ 
H22 CM in H22 cells was stronger than that in the other 
groups. However, the NIH-3T3 cells exhibited little drug 
fluorescence intensity in the two nanoparticle groups, while 

Fig. 2  Cellular uptake of C-DOX@H22 CM in vitro. The fluorescence intensity of C-DOX@H22 CM in RAW 264.7 cells (a) and H22 cells (b) 
by flow cytometry. (c) CLSM images of cellular uptake of C-DOX@H22 CM-DiO (assembled with DiO-labeled H22 cell membranes) by different 
cells. Scale bar: 50 μm. (d) Cellular uptake of C-DOX@H22 CM in different cell types by flow cytometry: (d1) H22; (d2) NIH-3T3; (d3) CT26
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Fig. 3  Specific uptake and endocytic pathways of C-DOX@H22 CM. (a) Flow cytometry results of the mean fluorescence intensity of 
C-DOX@RBCM and C-DOX@H22 CM after H22 cell uptake. (b) CLSM images of H22 cells and NIH-3T3 normal cells incubated with 
C-DOX@H22 CM. Scale bar: 50 μm. (c) The effects of endocytosis inhibitors on the cellular uptake of C-DOX@H22 CM in H22 cells. After 
pretreatment with the three endocytosis inhibitors, H22 cells were cocultured with C-DOX@H22 CM, and then the cells were collected by flow 
cytometry to detect the fluorescent cellular uptake. (d) CLSM fluorescence images of H22 tumorspheres after the uptake of C-DOX@H22 CM  
(d1) and fluorescence intensity of C-DOX@H22 CM in a 120-μm cross-section of the tumorspheres (d2). Scale bar: 50 μm
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the ratio of NIH-3T3 to H22 uptake significantly decreased 
after cell membrane coating, reflecting that the homologous 
cell membrane camouflaging could effectively enhance tu‐
mor targeting and diminish drug accumulation in normal 
cells. Collectively, the results confirmed the tumor homolo‐
gous targeting ability and immune escape capacity of the 
biomimetic C-DOX@H22 CM drug delivery system.

The endocytic pathways of exogenous nanoparticles are 
mainly categorized into clathrin-mediated endocytosis (CME), 
caveolin-mediated endocytosis (CVME), lipid raft-mediated 
endocytosis, and macropinocytosis [54]. The endocytic pro‐
cess of C-DOX@H22 CM was evaluated. H22 cells were pre‐
treated with three endocytic inhibitors, followed by C-DOX@ 
H22 CM. Compared with the control group, as shown in 
Fig. 3c, the cellular uptake dramatically decreased in the 
chlorpromazine-pretreated group, indicating that the endo‐
cytosis of C-DOX@H22 CM was mainly dependent on the 
CME pathway. Pretreatment with nystatin and amiloride 
also inhibited the uptake of C-DOX@H22 CM, but both de‐
creased less than that of the chlorpromazine-treated group, 
suggesting that a small portion of cellular uptake was 
partially mediated through CVME and macropinocytosis. In 
summary, the uptake of C-DOX@ H22 CM by H22 cells was 
carried out through CME, CVME, and macropinocytosis, but 
was more strongly reliant on the CME pathway.

To determine the penetration efficiency of C-DOX@H22 
CM, a 3D tumorsphere system containing H22 and NIH-3T3 
cells was developed. As expected, it was observed that the 
fluorescent signal of free DOX was located at the periphery 
of the tumorsphere (Fig. 3d), while the penetration depth of 
the nanoparticles increased after being wrapped by the cell 
membrane, of which the fluorescent signal on the cell mem‐
brane was closer to the core of the tumorsphere (reaching 
120 μm), verifying that the cancer cell membrane coating 
could improve the permeability of the tumor.

3.3　Evaluation of the in vivo targeting 
capability and in vitro antitumor efficacy of 
C-DOX@H22 CM

The targeting efficiency of H22 cell membrane-coated NPs 
was examined in H22 tumor-bearing mice by ICG-labeled 
C@H22 CM. As shown in Fig. 4a, the C-ICG@ H22 CM 
group showed the strongest fluorescence signal in the tumor 
tissue at 6 h after injection compared with the free ICG, 
C-ICG, and C-ICG@RBCM groups. After 24 h of injection, 
the fluorescence intensity of the C-ICG@H22 CM group 
was mainly concentrated in the tumor but was also partially 
concentrated in the normal liver tissue. In particular, the 
fluorescence intensity of C-ICG@H22 CM was still higher 

Fig. 4  Tumor targeting capability and in vitro antitumor efficacy of C-DOX@H22 CM. (a) Real-time fluorescence images of H22 tumor-bearing 
mice after intravenous injection of ICG-labeled nanoparticles at different time points and ex vivo fluorescence images of major tissues and 
tumors after 48 h intravenous injection of free ICG, C-ICG, C-ICG@RBCM, and C-ICG@H22 CM (n=3). (b) Quantitative analysis of tumor 
accumulation of DOX at 48 h postintravenous injection by fluorescence standard curve method (n=3). (c) Cell viability of H22 cells after incu‐
bation with C-DOX@H22 CM for 24 h at various concentrations of DOX (n=5). Data are expressed as mean±standard deviation. *P<0.05, 
**P<0.01, and ***P<0.001
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than that of the C-ICG@RBCM group after 48 h of injec‐
tion, while the fluorescence intensity in the tumor tissue of 
the free ICG and C-ICG groups basically disappeared, 
indicating that the homologous tumor cell membrane encap‐
sulation improved the tumor targeting of the NPs. In addi‐
tion, 48 h after the intravenous injections of free DOX, 
C-DOX, C-DOX@RBCM, and C-DOX@H22 CM, the 
mice were euthanized, and the tumors were harvested to 
measure the tumor accumulation of DOX via the fluores‐
cence standard curve method (Fig. S3 in the supplementary 
information). As shown in Fig. 4b, the accumulation of DOX 
in the tumors of the C-DOX@H22 CM group was greater 
than that of the free DOX, C-DOX, and C-DOX@ RBCM 
groups. The accumulation of DOX was relatively weak in 
the tumors of the C-DOX@RBCM group and almost disap‐
peared in the free DOX and C-DOX groups. This indicated 
that the homologous cell membrane coating could enhance 
the tumor-targeting capabilities of NPs and reduce the rapid 
clearance of free drugs and side effects.

Next, the in vitro antitumor effect of C-DOX@H22 CM 
on H22 cells was evaluated. H22 cells were treated with 
free DOX or C-DOX@H22 CM at DOX concentrations of 
0.1, 1.0, 2.5, 5.0, and 10.0 μg/mL. As shown in Fig. 4c, the 
cytotoxicity of C-DOX@H22 CM was concentration-
dependent. The cell viability of C-DOX@H22 CM was only 
(55.8±9.8)%, indicating more obvious cytotoxicity compared 
with the equivalent amount of DOX (P<0.05) at a low con‐
centration of 2.5 μg/mL. These results demonstrated that 
C-DOX@H22 CM with a tumor cell membrane coating could 
enhance the antitumor effect of free DOX in vitro by pro‐
moting homologous drug targeting to HCC cancer cells, mak‐
ing it a potential candidate for antitumor therapy in vivo.

3.4　In vivo antitumor efficiency of 
C-DOX@H22 CM

The therapeutic ability of C-DOX@H22 CM was evaluated 
in an H22 cell-derived xenograft model. Figure 5a displays 

Fig. 5  Therapeutic effect of C-DOX@H22 CM in HCC subcutaneous tumor model. (a) Timeline of animal experiments in subcutaneous tumor 
mice. (b) Images of harvested tumors 9 d post-injection of saline, DOX, and C-DOX@H22 CM (n=5). Tumor volume curves (c) and body 
weight changes (d) of tumor-bearing mice treated with saline, DOX, and C-DOX@H22 CM (n=5). (e) H&E histological staining and immuno‐
fluorescence results of TUNEL and Ki67 of tumor tissues. The red arrows indicate apoptosis of tumor cells. Scale bar: 50 μm. Data are ex‐
pressed as mean±standard deviation. *P<0.05 and **P<0.01
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the timeline of the animal experiments in the subcutaneous 
tumor mice. Figure 5b shows that C-DOX@H22 CM could 
improve the antitumor effect. The tumor volume in the saline 
group was 3.96 times that in the C-DOX@H22 CM group; the 
tumor volume in the free DOX group was 1.91 times that in 
the C-DOX@H22 CM group. By recording the tumor size 
and body weight change of the mice, it was found that the 
HCC tumors’ volume of C-DOX@H22 CM was signifi‐
cantly decreased compared with other groups, but there was 
no obvious weight loss compared with the free DOX group 
(Figs. 5c and 5d). Subsequently, the tumors were collected 
on the 10th day after four consecutive doses of C-DOX@ 
H22 CM. As shown in Fig. 5e, the H&E staining section re‐
sults of the tumor showed that the tumor necrosis and apop‐
tosis of C-DOX@H22 CM-treated mice were more severe 
than that of the free DOX group. At the same time, the lower 
expression of Ki67 was observed at the periphery of tumor 
tissues in the C-DOX@H22 CM group, demonstrating that 

camouflaging with tumor cell membranes could effectively 
inhibit tumor growth; the TUNEL immunofluorescence re‐
sults supported this conclusion. As a result, the bio-designed 
tumor cell membrane with chalk coating showed superior 
antitumor efficacy against HCC.

3.5　In vivo safety evaluation

We assessed the biocompatibility of C-DOX@H22 CM dur‐
ing tumor treatment. The heart, liver, spleen, lung, and kidney 
were collected after four consecutive injections for H&E stain‐
ing. The C-DOX@H22 CM conferred no obvious damage 
to normal organs compared with the saline groups (Fig. 6c). 
Besides, the blood was obtained to analyze the physical 
health indicators of the mice. No apparent difference was 
found in the blood routine and liver function between the 
DOX@H22 CM and saline groups, indicating the biosafety 
of C-DOX@H22 CM (Figs. 6a and 6b). Taken together, 

Fig. 6  In vivo biosafety evaluations of C-DOX@H22 CM therapy. Blood routine examination (a) and liver function analysis (b) of tumor-
bearing mice after treatment with saline, DOX, and C-DOX@H22 CM (n=3). (c) H&E histological staining of the heart, liver, spleen, lung, and 
kidney from mice from the saline, DOX, and C-DOX@H22 CM treatment groups. Scale bar: 50 μm. Data are expressed as mean±standard deviation
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these results indicate that C-DOX@H22 CM has excellent 
biosafety in vivo with minimal side effects.

4　Conclusions

In this study, we prepared a cancer cell membrane-
camouflaged pH-sensitive natural chalk delivery system for 
the treatment of HCC. Compared with RBCM-coated or 
non-cell-membrane-coated nanoparticles, this biomimetic 
nanoparticle (C-DOX@H22 CM) can significantly improve 
the immune escape and homologous targeting properties, 
thereby enhancing drug accumulation. Furthermore, C-DOX@ 
H22 CM efficiently entered HCC cells mainly through CME 
and exhibited pH-sensitive drug release. More interestingly, 
the in vitro experiments demonstrated that C-DOX@H22 
CM possessed deep penetration properties and therapeutic 
effects without obvious biotoxicity. Importantly, the good 
antitumor efficacy and biosafety of C-DOX@H22 CM were 
also demonstrated in the H22 tumor-bearing mouse model, 
which suggested its great potential for clinical translation.
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