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a b s t r a c t

Local delivery of nanomedicines holds therapeutic promise for colorectal cancer (CRC). However, it

presents tremendous challenges due to the existence of multiple physiological barriers, especially intra-

cellular obstacles, including intracellular trafficking, subcellular accumulation, and drug release. Herein,

we report a multifunctional nanoparticle (CMSNR) by wrapping the mesoporous silica nanorod with cell

membrane derived from CRC cells for improved chemotherapy. Compared with their naked counterparts,

the cell membrane endowed CMSNR with homotypic targeting and improved cellular uptake capacities.

Due to the rod-like shape, CMSNR achieved superior colorectal mucus permeability, enhanced tumor ac-

cumulation, and boosted cellular uptake than their spherical counterparts. Moreover, the internalized CM-

SNR underwent robust intracellular trafficking and gained augmented motility toward the nucleus, lead-

ing to efficient perinuclear accumulation and a subsequent 5.6-fold higher nuclear accumulation of loaded

drug than that of nanospheres. In the orthotopic colorectal tumor-bearing nude mice, rectally admin-

istrated mefuparib hydrochloride (MPH)-loaded CMSNR traversed the colorectal mucus, penetrated the

tumor tissue, and successfully aggregated in the perinuclear region of cancer cells, thus exhibiting signif-

icantly improved antitumor outcomes. Our findings highlight the shape-based design of cell membrane-

coated nanoparticles that can address sequential drug delivery barriers has a promising future in cancer

nanomedicine.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Colorectal cancer (CRC) is the third most prevalent cancer and

the second leading cause of cancer-related death worldwide [1].

Almost half of the CRC patients are diagnosed at late-stages, for

which chemotherapy is often the primary treatment [2]. How-

ever, low drug accumulation in the tumor tissue via systemic ad-

ministration always results in compromised outcomes. Currently,

researches have shown that local delivery of nanomedicines for

CRC could possess advantages of high efficacy and low side ef-

fects but also presents tremendous challenges [3]. The sequential

drug delivery barriers, including mucus, tumor penetration and ac-
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cumulation, cellular uptake, and intracellular drug release [4–7],

would significantly impair the delivery efficacy of nanomedicine.

Decorating the nanoparticles with dense polyethylene glycol (PEG)

can boost their mucus diffusivity and enhance tumor permeability

[8,9]. The cellular internalization of nanoparticles can be amelio-

rated by surface modification of targeting ligands (e.g., folic acid

[10]). Nevertheless, restricted intracellular transport and inefficient

subcellular drug accumulation remain the major obstacles to ad-

dress. As the most frequent targets of chemotherapeutics (e.g., 5-

fluorouracil [11,12]) are usually located in the nucleus, nanoparti-

cles, which could effectively deliver the loaded drugs into the nu-

cleus, may fully realize the therapeutic potential. Recent studies

have revealed that the amount of drug in the nucleus is usually

much lower than the internalized amount [13–15], suggesting that

challenges still persist. Therefore, nanoparticles capable of over-
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coming the multiple obstacles step by step, especially the intra-

cellular trafficking barriers, are urgently needed.

Inspired by the shape of pathogens [16,17], nanoparticles with

various shapes have been designed, and they exhibited superior-

ities in facilitating many aspects of the drug delivery processes

[18–20]. For example, rod-like nanoparticles are reported to ad-

dress one or several physical obstacles [21,22], such as superior

mucus diffusivity [23], improved tumor accumulation [24], en-

hanced cellular uptake [25], and facilitated intracellular trafficking

[26], thus providing a strong indication on the design of rod-like

nanoparticles to overcome multiple drug delivery barriers for CRC

treatment sequentially. However, due to the difficulty in fabrica-

tion, the majority of rod-like nanoparticles are inorganic, which

might lead to compromised cellular uptake and further limited

subcellular accumulation. Recently, Zhang et al. [27], have pio-

neered in developing cell membrane-coated nanoparticles for ef-

fective drug delivery. By camouflaging nanomaterials with a layer

of the natural cell membrane, the obtained nanoparticles not only

preserve the functionalities of the inner core particle but also ac-

quire the unique characteristics associated with cell membranes,

such as high biocompatibility, homing targeting, and enhanced

cellular uptake [28,29]. Therefore, we hypothesize that nanorods

cloaked in a layer of cell membrane-derived from CRC cells might

accelerate nanoparticle internalization and intracellular transporta-

tion, thus successfully conquering the sequential drug delivery

barriers.

Herein, we reported the design of cancer cell membrane (CCM)-

coated mesoporous silica nanorods (CMSNR) to overcome sequen-

tial drug delivery barriers for enhanced chemotherapy against CRC.

We showed that CMSNR successfully conquered the colorectal mu-

cus, efficiently penetrated the tumor tissue, easily entered cancer

cells, and underwent facilitated intracellular trafficking, resulting

in remarkable aggregation around the nucleus as well as suffi-

cient delivery of the loaded drug into the nucleus. In an orthotopic

CRC nude mouse model, rectally administrated CMSNR loaded with

mefuparib hydrochloride (MPH) achieved better tumor suppression

than their spherical counterparts. Our findings highlight the shape

design of cell membrane-coated nanoparticles, and CMSNR stands

as a promising approach to overcoming sequential drug delivery

barriers for cancer chemotherapy.

To construct CMSNR, rod-shaped mesoporous silica nanoparti-

cles (MSNR) were first fabricated as cores following the literature

procedure [30,31]. Cell membranes derived from human colorec-

tal cancer (HT-29) cells were then extracted by gradient density

centrifugation to obtain CCM vesicles, followed by the fusion with

MSNR via ultrasonication to generate the core-shell-structured CM-

SNR (Fig. 1A). Besides, we prepared cell membrane-coated meso-

porous silica nanospheres (CMSNS) and naked nanospheres (MSNS)

and nanorods (MSNR) as controls.

The average hydrodynamic diameters of CMSNR and CM-

SNS were approximately 110nm, while MSNR and MSNS

were approximately 100nm. The surface charge of the CM-

SNR (−22.5±1.0mV) and CMSNS (−22.7±1.4mV) was close to

that of CCM (−22.2±0.7mV), confirming that CMSNR and CMSNS

were successfully coated with CCM (Figs. 1B and C and Table S1

in Supporting information). The morphology of nanoparticles was

visualized via transmission electron microscope (TEM), showing

highly monodispersed spherical MSNS and rod-like MSNR and

their corresponding core-shell structured CMSNS and CMSNR

(Fig. 1D and Fig. S1 in Supporting information). The MSNR and

CMSNR had a dimension of approximately 50nm×150nm, and

65nm×165nm, respectively. Meanwhile, confocal laser scanning

microscopy (CLSM) and stimulated emission depletion (STED)

microscopy imaging confirmed the core-shell structure of CMSNR

and CMSNS (Fig. 1E), which was consistent with the results of

fluorescence resonance energy transfer (FRET) analysis, where

the emission intensity of FITC-MSNs declined at 520nm, and the

paired fluorophore was increased at the corresponding wavelength

(Fig. S2 in Supporting information).

The protein compositions of CMSNS and CMSNR were similar

to those of CCM vesicles measured by sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) analysis (Fig. 1F).

And CD151, one of the surface adhesion molecules on the HT-29

cells [32], was also confirmed to transferred to the shell of CMSNR

and CMSNS by western blotting analysis, indicating that the cancer

cell membrane proteins were retained (Fig. 1G).

MPH, a poly(ADP-ribose) polymerase (PARP)1/2 inhibitor [33],

was used as the model drug. The loading capacity (LC%) and en-

capsulation efficiency (EE%) for all the nanoparticles were approx-

imately 15% and 45%, respectively (Table S1). The in vitro MPH re-

lease profile in PBS (pH 7.4 and 6.0) demonstrated that the coating

of CCM notably delayed MPH release from MSNR and MSNS. Ap-

proximately 65% of MPH was released from CMSNS and CMSNR

within 24h, while over 80% of MPH was released from MSNR and

MSNS (Fig. S3 in Supporting information).

In addition, the obtained nanoparticles displayed good colloidal

and fluorescent stability, and they also showed no obvious cyto-

toxicity within the tested concentrations (Figs. S4–S6 in Supporting

information). Collectively, we successfully fabricated the cancer cell

membrane-coated nanorods with good stability and biocompatibil-

ity.

We then investigated whether CMSNR could improve mucus

diffusion capacity by using multiple-particle tracking (MPT) tech-

nology [34]. The PEGylated MSNS (PMs), a kind of mucus penetrat-

ing particles (Table S1), were fabricated as the positive control. The

total particle motion in the mucus was calculated by aggregating

the results of 200 particles. It showed that the rod-like nanopar-

ticles obtained broader movement areas than the corresponding

spherical counterparts, and CMSNR exhibited the largest diffusion

areas (Fig. 2A). The time-mean square displacement (MSD) value at

1 s of CMSNR was approximately 6.0-fold and 24.6-fold higher than

that of CMSNS and MSNS (Fig. 2B), respectively. The effective dif-

fusivity (Deff) of nanoparticles also showed the superior mucus dif-

fusion capacities of CMSNR (Fig. 2C). These results suggested that

the CMSNR could penetrate the mucus efficiently.

The penetration ability of nanoparticles in multicellular

spheroids (MCSs) was then quantitatively and qualitatively moni-

tored by CLSM (Figs. 2D and E). It showed that CMSNR displayed

superior penetration at all scanning depths compared with other

nanoparticles, and more CMSNR accumulated in the MCSs, show-

ing a 4.9-fold higher fluorescence intensity than that of the MSNS

group at the scanning depth of 100μm.

We next explored whether the cell membrane-coated nanopar-

ticles could have self-recognition ability of the corresponding ho-

mologous cell line with enhanced cellular internalization. The re-

sults revealed that CMSNR, CMSNS and CCM were internalized

more efficiently by HT-29 cells than Huh-7, Bxpc-3, Hela, MCF-7

cells (Fig. S7 in Supporting information), and CMSNR and CMSNS

displayed improved cellular uptake than the uncapped nanoparti-

cles (Figs. 2F and G), indicating the selected targeting of homo-

typic tumor cells. In addition, the MSN core and cell membrane

shell were labeled with FITC and DiI, respectively. The CLSM im-

ages demonstrated that the green fluorescence derived from MSNS

and MSNR perfectly matched well with the red fluorescence de-

rived from the outer shell (Fig. 2H), indicating the intracellular in-

tegrity of CCM-coated nanoparticles.

To further investigate the endocytosis mechanisms of CMSNR,

we utilized three different endocytosis inhibitors (chlorpromazine,

CPZ) for the inhibition of clathrin-mediated endocytosis, filipin

(FLP) for the inhibition of caveolae-mediated endocytosis, and dy-

nasore (DNS) for the inhibition of both clathrin- and caveolin-

mediated endocytosis). The results were consistent with those pre-
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Fig. 1. Preparation and characterization of nanoparticles. (A) Fabrication of CMSNR nanoparticles. (B) The size and (C) zeta potential of various nanoparticles (n=3). (D) TEM

images of CMSNR, CMSNS, MSNR, MSNS. Scale bar: 50nm. (E) Confocal images (left) and super-resolution images (right) of CCM-coated nanoparticles. Red: DiI-labeled CCM;

green: FITC-labeled MSNS or MSNR. Scale bar: 500nm (left) and 100nm (right). (F) SDS-PAGE analysis of marker, MSNS, CMSNS, MSNR, CMSNR and CCM vehicles (I-VI).

Samples were prepared with equal amounts of protein, followed by staining with Coomassie blue. (G) Western blot analysis of the expression of CD151 on the membrane

isolated from the indicated nanoparticles was developed.

Fig. 2. MCS penetration and cellular internalization of nanoparticles. (A) Representative trajectories for particles in the colorectal mucus on a time scale of 1 s. (B) Ensemble-

averaged geometric MSD values of nanoparticles as a function of time scale. (C) Distributions of the logarithms of individual particle effective diffusivities at a time scale

of 1 s (n=200). (D) In vitro penetration of RITC-labeled nanoparticles (red) in HT-29 MCSs. MCSs were incubated with different nanoparticles and imaged by CLSM z-stack

scanning after 4h. The MCS surface was settled at 0 μm. Scale bar: 100μm. (E) Quantification analysis of particle penetration in HT-29 MCSs. ∗∗∗P < 0.001. (F) CLSM images

of the endocytosis of nanocarriers in HT-29 cell lines. Blue: nuclei stained with DAPI. Green: FITC-labeled nanoparticles. Scale bar: 10 μm. (G) Quantitative determination

of the cellular uptake amounts of nanoparticles in HT-29 cells. ∗∗P < 0.01, ∗∗∗P < 0.001. (H) Intracellular co-localization of the CCM shell (red) and the MSNR and MSNS

core (green). Blue: nuclei stained with DAPI. Scale bar: 10 μm. (I) Quantification of nanoparticles internalized in HT-29 cells pretreated with CPZ, FLP and DNS. ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001.

viously reported [35–37] that the rod-like nanoparticles could be

taken up via the caveolar pathway (Fig. 2I).

Following cellular uptake, nanoparticles still need to undergo

intracellular traffic, which hinders the transport of nanoparticles

toward nucleus. To explore the intracellular transport capacities of

CMSNR, we incubated HT-29 cells with FITC-labeled nanoparticles

for 2h and tracked their intracellular movement by CLSM (Fig. S8

in Supporting information). Upon internalization, CMSNR diffused

freely within the cytoplasm and ultimately reached the perinu-

clear region, while CMSNS diffused only into the peripheral area

of the cytoplasm. Furthermore, we examined the dynamics of par-

ticle transport in HT-29 cells using fluorescent imaging and a two-

dimensional single-particle tracking technique. Representative tra-

jectories showed that the majority of nanospheres were confined

in a small area, while CMSNR moved rapidly toward the perinu-

clear region (Fig. 3A). Quantitative analysis of particle movement

showed that the average speed of CMSNR was 0.174μm/s, which

was 1.1-, 1.9- and 2.4-fold higher than that of MSNR (0.155μm/s),

CMSNS (0.094μm/s) and MSNS (0.072μm/s), respectively (Fig. 3B).

In addition, the corresponding colorimetric distribution maps of
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Fig. 3. Dynamics of intracellular transport, perinuclear aggregation, and cell viability of nanoparticles. (A) Representative trajectories of different nanoparticles. Scale bar:

4 μm. (B) The mean speed of intracellular transport of nanoparticles. ∗∗∗P < 0.001, ns represented no significant difference. (C) CLSM images of nanoparticles distributions in

HT-29 cells; red, nanoparticles. Scale bar: 10 μm. (D) CLSM images and line-scan profiles of fluorescence intensity for HT-29 cells incubated for 4h with PI-loaded nanopar-

ticles. Red: PI. Blue: cell nuclei stained with DAPI. The concentration of PI is 1 μg/mL (n=3). Scale bar: 20 μm. (E) Cell viability of MPH-loaded nanoparticles in HT-29 cells

measured by the CCK-8 kit. ∗∗P < 0.01, and ∗∗∗P < 0.001.

CMSNR within the cells also showed that the CMSNR agglomerated

in the perinuclear region in HT-29 cells (Fig. 3C and Fig. S9 in Sup-

porting information). The colocalization studies showed that the

internalized CMSNS and MSNS were mostly located in the late en-

dosome and lysosomal compartments and CMSNR and MSNR could

bypass lysosome entrapment (Fig. S10 in Supporting information).

These results consistently showed that the CMSNR exhibited ro-

bust intracellular trafficking toward nucleus with higher motility

than their spherical counterparts.

To explore whether the perinuclear accumulation of nanopar-

ticles could benefit nuclear drug delivery, propidium iodide (PI),

a commonly used water-soluble fluorescent dye which cannot dif-

fuse into the nucleus, was loaded in the CMSNR. The distribution

of PI in the cells were mapped. As depicted in Fig. 3D and Fig. S11

(Supporting information), free PI signals were not observed in liv-

ing cells. A low amount of PI was detected in the nuclei of the cells

treated with CMSNS and MSNS. However, PI loaded in CMSNR was

distributed throughout the entire cell, including the nucleus. The

efficacy of PI dye entry into the nucleus was approximately 66.23%

for CMSNR, which was 4.8-, 2.0- and 9.5-fold higher than that for

CMSNS, MSNR, and MSNS, respectively (Fig. S12 in Supporting in-

formation). Additionally, a CCK-8 Kit assay was performed to an-

alyze the in vitro cytotoxicity of MPH-loaded nanoparticles. The

CMSNR displayed the lowest half-maximal inhibitory concentration

(IC50) value of 3.4 μg/mL among all the samples (Fig. 3E). Therefore,

CMSNR, which could be transported close to the nucleus, delivered

significantly more MPH into the nucleus, resulting in enhanced cy-

totoxicity.

To represent the delivery efficacy of CMSNR in vivo, we estab-

lished an orthotopic colorectal cancer model using HT-29 cells ac-

cording to previous literature [38]. After dissection, the tumor tis-

sue can be found by the naked eye compared with the non-tumor

area (Fig. S13 in Supporting information, black arrows). The nor-

mal colon wall is smooth and intact, but the colon wall, after in-

jection of the HT-29 cells, has a prominent tumor mass. The hema-

toxylin and eosin (H&E) staining study further confirmed that we

have successfully constructed the orthotopic HT29 colorectal tumor

model.

Based on in vitro diffusion results, CMSNR is supposed to pen-

etrate colon mucus efficiently. We next explored particle mucus

penetration in the colorectal loops of tumor-bearing mice. The re-

sults showed that CMSNS and MSNS could not effectively pene-

trate the mucus, and only a few particles were detected in the up-

per layer. In contrast, CMSNR were transported deeper along the

z-direction, suggesting that CMSNR maintained their superiority in

mucus penetration ex vivo (Fig. S14 in Supporting information).

We then evaluated the tumor accumulation of nanocarriers

in vivo. Nanoparticles were labeled with CH1055, a second near-

infrared window (NIR-II) fluorophore, and then rectally adminis-

trated into HT-29 tumor-bearing nude mice. The fluorescence in-

tensity of these four nanoparticles in the tumor sites decreased

over time (Figs. 4A and B). The fluorescence intensity of MSNS,

MSNR, and CMSNS decreased quickly, but that of CMSNR decreased

gradually, which might be resulted from their facilitated colorectal

mucus diffusion, homologous targeting, and enhanced internaliza-

tion capabilities.

Relying on the HT-29 cell membrane coating, CMSNR possessed

homologous active targeting, which acquired 2.6-, 4.4- and 6.2-fold

tumor accumulation compared with CMSNS, MSNR and MSNS af-

ter 6 h administration (Fig. S15 in Supporting information). These

results demonstrated that CMSNR could efficiently penetrate the

colon mucus and tumor tissue, contributing to superior tumor ac-

cumulation.

Good mucus penetration and tumor accumulation are far from

enough, and cell uptake is another crucial factor in efficiency de-

livery. Nanoparticles labeled with RITC dye were administrated into

the mice through the rectum, and the colon tissue was sliced and

examined by CLSM. In the white-outlined region, extensive areas

with strong fluorescence intensities from CMSNR were detected in

the perinuclear region of tumor cells, in sharp contrast to the other

nanoparticles that showed limited fluorescence intensity (Fig. 4C).

The quantitative analysis further revealed that the mean fluores-

cent intensity of CMSNR was 2.7-, 4.4- and 7.2-fold higher than

that of MSNR, CMSNS and MSNS, respectively, supporting that CM-

SNR had the more robust tumor penetration efficiency (Fig. S16 in

Supporting information).

Finally, we evaluated the in vivo antitumor activity against CRC

of MPH-loaded nanoparticles. The mice were randomly divided

into six groups and rectally administrated with various formula-

tions every 2 d with eight repetitions (day 1, 3, 5, 7, 9, 11, 13, 15,

17, 19, 21). Limited changes in body weight were observed in all

groups, indicating no overt toxicity (Fig. S17 in Supporting infor-

mation). The tumors were photographed and weighed at the end

of the treatment (Figs. 4D and E). The CMSNS group displayed

slightly better antitumor efficiency than the MSNS group, which

could be explained by the superior homology identification prop-

erties of CCM. The strongest antitumor efficiency of the CMSNR

group was observed mainly due to its homologous targeting, im-

4



J. Wang, H. Pan, J. Li et al. Chinese Chemical Letters 34 (2023) 107828

Fig. 4. The targeting and penetration capacity and in vivo tumor growth inhibition studies in an orthotopic CRC nude mouse model. (A) Representative in vivo NIR fluorescent

images of HT-29 tumor-bearing mice rectally administrated with different nanoparticles labeled with CH1055. (B) Mean fluorescence intensity of nanoparticles in tumor sites

at the different time points after rectally administrated. (C) CLSM images (up) and corresponding colorimetric maps (bottom) of nanoparticle distributions in the colorectal

tumor sections. Scale bar: 50 μm and 15μm (inner). (D) Photos of the tumors harvested at the end of pharmacological studies. The mice bearing HT-29 tumors were treated

with the indicated formulations for 21 days. Scale bar: 1 cm. (E) Weights of tumors. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001, ns represented no significant difference. (F) The

survival time of orthotopic CRC animals following different treatments (Median survival: PBS=28 days, MPH=32 days, MSNS=35 days, MSNR=37 days, and CMSNS=39

days). n=5, ∗∗∗P < 0.001.

proved mucus penetration and efficient subcellular drug delivery

abilities. In addition, CMSNR prolonged the median survival time

of colorectal tumor-bearing mice compared to the other groups

(Fig. 4F). Although CMSNS could obtain targeting capability and

enhanced internalization due to the cell membrane coating, they

exhibited comparable anti-tumor outcomes with the naked MSNR,

which might be resulted from their decreased mucus permeation

and weakened tumor penetration.

The H&E staining of tumors revealed evident DNA damage and

membrane lysis in the CMSNR group (Fig. S18 in Supporting infor-

mation). This result implied that MPH-loaded CMSNR led to signif-

icant apoptosis of the tumor cells. And the degree of apoptosis de-

creased in the range of MSNR, CMSNS, MSNS, MPH and PBS groups.

Therefore, the superiority of CMSNR in overcoming the sequential

drug delivery barriers can improve the therapeutic efficacy in or-

thotopic CRC mice models.

In summary, we herein developed a multifunctional nanopar-

ticle system of cell membrane-coated mesoporous silica nanorods

that possess several distinct advantages in negotiating the sequen-

tial drug delivery barriers for improved cancer therapy. Compared

to the typical sphere-shaped nanoparticles, CMSNR, attributed to

its rod shape, exhibited facilitated colorectal mucus and tumor

penetration. Owing to its CCM coating, CMSNR showed a homol-

ogous tumor-targeting ability. More importantly, after cellular up-

take, CMSNR exhibited accelerated intracellular trafficking, excel-

lent aggregation around the nucleus, and improved drug delivery

efficiency into the nucleus. Consequently, an improved tumor sup-

pression effect was achieved in orthotopic CRC nude mice mod-

els after rectally administrated MPH-loaded CMSNR. These results

highlight the shape-based design of nanotherapeutics for over-

coming the sequential drug delivery barriers. Given the high po-

tency observed in the present study, this nanosystem has great

potential for efficacy testing in other tumors that are highly

attractive.
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