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A B S T R A C T

Colon cancer is one of the most common gastrointestinal tumors in the world. Currently, the commonly used
methods such as radiotherapy, chemotherapy and drug treatments are often ineffective and have significant side
effects. Here we developed a safe and efficient biomaterials based anti-tumor nanoplatform (M@NPs/miR365),
which was formed with poly (citrate-peptide) (PCP), miRNA365 mimic and MC38 cancer cell membrane (M). PCP
could efficiently deliver miR365 mimic into MC38 cancer cells, promote the apoptosis of MC38 tumor cells and
regulate the expression of Bcl2 and Ki67 in vitro. Tumor cell membranes were prepared by a fast and convenient
sonication method. This tumor cell membrane-coated drug delivery system M@NPs can effectively reduce
macrophage uptake and increase the stability of NPs. And the MC38 tumor model mice experiment showed that
M@NPs/miR365 via caudal vein injection effectively inhibit tumor development. Based on the immune escape
and homologous targeting of cancer cells and efficient gene transfection ability of NPs, this “Trojan horse” like
“Pseudotumor cell” carries the target gene miR365 mimic to the tumor site and realizes cancer therapy. Note-
worthy, the drug delivery system has good biocompatibility. Thus, this safe drug delivery strategy mediated by
cancer cell membrane and gene therapy may have a certain significance for reducing the gap between nano-
platform and tumor clinical treatment.
1. Introduction

Colon cancer is one of the most common gastrointestinal tumors in
the world. Although colon cancer incidence ranks the fourth highest after
lung cancer, breast cancer and prostate cancer [1], its mortality rate is
second behind lung cancer in America [2]. Early tumors can be removed
by surgery, but it is almost impossible to completely remove tumor cells
by surgery. However, with the further development of tumors, a com-
bination of radiotherapy, chemotherapy, and drug therapy is used in
order to alleviate or achieve the purpose of tumor treatment. Due to the
indiscriminate mode of action of radiation between cancer tissue and
normal tissue, such therapy will cause serious side effects and often lead
to low survival rate [3]. Therefore, it is urgent to develop a safe and
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effective new strategy for the treatment of colon cancer.
As one of the branches of gene drugs, large numbers of studies have

shown that microRNA (miRNA) plays an important role in tumor tissues
[4,5]. Unlike gene editing and gene knockout, miRNA mediated gene
interference does not cause genomic changes [6,7]. Meanwhile, miRNAs
bind to target genes through base pairing, which makes them have the
advantages of strong targeting and low side effects in regulating
abnormal gene expression [8,9]. And regulate miRNA expression showed
great value in tumor therapy [10,11]. A large number of studies have
shown that miR365 worked as a tumor suppressor gene in a variety of
tumors, such as lung cancer, liver cancer, breast cancer and colon cancer.
It can suppress the metastasis and proliferation of tumor cells, or promote
the apoptosis of tumor cells [12–15]. Therefore, we speculate that
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regulating miR365 expression may be a potential breakthrough in the
treatment of colon cancer.

However, due to the complex microenvironment, how to achieve
miRNA delivery in vivo has become an important obstacle to its clinical
application. Although some viral vectors application has made great
progress in the field of gene therapy strategies, these methods still need
to be further optimized due to their safety [16]. With the development of
nanomaterials, nanoscale gene vectors have brought important changes
to tumor treatment [17]. By optimizing the size, shape and surface
charge, nanoparticles are endowed with higher miRNA delivery effi-
ciency [18,19]. Although nanoscale gene vectors have made great
progress in cancer diagnosis and treatment in recent decades years, a
variety of biological barriers such as biocompatibility, low targeting,
systemic blood circulation and immune cell removal still limit their
efficient application in vivo cancer therapy [20].

To overcome these challenges and reduce the gap between nano-
platform and clinical application, the natural biological cell membranes
coated nanoparticles that not only has the physical and chemical prop-
erties of nanomaterials, but also possesses the advantages of homologous
cells have attracted more and more attention [21–24]. Studies have
showed that cancer cells have immune escape ability due to cancer
associated antigens and immune adjuvants on the surface of the mem-
brane [25–27], and homologous targeting ability [28,29]. During the
progression of cancer, cancer cells may escape from the immune system
through various mechanisms. One of the mechanisms is that some anti-
gens on the surface of the cancer cell membrane can escape the recog-
nition of immune cells. Such as Cluster of Differentiation 47 (CD47)
Scheme 1. Schematically describe the synthesis of M@NPs and the application of M@
charged miRNA mimic self assembled into NPs. B) The cancer cell membrane fragme
M@NPs. C) M@NPs reach the tumor site after caudal vein injection to realize targe
of M@NPs.
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protein, which is located in the membrane of both healthy and cancer
cell, delivering a “don't eat me” signal to the Signal-regulatory protein
alpha (SIRPα) receptor on macrophages, monocytes, neutrophils and
dendritic cells [30,31]. Drugs with immune escape that designed against
the CD47-SIRPα immune checkpoint have been used in clinical practice
[32–34]. And previous studies have demonstrated that biomimetic
nanoparticles coated with cancer cell membranes can inherit the ho-
mologous targeting properties [28] of cancer cells due to the homologous
targeting related protein galectin-3 on the cancer cell membrane [35,36].
This allowed the nanoparticles that modified by cancer cell membranes
to maximize their anti-tumor effects in vivo.

On the other hand, polycitrate biomedical polymer has shown special
advantages in biomedical applications including facile synthesis, bioac-
tive components, high biocompatibility and good biodegradation, which
has been approved by FDA in 2021. To extend the biomedical applica-
tions, our group developed various functionalized polycitrate and
demonstrated their applications in tissue regeneration and cancer ther-
apy [37,38]. In recent years, we found that the ε-poly-L-lysine
polypeptide-functionalized poly (citrate-peptide) (PCP) could efficiently
load miRNA and show the high intracellular delivery, while presenting
good biocompatibility [8]. It is very promising to use PCP as the bioactive
vector for targeted cancer gene therapy.

In this paper, we report a PCP/miRNA365 delivery nanoplatform
(NPs) camouflaged by MC38 colon cancer cell membrane for targeted
colon cancer therapy. This “Trojan horse” like “Pseudotumor cell” carries
the target gene miR365 mimic to the tumor site and realizes targeted
delivery based on the homologous targeting of tumor cells and immune
NPs/miR365 in colon cancer therapy. A) Positively charged PCP and negatively
nts prepared by ultrasonic crushing method was encapsulated onto NPs to form
t gene therapy in tumor tissue. D) The molecular mechanism of tumor therapy



L. Zhang et al. Materials Today Bio 15 (2022) 100294
escape. As showed in Scheme 1, NPs/miR365 (NPs) was self-assembled
by miR365 mimic and PCP, which have been previously proven to
have efficient gene delivery capabilities and biosafety [8]. Then, the
cancer cell membrane prepared by ultrasonic crushing method was
encapsulated onto NPs to form M@NPs. Based on the bionic character-
istics of the cancer cell membrane, M@NPs could reach the tumor site
after caudal vein injection to realize target gene therapy in tumor tissue.

2. Results

2.1. MiRNA365 associated with colon cancer cells proliferation and
apoptosis

In order to confirm the miRNA365 expression level in different cell
lines, we separately tested the miR365 expression in human (HCT116,
SW620 and HT29) andmurine (MC38) colon cancer cell lines. The results
showed that, compared with normal colon tissue cells, the expression of
miRNA365 in colon cancer cell lines was significantly reduced (Fig. 1A
and B), regardless of whether it was in human (CCD-18Co) or murine
(Normal mucosa) cells. These results suggested that the low expression of
miRNA365 may be related to the occurrence of colon cancer. One of the
main reasons for the lethality of malignant tumors is the high prolifera-
tion and anti-apoptosis ability of cancer cells, which is significantly
different from healthy cells. Therefore, we speculated that the expression
of miRNA365 is related to cell proliferation gene Cyclin D1 and apoptosis
gene Bcl2. And our results of dual-luciferase reporter assay showed that
both Bcl2 (Fig. 1C) and Cyclin D1 (Fig. 1D) were the target genes of
miRNA365. These results suggested that miRNA365 is a potential target
for the treatment of colon cancer.

2.2. Biological function evaluation of PCP/miR365 nanocomposites

Our previous study showed that PCP has the good biocompatibility in
mammalian cells [8]. In order to detect the cytocompatibility of PCP in
cancer cells (MC38), the cytotoxicity of different concentrations of PCP
(0–100 μg mL�1) and different cell treatment time at the same concen-
tration (50 μg mL�1) were measured. The results showed that PCP
showed good cytocompatibility when the concentration was lower than
50 μg mL�1 (Fig. 2A and B). In addition, our results also demonstrated
that different concentrations of PCP (0–100 μg mL�1) was safe and
non-toxic to L929 cells and intestinal epithelial cells NCM460
(Figure S1).

In order to detect the optimal binding ratio between PCP (10 μg μL�1)
andmiRNA (20 μM)), we assembled PCPwith miRNA in different volume
ratios. The results of agarose gel electrophoresis showed that when the
Fig. 1. MiRNA365 associated with colon cancer cell proliferation and apoptosis. A)
human colon cancer cell lines (HCT116, SW620 and HT29). B) MiR365 expression i
(MC38). C-D) Dual-luciferase reporter assay of the role of miRNA365 on Bcl2 and cy
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volume ratio of PCP to miRNA was 4:1, they could be perfectly combined
(Figure S2). NPs/cy3miR365 that self-assembled by Cy3 labeled
miRNA365 and PCP was used to test the miRNA delivery ability (cells
uptake ability). Compared with negative control and commercial lip-
ofectamine 2000, PCP showed better miRNA delivery ability both in 293
T and MC38 cells (Fig. 2C). Subsequently, the inhibitory effect of NPs/
miR365 on MC38 cells proliferation after 24 h treatment was performed.
Compared with the PCP mediated miRNA mimic control (NPs/NC) and/
or commercial lipofectamine 2000 mediated miR365 (Lipo/miR365)
groups, NPs/miR365 showed excellent ability to inhibit cell proliferation
(Fig. 2D and E). The result of Live/Dead staining showed that NPs/
miR365 could promote the cell death of MC38 cells (Fig. 2F). The number
of MC38 cells in the NPs/miR365 treatment group was significantly
reduced compared to the control groups (Figure S3). The results of flow
cytometry also showed that NPs/miR365 significantly promoted tumor
cells apoptosis (Figure S4). Compared with the control groups, the cell
scratch test showed that NPs/miR365 could effectively inhibit the
migration of tumor cells in vitro (Fig. 2G and H). Moreover, the immu-
nofluorescence results showed that PCP mediated miR365 delivery could
effectively inhibit the expression of Ki67 and Bcl2 proteins (Fig. 3). In
addition, the Live/Dead staining results also showed that NPs/miR365
was safe to intestinal epithelial cells NCM460 (Figure S5). These results
indicated that regulating the expression of miR365 has potential appli-
cation value for tumor therapy.

2.3. Characterization of tumor cell membrane fragments and M@NPs

In order to visually demonstrate the formation of cancer cell mem-
brane fragments (M), fluorescent dyes DiO (green dye, 484/501) and Dir
(near-infrared fluorescent dye, 748/780) were used to label the cell
membrane, respectively. Cell membrane fragments (M) (Fig. 4A), DiO
labeled DiOM (Fig. 4B) and the Dir labeled DirM (Fig. 4C) significant
fluorescence signal compared with the unlabeled M. The TEM results of
NPs/miR365 (Fig. 4D), M (Fig. 4E) and M@NPs/miR365 (Fig. 4F)
showed that the cell membrane coated NPs was successfully prepared.
The average size of PCP/miR365 (NPs) and M@NPs/miR365 (M@NPs)
were ~255 nm and ~295 nm, respectively (Figure S6). And the UV
spectra results showed that NPs and M@NPs have the similar absorption
peaks (Figure S7). The stability of NPs and M@NPs were analyzed by the
10% FBS buffer. The prepared NPs and M@NPs were treated with 10%
FBS buffer at 37 �C for 2 h, 4 h and 6 h, respectively. Their stability was
checked by agarose gel electrophoresis (Figure S8). The results showed
that both NPs andM@NPs began to release miRNA slowly after 2 h of FBS
treatment. After 4 h of FBS treatment, miRNAs in NPs were released in
large quantities. And after 6 h, the miRNAs in NPs were almost
The expression of miR365 in human normal colon tissue cell (CCD-18Co) and
n murine normal colon tissue cell (N-mucosa) and murine colon cancer cell line
clin D1. n. s. (no significance). **P < 0.01, ***P < 0.001 (n ¼ 3).



Fig. 2. The cytotoxicity and biological function of PCP and NPs/miR365 nanocomplex. A) Cytotoxicity of PCP on MC38 cells at different concentrations (all data was
compared with PCP at 0 μg mL�1 concentration). B) Cytotoxicity of 50 μg mL�1 of PCP on MC38 cells at different time points (compared with 0 h treatment). C) Cells
uptake of NPs/miRNA in 293 T and MC38 cells. D) Inhibitory effect of NPs/miR365 on MC38 cells proliferation after 24 h treatment. PCP mediated miRNA mimic
control (NPs/NC) and commercial lipofectamine 2000 mediated miR365 delivery (Lipo/miR365) were used as controls. E) The effects of NPs/miR365 on the pro-
liferation of MC38 cells after 24 h, 48 h and 72 h treatment respectively. F) Live/dead staining of MC38 cells after 24 h treatment of NPs/miR365. G) Cell scratch
images at 0, 12, 24 and 48 h were recorded using a microscope. H) Statistical analysis of scratch distance. n. s. (no significance). *P < 0.05, **P < 0.01, ***P < 0.001
(n ¼ 3).
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completely released and degraded. However, a large number of miRNAs
were still detected in M@NPs at 6 h. This indicated that the stability of
M@NPs is greatly improved compared with NPs, and it can effectively
release miRNAs.

To further prove the presence and function of M@NPs, a membrane
protein extraction kit (P0033, Beyotime) was used as a control. The re-
sults of Coomassie Blue Staining showed that M@NPs was successfully
coated with a functionalized cell membrane (Fig. 4G). To detect the
homologous targeting of cancer cells, the DiI labeled MC38 cell mem-
brane fragments (M38) were separately added into 293 T, A549 and
4

MC38 cells. The results showed that MC38 cells were more likely to
absorb more M38 cell membrane fragments than the control groups
(Fig. 4H and S9). We also tested the immune escape ability of cancer cell
membrane coated nanoparticles to macrophages. M38@cy3NPs prepared
from cy3 labeled NPs and DiO labeled M38 membrane was added into
macrophages. Non-cellular structure M38 fragments with very small size
were removed bymacrophages as foreignmatters, but “Trojan horse” like
“pseudotumor cell” are more likely to escape the phagocytosis of mac-
rophages (Fig. 4I).

Fig. 5A showed the timeline of animal experiments. After two



Fig. 3. NPs/miR365 efficiently inhibited the expression of Ki67 and Bcl2 in MC38 tumor cells. A) Immunofluorescence staining of Ki67 after NPs/miR365 treatment
in MC38 cells. B) Quantitative analysis of Ki67 fluorescence. C) Immunofluorescence staining of Bcl2 in MC38 cells. D) Quantitative analysis of Bcl2 fluorescence. Data
was expressed as mean � SD. n. s. (no significance). *P < 0.05, **P < 0.01, ***P < 0.001 (n ¼ 3).
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consecutive intravenous injections (10 h per time), the tumor tissues
(Fig. 5B) and main organs (Figure S10) of mice were collected and the
fluorescence signal was measured by Odyssey CLX imaging system.
Compared with the control groups, fluorescence signal intensity in the
DirM@NPs/cy5miR group was the highest. Compared with the DirM and
NPs/cy5 group, the stronger fluorescence signal in DirM@NPs/cy5miR
indicated that the cancer cell membrane fragments improved the tumor
targeting of the NPs. Since the material will eventually be excreted from
the body through renal or hepatic metabolism, a large number of fluo-
rescent signals are also detected in the kidney and liver (Figure S10).

In order to evaluate the effect of M@NPs/miR365 on tumor therapy in
vivo, mice with subcutaneous tumors prepared from MC38 cells were
randomly divided into PBS, NPs/NC, M, NPs/miR365 and M@NPs/
miR365 groups. The timeline of animal experiment was showed in
Fig. 5A. After intravenous injection of M@NPs every two days for 6 times,
mice blood and tumor were collected. M@NPs could effectively inhibit
the tumor growth (Fig. 5C–D and S11). The result of H&E staining
(Fig. 5E) showed that the cancer cell density in M@NPs/miR365 group
decreased significantly compared with the control groups (PBS and NPs/
NC group). And less expression of Ki67 and Bcl2 in the immunofluores-
cence staining (Fig. 5F) suggested that M@NPs/miR365 inhibit the
occurrence and development of tumors. The quantitative analysis of Ki67
and Bcl2 was shown in Fig. 5G and H. Compared with NPs/miR365
group, M@NPs/miR365 that mediated by cancer cell membrane frag-
ments showed a better effect in inhibiting the expression of Ki67 and
Bcl2. The above results indicated that PCP mediated miR365 can effec-
tively resist tumor progress. And the tumor cell membrane fragments-
5

coated M@NPs/miR365 showed a better effect.

2.4. Biocompatibility evaluation of M@NPs in vivo

Although PCP showed excellent cytocompatibility in vitro, we still
need to test the safety of NPs or M@NPs in tumor treatment in vivo. After
intravenous injections of NPs or M@NPs/miR365 every two days for 6
times, the blood and main organ such as lung, liver, spleen and kidney
were collected for blood chemistry test and H&E staining to evaluate the
toxicity of M@NPs in vivo. Compared with the control group, no obvious
difference in tissue integrity and cell structure was observed in the
experimental groups (Fig. 6A). Besides, some blood routine indexes, such
as HCT (Hematocrit), HGB (Hemoglobin), RDW (Red cell volume dis-
tribution width), MPV (Mean platelet volume), PDW (Platelet distribu-
tion width) and MCV (Mean red blood cell volume) in all groups showed
no significant difference (Fig. 6B). These results suggested that NPs/
miR365 or M@NPs/miR365 was safe in tumor treatment.

3. Discussion

Numbers of studies showed that miR365 worked as a tumor sup-
pressor gene in a variety of tumors, such as lung cancer, liver cancer,
breast cancer and colon cancer [12–15]. It can suppress the metastasis
and proliferation of tumor cells, or promote the apoptosis of tumor cells.
In order to examine the relationship between miRNA365 and colon
cancer, we separately detected the expression of miR365 in human colon
cancer cell lines and murine colon cancer cell lines. The results showed



Fig. 4. Characterization of M38 tumor cell membrane fragments (M) and M@NPs. A) Morphology of M38 under microscope. B) The morphology of DiOM under
fluorescence microscope. C) Dir near-infrared fluorescent labeled DirM. D-F) TEM of NPs, M and M@NPs. G) Coomassie Blue Staining of cell mmbrance (kit method)
and M@NPs. H) Uptake of red labeled M38 by different cells. I) Immune escape ability of M38 coated nanoparticles to macrophages.
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that miR365 in cancer cells was significantly lower than that in normal
colon tissue cells (Fig. 1A and B). And the results of dual-luciferase re-
porter assay showed that Bcl2 and Cyclin D1was one of the target genes of
miR365 (Fig. 1C). This result was consistent with previous study [15].
After transfected miR365 mimic into MC38 colon cancer cells, the results
of CCK8, Live/Dead staining and Bcl2 and Ki67 immunofluorescence
showed that miR365 can inhibit the proliferation of tumor cells and
promote their apoptosis in vitro (Figs. 2 and 3 and S3–S4). Therefore,
regulating the expression of miR365 by gene therapy may be a potential
breakthrough in the treatment of colon cancer.

The critical issue needs to be solved in the application of gene therapy
in vivo is how to realize gene delivery and reduce the clearance of bio-
logical barrier such as enzyme degradation, systemic blood circulation
and immune cell removal [20]. Although some virus mediated gene de-
livery strategies in vivo has made some progress, their application is
limited due to the safety [16]. With the development of nano-
biomaterials, nanomedicine has brought important changes to tumor
treatment [17]. By optimizing the size, shape and surface charge,
nanoparticles are endowed with higher miRNA delivery efficiency [18,
19]. We previously proven that PCP have efficient gene delivery capa-
bilities and biosafety both in vitro and in vivo [8]. Moreover, miR365
mimic mediated by PCP showed higher tumor proliferation inhibition
and cell apoptosis efficiency than commercial lipofectamine 2000 in vitro
(Figs. 2 and 3).

Undoubtedly, although nanomedicine has made great progress in
cancer diagnosis and treatment, a variety of biological barriers such as
6

low targeting and immune cell removal are still a challenge in vivo [39,
40]. More and more studies have shown that nanoparticles encapsulated
with natural biological cell membranes can have the advantages of ho-
mologous cells, which has attracted more and more attention [22,23,41,
42]. Cancer cells may escape from the immune system due to some an-
tigens on the surface of the cancer cell membrane. Such as Cluster of
Differentiation 47 (CD47) protein, which is located in the membrane of
both healthy and cancer cell, delivering a “don't eat me” signal to the
Signal-regulatory protein alpha (SIRPα) receptor on macrophages,
monocytes, neutrophils and dendritic cells [30,31]. And previous studies
have demonstrated that biomimetic nanoparticles coated with cancer cell
membranes can inherit the homologous targeting properties [28] of
cancer cells due to the homologous targeting related protein galectin-3
on the cancer cell membrane [35,36].

In this study, ultrasonication was used to prepare cell membrane
fragments. Compared with the kit method, this method has the advan-
tages of simple operation, time saving and low cost. And the results of
Coomassie Blue Staining showed that the cell membrane prepared by
ultrasonic method had the same protein bands as the cell membrane
prepared by kit (Fig. 4G). Here, a bioactive nanoplatform camouflaged by
MC38 colon cancer cell membrane with immune escape and tumor tissue
targeting for colon cancer gene therapy was constructed. This “Trojan
horse " like “pseudotumor cell” M@NPs could carry the target gene
miR365 mimic to the tumor site and realizes targeted delivery based on
the homologous targeting of tumor cells [28,29]. DiI labeled MC38 cell
membrane fragments (M38) were added to 293 T cells, A549 and MC38



Fig. 5. M@NPs/miR365 effectively improved the therapeutic effect of tumor. A) Timeline of animal experiment. B) Representative ex vivo fluorescence image of
tumor after intravenous injection of NPs/NC (PCP with negative control miRNA), DirM (Dir near-infrared fluorescent labeled cell membrane), NPs/cy5 (PCP with Cy5
fluorescent labeled miR365) and DirM@NPs/cy5 (DirM encapsulated NPs/cy5) (n ¼ 4). C) Tumor size. D) Weight statistics of tumor tissue (n ¼ 6). E) Representative
photos of H&E staining of tumor tissue. F) Immunofluorescence staining of Bcl2 and Ki67 in tumor tissues. G-H) Quantitative analysis of Ki67 and Bcl2 fluorescence (n
¼ 4). n. s (no significance). *P < 0.05, ***P < 0.001.
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cells respectively to detect the uptake of M38 fragments by different type
cells. The results showed that M38 fragments prepared by MC38 cell
membrane were easier to fuse with homologous MC38 cells (Fig. 4H).
Meanwhile, M38 fragments and M38 fragments coated M@NPs could
escape the phagocytosis from macrophages. Non-cellular structure M38
fragments with very small size were removed by macrophages as foreign
matters, but “Trojan horse” like “pseudotumor cell” are more likely to
escape the phagocytosis of macrophages. This may be because cells size
of " pseudotumor cells” have immune escape ability due to cancer asso-
ciated antigens and immune adjuvants on the surface of the membrane
[25–27]. The further in vivo cancer gene therapy showed that M@NPs
could efficiently deliver miRNA365 to the tumor tissue after intravenous
injection. After continuous intravenous administration, tumors tissue size
in NPs/miR365 and M@NPs/miR365 groups were significantly inhibi-
ted. The H&E staining of lung, liver, spleen and kidney and blood
chemistry test results also showed that M@NPs/miR365 mediated gene
therapy was safe in tumor treatment.

Although the M@NPs/miR365 has not achieved complete removal of
7

tumor tissue, it has shown excellent effect only by relying on a single
tumor treatment strategy (gene therapy). The possible reasons were as
follows: 1) Considering the ethical factors of control mice, the adminis-
tration times were relatively short. Longer administration may demon-
strate better tumor clearance; 2) RNA interference technology is only an
artificial compensatory supplement to miRNA, but does not completely
modify the abnormal gene expression. This compensatory method of
administration may require longer treatment; 3) As RNA interference
technology is relatively mild and safe for individuals, it is worth
considering giving a relatively long time of administration for complete
removal of tumor tissues in the future research or clinical applications.
Several limitations in this study can be done better in the future. First of
all, whether this gene therapy can be used for long-term anti-tumor
therapy and its safety needs to be verified by more comprehensive tests.
Second, although miRNA mimics have been used in many preclinical
studies [43–46], the control of drug concentration and dosing frequency
deserves further study.



Fig. 6. Evaluated the biocompatibility of M@NPs/miR365 in vivo. After intravenous injections of M@NPs/miR365 every two days for 6 times, blood and main organ
such as lung, liver, spleen and kidney were collected for blood chemistry test and H&E staining to evaluate the toxicity of M@NPs in vivo. A) H&E staining of liver,
spleen, kidney and lung (n ¼ 5). B) Hematological toxicity test. HCT (Hematocrit), HGB (Hemoglobin), RDW (Red cell volume distribution width), MPV (Mean platelet
volume), PDW (Platelet distribution width) and MCV (Mean red blood cell volume). n. s (no significance) (n ¼ 4).
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4. Conclusion

In conclusion, as a gene delivery system for cancer therapy, colon
cancer cell membrane coated PCP/miRNA365 nanocomplex could effi-
ciently enter the cancer cells, and enhance the tumor cell apoptosis by
inhibiting the Ki67/Bcl2 expression, target the tumor cells and tumor
tissue in vitro/in vivo. The M@NPs/miR365 drug delivery strategy could
effectively inhibit the progression of tumor tissue and exhibits non-toxic
side effects in mice. This drug delivery strategy may have a certain sig-
nificance for reducing the gap between nanoparticles platform and tumor
clinical treatment.

5. Materials and methods

5.1. miRNA365 expression in colon cancer cell lines

Human (HCT116, SW620 and HT29) and murine (MC38) colon
cancer cell lines (ATCC) were used for miRNA extraction. And the human
colon tissue cells CCD-18Co and mice normal mucosa (N-mucosa) were
used as control. The expression of miRNA365 was measured by Bulge-
loopTM miRNA qRT-PCR Primer Set (Business secrecy) that bought
from RiboBio (RiboBio, Guangzhou, China). The U6 gene was used as an
internal gene. QPCR reaction was performed by using SYBR green mix
(NovoStart, E096) and the 2�ΔΔCt method was used for data analysis.
5.2. Dual-luciferase reporter assay

The 293 T cells (ATCC) were used for dual-luciferase reporter assay.
104 cells were seeded into 96 well plates, and luciferase reporter gene
8

was transfected into 293 T cells when the cell confluence was 70%. Then
50 ng of wild-type plasmid pmirGLO-WT-Vec-30UTR (or mutant plasmid
Mut-Vec-30UTR) and 50 ng of control plasmid was transfected into 293 T
cells. Then 100 pmol mL�1 of miRNA365mimic (miR365mic) or miR365
negative control mimic (miRNA NC) was transfected into 293 T cells,
respectively. After 48 h transfection, cell culture medium was discarded
and washed one time with 100 μl PBS. Then cells were lysed and the
fluorescence activity was measured by Thermo Fisher Varioskan
Luminometer. The fluorescence activity of luciferase was determined by
calibrating with the activity of Renilla luciferase.
5.3. Fabrication and cytotoxicity of PCP/miRNA complex

PCP were synthesized according to the method we described previ-
ously [8]. To detect the cytotoxicity of PCP, about 7000 MC38 cells per
well were seeded into 96 well plates and cultured in RPMI-1640 medium
with 10% FBS (GIBCO, New Zealand) under a humid atmosphere con-
taining 5% CO2 at 37 �C. When the confluence of cells was 70%,
RPMI-1640medium containing 10% FBS and different concentrations (0,
5, 10, 20, 50, 100 μg mL�1) of PCP were added into the plate. After 24 h,
10 μl of CCK8 (TargetMol, C0005) was added to each well. Then cell
viability was measured by using Thermo Fisher Varioskan (Thermo) ac-
cording to the manufacturer's instructions. And the cytotoxicity of PCP
(50 μg mL�1) at different time points (0, 4, 8, 12, 24, 48 h) was also
measured. For miRNA delivery ability test, NPs/cy3miRNA nano-
complexes self-assembled with PCP (80 μg mL�1) and cy3 fluorescently
labeled miRNA365 (40 nM) were added into 293 T cells and MC38 cells
culture medium, respectively. After 24 h of transfection, photos were
collected by fluorescence microscope.
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5.4. Cell proliferation, apoptosis and scratch assay

About 7000 MC38 cells/well were seeded into 96 well plates and
cultured in RPMI-1640 medium with 10% FBS. When the confluence of
cells was 70%, NPs/miR365 or NPs/miR NC (miR365 negative control
mimic) nanocomposites (50 μg mL�1 of PCPwith 25 nM of miR365mimic
or mimic control) were added to the cell culture medium respectively.
Commercial lipofectamine 2000 was used as control. After 24 h of
treatment, CCK8 (TargetMol, C0005) and live/dead staining (Thermo,
L3224) were separately used to detect the cell viability according to the
instructions. Meanwhile, cells that were treated with NPs/miR365 or
NPs/miR NC at 24 h, 48 h and 72 h were also tested by CCK8. And NPs/
miR365 or NPs/miR NC treated MC38 cells were used for cell apoptosis
test by cell flow cytometry. A sterile 10 μL pipette tip was used to make a
cell scratch when MC38 cells that seeded in the 6-well plate reached the
appropriate confluence. Then NPs/miR365 or NPs/miR NC was added
into the RPMI-1640 medium with 1% FBS. Cell scratch images at 0, 12,
24 and 48 h were recorded using a microscope.

5.5. Immunofluorescence staining

MC38 cells were seeded into 48 well plates. NPs/miR365 or NPs/miR
NC (miR365 negative control mimic) nanocomposites (50 μg mL�1 of
PCP with 25 nM of miR365mimic or mimic control) were added to the
cell culture medium respectively. Commercial lipofectamine 2000
mediated miRNA delivery was used as control. After 48 h of treatment,
primary antibody Ki67 (Abcam, ab15580) or Bcl2 (Abcam, ab194583)
and secondary antibody CoraLite594-conjugated Goat Anti-Rabbit IgG
(H þ L) (Proteintech, SA00013-4) or CoraLite488-conjugated Goat Anti-
Rabbit IgG (H þ L) (Proteintech, SA00013-2) were used for immuno-
fluorescence staining respectively. The immunofluorescence staining of
tissue sections was performed according to our previously reported [19].

5.6. Preparation and characterizations of cancer cell membrane fragments
and M@NPs

To prepare fluorescently labeled MC38 tumor cell membrane frag-
ments, 10 μL of DiO dye (25 mg mL�1) (AAT Bioquest, 22066), DiI (AAT
Bioquest, 22044) or DiR (AAT Bioquest, 22070) was added to 10 mL of
cell suspension containing 2 � 107 MC38 cells. The cells were stained in
the dark for 20 min at room temperature. Then fluorescently labeled cells
were centrifuged at 1000 g for 5 min and washed with equal volume of
pre-cooled PBS for twice. Cells were resuspended with 20 mL pre-cooled
PBS containg 1 mM PMSF and sonicated at 100 amplitude for 3 min
(Q700, Qsonica, USA) for twice. After centrifugation at 4000 rpm for 5
min at 4 �C, the supernatant was collected and transferred to a new
centrifuge tube to continue centrifugation at 20,000g for 10 min at 4 �C.
Washed the precipitate with pre-cooled deionized sterilized water once.
Cell membrane fragments were resuspended with 4 mL pre-cooled
deionized sterilized water and sonicated at 100 amplitude for 2 min.
Then the cell membrane fragments suspension was stored at �20 �C for
further use. For PCP/miR365 (NPs) preparation, we used the method
previously described [8]. Briefly, 12 μL of PCP (10 μg μL�1) and 3 μL of
miRNA (20 μM) were mixed (v/v ratio ¼ 4:1), and then sonicated at 100
amplitude for 90 s (Q700, Qsonica, USA). After standing at room tem-
perature for 5 min, add 50 μL of cancer cell membrane, mix well and
continue to stand for 30 min to obtain M@NPs nanoparticles.

In order to detect the homologous targeting of tumor cells, 50 μL of
DiI labeled MC38 cell membrane fragments (M38) were separately added
into 293 T, A549 and MC38 cells culture medium. After 4 h co-culture,
the uptake of M38 fragments by 293 T, A549 and MC38 cells was
9

detected with fluorescence microscope. Subsequently, we also tested the
immune escape ability of cancer cell membrane coated nanoparticles to
macrophages. M38@cy3NPs prepared from cy3 labeled NPs and DiO
labeled M38 membrane was added into macrophages. After 4 h co-
culture, the fluorescence signal was detected.

5.7. Animal experiment

Aged six weeks female C57BL/6 mice were purchased from the Ani-
mal Center of Xi'an Jiaotong University. They are placed under standard
conditions of room temperature and dark-light cycle, with sufficient food
and water. All mice were treated in accordance with the policies and
regulations of the Institutional Animal Care and Use Committee (Num-
ber: 2021–1592). C57BL/6 mice bearing MC38 tumor were obtained by
subcutaneous injection of 100 μL of 107 MC38 cells/mL for further study.

5.8. Targeted miRNA delivery and biotoxicity of M@NPs in vivo

In order to test whether the M@NPs can realize the targeted delivery
of miRNA365 to the tumor tissues, PBS (control), NPs/NC (PCP/miRNA
control), DirM (near-infrared fluorescent dye DiR labeled cancer cell
membrane fragments), DirM@NPs/cy5 (self-assembled by DiR labeled
cell membrane fragments and Cy5 fluorescent labeled NPs) and NPs/cy5
(Cy5 fluorescent labeled NPs) was injected into MC38 induced cancer
mice through caudal vein, respectively. M@NPs/cy5 containing 0.5 nmol
Cy5 fluorescent labeled miRNA365 were prepared using the method
described above. After 10 h intravenous injections, the tumor tissue was
collected, and the fluorescence signal was detected by the near-infrared
fluorescence imaging system (Odyssey CLX, USA).

The biological safety of M@NPs in vivo was detected. Mice were
injected with NPs/NC, NPs/miR365 or M@NPs/miR365 (0.6 mg PCP
with 0.3 nmol miR365 or miRNA NC per time) through the caudal vein
every two days for 6 times. The main organs such as liver, spleen, kidney
and lung were collected for Hematoxylin-eosin (H&E) staining and blood
was used for blood routine examination by animal automatic blood cell
analyzer (Mindray, BC-2800vet).

5.9. Antitumor efficiency in vivo

Then the MC38 tumor-bearing mice were randomly divided into five
groups, PBS, NPs/NC (PCP/miR control), M (M38 cancer cell membrane
fragments), NPs (PCP/miR365) and M@NPs (self-assembled with M38
cell membrane fragments and PCP/miR365). Mice were respectively
injected with PBS (100 μL PBS), NPs/NC (0.6 mg PCP with 0.3 nmol miR
NC), M (15 μL of membrane), NPs/miR365 (0.6 mg PCP and 0.3 nmol
miR365) or M@NPs/miR365 (15 μL of membrane, 0.6 mg PCP and 0.3
nmol miR365) through caudal vein every two days for 6 times. Then
tumors in each group were collected for hematoxylin-eosin (HE) and
immunofluorescence staining.
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