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A B S T R A C T

Cell membrane-coated nanoparticles (NPs) have attracted growing attention in the field of targeted delivery
strategies, which successfully combine the advantages and properties of both cell membranes and synthetic NPs.
Stem cell-based delivery systems have the innate targeting capability to tumor tissues, but inappropriate stem cells
might promote tumor growth after being injected into the body. Accordingly, it is urgent to explore novel drug
delivery systems that might combine the advantages of stem cells and eliminate the possible risks. This review
aimed to investigate the stem cell membrane-camouflaged targeted delivery system in tumors. We discussed the
underlying mechanisms of stem cell homing to target tumors. Then, the common membrane modification
methods well as preparation methods of stem cell membrane coated NPs were concluded. NPs coating the stem
cell membranes could obtain the tumor targeting ability, enhanced biocompatibility, and effective drug loading.
Furthermore, we investigated the potential clinical applications of mesenchymal stem cells (MSCs) and induced
pluripotent stem (iPS) cells membrane-camouflaged targeted delivery systems for anti-tumor therapies, such as
chemotherapy, photodynamic therapy, magnetic hyperthermia therapy and imaging, CRISPR-Cas9 gene therapy,
and synergistic therapy. Taken together, stem cell membrane-coated NPs hold the tremendous prospect for
biomedical applications in tumor therapy.
1. Introduction

Cell-based targeted delivery systems are regarded as a novel delivery
strategy owing to low immunogenicity and toxicity, long circulation
time, innate targeting capability, and integration of receptors [1]. A va-
riety of cells could function as effective natural vesicles, such as red blood
cells, platelets, immune cells, tumor cells, stem cells, and even viruses
and bacteria [2]. However, it is well known that several limitations
should be resolved in the clinical applications of differentiated cells. It is
hard to obtain enough quantities of differentiated cells under natural
conditions. Moreover, it is not easy for differentiated cells to be modified
or survive in vitro.

Nowadays, mesenchymal stem cells (MSCs), which could be derived
from bone marrow (BM-MSCs), umbilical cord (UC-MSCs), and adipose
tissue (ATMSCs), are commonly utilized in clinical applications [3].
Induced pluripotent stem (iPS) cells are more attractive than MSCs, since
iPS cells could be relatively easily obtained by reprogramming differ-
entiated somatic cells with transcription factors [4]. Taken together, stem
cells such as MSCs [2,5] and iPS cells could function as targeted delivery
vehicles for stem cell-based tumor therapy owing to the following
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advantages: (a) Stem cells could be easily isolated and expanded in vitro
[6]. More importantly, phenotypes and multilineage potential might be
preserved even for over 50 population doublings in vitro [7]; (b) Some
drug delivery systems based on stem cells have been established for
satisfying anti-tumor strategies [8]; (c) Stem cell-based delivery systems
have the innate targeting capability to inflammation or tumor lesions [9].
However, stem cells were found to be entrapped in the lung after intra-
venous injection, which might result in microembolism because of the
size of stem cells [10,11]. Meanwhile, stem cells have the differentiation
potential. It should not be ignored that inappropriate stem cells might
promote tumor growth after being injected into the body. Accordingly, it
holds great promise for exploring novel drug delivery systems, that might
combine the advantages of stem cells and eliminate the possible risks.

Cell membrane-coated nanoparticles (NPs) have attracted growing
attention in the field of targeted delivery strategies, which successfully
combine the advantages and properties of both cell membranes and
synthetic NPs [12,13]. Therefore, NPs coating the stem cell membranes
could obtain the tumor targeting ability, enhanced biocompatibility, and
effective drug loading. Taken together, the stem cell membrane-coated
NPs hold the tremendous prospect for a broad range of biomedical
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applications. Several previous studies have investigated the role of cell
membrane-coated nanocarriers for targeted therapy in tumors [14,15].
However, stem cell membrane-based targeted delivery systems in tumors
have not been investigated and discussed thoroughly.

In this review, we aimed to investigate the stem cell membrane-
camouflaged targeted delivery system in tumors. Two previous studies
mainly focus on the roles of the MSC membrane in the diseases of
inflammation [16] and arthritis [17]. To thoroughly reveal the stem cell
membrane-based delivery system in tumors, we first discussed the un-
derlying mechanisms of stem cell homing to target tumor tissues. Then,
the common modification methods of the stem cell membrane, as well as
preparation methods of stem cell membrane coated NPs were concluded.
Furthermore, we investigated the potential clinical applications of MSCs
and iPS cell membrane-camouflaged targeted delivery systems for
anti-tumor therapies, such as chemotherapy, photodynamic therapy,
magnetic hyperthermia therapy, and imaging, CRISPR-Cas9 gene ther-
apy, and synergistic therapy.

2. Mechanisms of stem cell homing

Karp et al. [18] defined stem cell homing as the arrest of stem cells
within the vasculature of a tissue followed by transmigration across the
endothelium. Taken together, tumor homing of stem cells includes three
processes: getting into the blood system by direct administration or
recruitment from bone marrow; rolling, capture, adhesion, and extrava-
sation across epithelial layers into lesions mediated by chemokine gra-
dients; and migrating towards tumor tissues.

Various receptors could express in the newly isolated stem cells, such
as CXCR1/4/5/6 and CCR2/7/9/10 [2]. The expression of receptors
largely relies on sources of stem cells, culturing processes, and cell age.
The mechanisms for stem cell homing could be categorized into the
following four types: (a) Macrophage migration inhibitory factor (MIF),
whose native receptors are CXCR4, CXCR2, and CD74, plays a vital role
in MSC recruitment [19]. (b) CXCR5 is upregulated to improve the
homing ability of MSC by crosstalk with CXCL13 in the mice model [20].
(c) CXCR4 is dominant in affecting the tumor-targeting ability of stem
cells. Mechanically, chemokine stromal-derived factor 1 (SDF-1) is
released by injury or tumor lesions [21], and the crosstalk between SDF-1
(CXCL12) and CXCR4 induced the homing ability of stem cells [22,23].
Fig. 1. Schematic illustration of stem cell homing and the stem ce
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(d) During the second phase of homing, signals including galectin-1 [24],
CD24 [25], CXCL9/16, CCL20/25 [26], and integrins α/β [27] mediate
the process of cell rolling, adhesion, capture, and extravasation.

Stem cells could migrate to tumor lesions and have direct interaction
with targeted tumor cells, thereby resulting in targeted drug delivery
(Fig. 1). In addition, stem cells might also be engineered to highly express
the specific key gene or delivery drugs stably. Accordingly, stem cells
equipped with homing ability have been regarded as promising candi-
dates for the targeted delivery systems. Because the above ligands and
receptors associated with the mechanisms of stem cell homing are mainly
expressed on the stem cell membrane, the stem cell membrane can still
retain the tumor homing ability.

3. Modification of stem cell membrane

Owing to numerous ligands and receptors on the stem cell membrane,
stem cell-based therapy has been widely utilized in different diseases
[28]. Accordingly, the surface modification of stem cell membranes
might enable the membrane-coated NPs with more specific abilities
beyond cell membranes [29]. Three common modification strategies are
shown as follows (Fig. 2) [16].
3.1. Physical modification

Cell membranes are mainly composed of lipids with membrane
fluidity. Therefore, lipid-based biomaterials might link to the surface of
cell membranes or be coated by cell membranes [30]. Liposomes fused
with cell membrane-camouflaged NPs could enhance the inclusion of
ligands or drugs within the membrane. For example, liposomes could be
fused with enriched leukocyte membrane proteins to develop a new
nanovesicle [31,32]. The fused new nanovesicles with transmembrane
proteins including CD45, CD47, and PSGL-1, might target inflamed sites
effectively and across the inflamed vascular barrier easily [33]. Although
physical modification of membrane-camouflaged NPs is convenient and
widely applied [34], we should not ignore the great obstacles of insuf-
ficient stability and efficiency. Hydrophobic interactions could
contribute to the risk of changing the original membranes and serum
proteins might influence the insertion efficiency.
ll membrane-camouflaged targeted delivery system in tumors.



Fig. 2. Three common methods to modify stem cell membranes [16]. Adapted from Wang et al. (2021). Reprinted with permission from M. Wang, Y. Xin, H. Cao, W.
Li, Y. Hua, T.J. Webster, C. Zhang, W. Tang, Z. Liu, Recent advances in mesenchymal stem cell membrane-coated nanoparticles for enhanced drug delivery, Biomater.
Sci. 9 (2021) 1088-1103. Copyright 2021 Royal Society of Chemistry.
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3.2. Chemical modification

Because of the thiol and amine residues of membrane-associated
proteins and hydroxyl residues of polysaccharides, cell membranes
could be utilized for covalent conjugation modifications [35]. For
instance, functional amine groups could react with preactivated carboxyl
groups and N-hydroxy succinimide (NHS) groups [36], which enable
molecules or ligands with those groups might conjugate directly to cell
membranes. Similarly, NHS-PEG2-maleimide could conjugate thiol-rich
peptides and amine-bearing cell membranes with maleimide and NHS
groups, respectively [37]. PEG in this linker has provided enough space
for ligand-receptor binding [38], which might enhance cell uptake.
Moreover, maleimide-functionalized ligands could conjugate thiol resi-
dues on hematopoietic stem cells [39]. Chemical modification is char-
acterized by being more stable, straightforward, and efficient. More
importantly, chemical covalent conjugation might not change the
membrane permeability and structure.

3.3. Biological modification

Biological modification aims to introduce desired proteins onto cell
membranes via genetic technology. The majority of genetic modifica-
tions of stem cell membranes are designed to increase the expression of
tumor-targeting ligands [40]. For example, CXCR4-overexpressing adi-
pose tissue-derived MSC exhibited better homing to bone marrow [41].
Genetically modified MSC with upregulated CXCR4 expression increased
MSC targeting to ischemic lesions [42]. Moreover, mRNA transfection
was utilized to genetically modify MSC to target inflammatory sites,
which enabled engineered MSC to exhibit improved inflammation tar-
geting ability and deliver immunomodulatory drugs [42].
3

4. Preparation of stem cell membrane-camouflaged targeted
delivery system

The preparation methods of stem cell membrane-camouflaged
nanoparticles mainly included the following strategies (Fig. 3): co-
extrusion method, sonication method, microfluidic electroporation
method, and electrostatic attraction method [16].

4.1. Co-extrusion method

The most common method to prepare cell membrane-camouflaged
NPs is extrusions by an extruder with porous polycarbonate mem-
branes and 100–400 nm pore sizes several times [43]. Mechanically, the
mechanical force during the extruding process enables NPs to be coated
by the phospholipid bilayers owing to the fluidity of membranes, which
could assure the structure and function of membranes. The sizes of cell
membrane-camouflaged NPs rely on the pore sizes of an extruder. The
advantage of the co-extrusion method is that a uniform distribution of
size could be obtained, but it is a time-consuming process.

4.2. Sonication method

During sonication, the membrane structure could be destroyed by
ultrasonic waves. Moreover, cell membranes are camouflaged on the
surface of NPs by simple co-incubation [44]. Although the sonication
method is easy and time-saving, the power, frequency, and duration of
sonication could be further improved to maximize fusion efficiency and
decrease protein denaturation.



Fig. 3. Common preparation methods of stem cell membrane coating nanotechnology: (a) physical extrusion method, (b) sonication method, and (c) microfluidic
system with electroporation device [16]. Adapted from Wang et al. (2021). Reprinted with permission from M. Wang, Y. Xin, H. Cao, W. Li, Y. Hua, T.J. Webster, C.
Zhang, W. Tang, Z. Liu, Recent advances in mesenchymal stem cell membrane-coated nanoparticles for enhanced drug delivery, Biomater. Sci. 9 (2021) 1088-1103.
Copyright 2021 Royal Society of Chemistry.
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4.3. Microfluidic electroporation method

Microfluidic electroporation is regarded as a new method for cell
membrane coating [45,46]. NPs and membranes are infused into the
microfluidic chip and then mixed thoroughly. The electrical pulses
contribute to the formation of transient pores on membranes and NPs are
further coated. The membrane perforation could be either reversible or
irreversible. Although the cost of the microfluidic electroporation
method is relatively high, it could produce high-quality NPs with com-
plete membrane coating with desirable stability.
4.4. Electrostatic attraction method

The electrostatic attraction method means that the electrostatic
attraction between the negatively charged cell membranes and positively
charged NPs could lead to the spontaneous formation of cell membrane-
camouflaged NPs. For example, the self-assembly of negatively charged
leukocyte membrane-derived vesicles and positively charged silicon NPs
was introduced by previous studies [31]. The electrostatic attraction
plays a vital role in the fusion of membranes and NPs [47], therefore, the
number of charges on the surface of NPs should be controlled [48]. For
NPs with a high positive charge, the interactions with vesicles are strong
enough to result in an incomplete coating. Among the four methods
above, the ratio of NPs and membranes must be strictly modulated to
improve the coating efficiency [49].

5. Stem cell membrane-camouflaged targeted delivery system for
anti-tumor therapy

5.1. Chemotherapy

Stem cell membrane-coated NPs might obtain the complicated func-
tions from stem cells to achieve biological interfacing, and preserve the
nano size and loading ability of NPs. Accordingly, stem cell membrane-
coated NPs have been regarded as a novel targeted drug delivery sys-
tem for tumors. Nie et al. had reported the MSC membrane-coated PLGA
nanovesicle loaded with doxorubicin (DOX). The results indicated that
the effective uptake of membrane-coated nanovesicle was several times
than that of uncoated PLGA, thereby leading to enhanced anti-tumor
efficacy [50]. Similarly, He et al. constructed the MSC
membrane-coated gelatin nanogels loaded with DOX. The nanogel was
camouflaged by the MSC membrane via a coextrusion procedure. As
4

shown by an electron microscope, the stem cell membrane was tightly
camouflaged on the surface of nanogel. This membrane-coated drug
delivery nanovesicle has increased storage stability and showed a sus-
tained drug release [51]. Li et al. [52] coated the MSC membrane onto
the mesoporous silica nanoparticle (MSN) to form MSN@M (Fig. 4).
MSN@M showed a remarkably decreased clearance rate in vitro because
of the CD47 marker on the MSC membrane. In HepG2 xenograft mice,
MSN@M was observed with stronger tumor targeting and penetration
ability and sustained DOX release ability. The results indicated the
enhanced anti-tumor effects and decreased side effects of DOX-loaded
MSN@M in vivo. To sum up, stem cell membrane-coated NPs might act
as novel vehicles for stem cells and provide more approaches for targeted
drug delivery for tumors. With the abilities of tumor targeting and
penetration, stem cell membrane-coated nanotechnology could largely
enhance the anti-tumor effects of chemotherapeutic agents and minimize
the adverse effects. It is of great importance in resolving the obstacles of
chemoresistance in the clinic [53].
5.2. Photodynamic therapy

Photodynamic therapy (PDT) mainly depends on reactive oxygen
species (ROS) generation mediated by photosensitizer with laser irradi-
ation [54,55]. Gao et al. coatedMSCmembrane on mesoporous silica and
encapsulated β-NaYF4:Yb3þ, Er 3þ up-conversion NPs (photosensitizer)
that were loaded with ZnPC and MC50 to prepare SUCNPs@mSiO2 [56].
The SUCNPs@mSiO2 showed tumor-targeting ability owing to a higher
tumor affinity after MSC membrane coating. The membrane-coated NPs
indicated good cytocompatibility and hemocompatibility with normal
hepatocyte cells and blood respectively. Accordingly, stem cell
membrane-coated NPs could effectively circulate for a longer time and
evade the immune system, which increased the accumulation in tumor
sites and reduced reticuloendothelial system (RES) clearance. More
importantly, under the 980 nm laser, SUCNPs@mSiO2 might effectively
inhibit tumors both in vitro and in vivo with PDT therapy (Fig. 5).
5.3. Magnetic hyperthermia therapy and magnetic resonance imaging
(MRI)

Chang et al. prepared the superparamagnetic iron oxide (SPIO) NPs
coated by adipose-derived MSC membrane that were capable of reducing
the immune response. During the preparation process, CD44 on the
surface of the MSC membrane was well preserved [57]. This nanovesicle



Fig. 4. Preparation and characterization of MSC membrane-coated DOX-MSN (DOX-MSN@M) as biomimetic vehicles for effective anti-tumor therapy [52]. Adapted
from Li et al. (2021). Reprinted from J Control Release, 335, Y.S. Li, H.H. Wu, X.C. Jiang, T.Y. Zhang, Y. Zhou, L.L. Huang, P. Zhi, Y. Tabata, J.Q. Gao, Active stealth
and self-positioning biomimetic vehicles achieved effective antitumor therapy, Pages 515-526, Copyright 2021, with permission from Elsevier.
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could prevent macrophage recognition and uptake, which enables itself
stable in blood circulation. Because of the tumor homing ability and nano
size of MSC, the nanovesicle generated dark contrast in T2-weight
magnetic resonance imaging (MRI) with dose-dependent. Under an
alternating magnetic field, Tramp-C1 prostate cancer cells were signifi-
cantly inhibited owing to the magnetic hyperthermia therapy induced by
this nanovesicle [58]. Similarly, Mu et al. [59] showed siRNA delivery
with stem cell membrane-coated magnetic polydopamine (PDA) NPs for
imaging-guided photothermal therapy and gene therapy. In their study,
Fe3O4@PDANPs with photothermal effects were utilized for ideal siRNA
5

delivery. MSC membrane camouflaged Fe3O4@PDA-siRNA NPs pre-
served the photothermal effects and had the ability of MRI. Moreover,
this nanovesicle could deliver siRNA against the Plk1 gene and induce
the apoptosis of DU145 cells. The combined magnetic hyperthermia
therapy and gene therapy indicated enhanced anti-tumor effects in vivo.
Accordingly, stem cell membrane-coated NPs have wide clinical appli-
cations, including siRNA delivery, magnetic hyperthermia therapy and
imaging. To sum up, stem cell membrane-coated nanotechnology showed
great potentials for clinical applications in the field of both diagnosis and
treatment of tumors.



Fig. 5. The anti-tumor effects of SUCNPs@mSiO2 with PDT treatment were evaluated in vivo [56]. Adapted from Gao et al. (2016). Reprinted with permission from C.
Gao, Z. Lin, Z. Wu, X. Lin, Q. He, Stem-cell-membrane camouflaging on near-infrared photoactivated upconversion nanoarchitectures for in vivo remote-controlled
photodynamic therapy, ACS Appl. Mater. Interfaces 8 (2016) 34252-34260. Copyright 2016 American Chemical Society.
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5.4. CRISPR-Cas9 gene therapy

As known to all, leukemia stem cells (LSCs) might lead to the relapse
of acute myeloid leukemia (AML). Therefore, a lipidoid nanoparticle
(LNP) loaded Cas9/single guide RNA (sgRNA) [60] ribonucleoprotein
(RNP) was designed to target the key gene interleukin-1 receptor
accessory protein (IL1RAP) of LSCs. LNP-Cas9 RNP and CXCL12α were
further loaded onto the MSCmembrane-camouflaged nanofibril scaffolds
6

to induce LSC targeting and increase the retention time of LNP-Cas9 in
bone marrow. This study showed that CXCL12α could mediate LSCs
migration to the scaffolds, and LNP-Cas9 RNP could edit target gene
efficiently. Mechanically, IL1RAP knockout contributed to the inhibition
of LSC colony-forming ability and leukemic relapse. To sum up, sustained
targeted delivery of Cas9/IL1RAP sgRNA by MSC membrane-coated
scaffolds might be a novel therapy for inhibiting LSC growth to treat
AML relapse [61].
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5.5. Synergistic therapy

Programmed cell death ligand 1 (PD-L1) blockade is widely used in
immunotherapy of tumors [62]. Mechanically, PD-L1 siRNA might acti-
vate T cells by decreasing PD-L1 expressed on tumor cells [63,64].
However, the anti-tumor effects of PD-1/PD-L1 monotherapy are unsat-
isfactory [65,66]. DOX might not only result in cell apoptosis but also
enhance the antigens release of tumors. In the study of Mu et al. [67],
DOX and PD-L1 siRNA were loaded by MSC membrane-coated PDA for
synergistic chemo-immunotherapy of prostate cancer (PCa) bone me-
tastases. It showed that the stem cell membrane-camouflaged NPs
improved blood circulation and enhanced tumor targeting ability,
thereby showing synergistic anti-tumor efficiency.

Photothermal therapy (PTT) has attracted growing attention owing to
the use of light radiation and heat generation at the tumor site, which
thermal ablation is regarded as a minimally invasive method for tumor
therapy [68]. The previous study showed that cell membrane-coated NPs
could be a novel biomimetic platform for cancer photothermal therapy
[49]. Zhang et al. [69] designed PDA NPs coated by stem cell membranes
for synergistic chemo-photothermal therapy of bone tumors. The
membrane-camouflaged NPs were utilized to efficiently load the hydro-
phobic drug 7-ethyl-10-hydroxycamptothecin (SN38). The release of
SN38 was triggered by laser irradiation and an acidic stimulus. These
synthesized NPs retained an excellent photothermal effect and showed
longer blood circulation and effective tumor-targeting ability. Taken
together, both in vitro and in vivo experiments indicated the novel syn-
ergistic chemo-photothermal therapy of the membrane-camouflaged
NPs, which might be a promising therapy for bone tumors.

To sum up, stem membrane-based delivery systems could largely
facilitate the clinical applications of synergistic therapy owing to the
advantages of high drug loading efficacy and powerful tumor targeting
ability.
5.6. Others

Extracellular vesicles (EVs), like exosomes, have drawn a lot of in-
terest because of their potential use in nanomedicine as a drug delivery
method [70,71]. With their low immunogenicity, great biocompatibility,
and stability against traditional synthetic carriers, EVs derived from stem
cells offer many benefits that open up new possibilities for the delivery of
therapeutic drugs to target cells. Rezaie et al. summarized the stem
cell-derived extracellular vesicles as drug delivery systems for various
Fig. 6. Schematic illustration of human iPS cells for targeted delivery of gold nanoro
(2016). Reprinted with permission from Y. Liu, M. Yang, J. Zhang, X. Zhi, C. Li, C. Zh
pluripotent stem cells for tumor targeted delivery of gold nanorods and enhanced ph
Chemical Society. (For interpretation of the references to colour in this figure legen
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cancers [72]. Zhou et al. [73] delivered paclitaxel and gemcitabine
monophosphate to pancreatic cancer using EVs derived from MSCs.
These EVs showed benefits in their homing and piercing powers. Addi-
tionally, they demonstrated modest systemic toxicity and anti-matrix
characteristics with improved chemoresistance.

Because iPS cells have the great advantage of being relatively easily
obtained by reprogramming differentiated somatic cells, the application
of iPS cells [74] or iPS-derived stem cells [75] as a drug delivery system
for tumors has been widely investigated. It has been reported that human
iPS cells could achieve the targeted delivery of gold nanorods and the
PDT effect (Fig. 6) [74]. Another study also indicated that
mitomycin-treated iPS cells showed good biocompatibility and
tumor-targeting ability [76]. Furthermore, mitomycin-treated iPS cells
were utilized to deliver MnO2@Ce6 nanoprobes for synergistic PDT and
immunotherapy of tumors [77]. In this study, iPS cells function as both a
drug delivery system and a source of tumor immune antigens under laser
irradiation.

However, it is observed that iPS cells could widely distribute in
different organs, thereby leading to unintended side effects [75]. To solve
this problem, stem cell death should occur in the entire body after tumor
therapy is achieved. Zhu et al. engineered neural stem cells (NSCs)
derived from iPS, which showed no organ toxicity and exhibited
anti-tumor effects in a pH-dependent manner [78]. With the develop-
ment of membrane-coated technology, it is more convenient and safer to
utilize iPS cell membranes to camouflage NPs. In this way, iPS cell
membranes could not only inherit membrane functionalities from iPS
cells but also avoid the above side effects in the entire body.

6. Conclusion and future perspectives

Cell membrane-coated NPs have attracted growing attention in the
field of targeted delivery strategies. For example, Zhang et al. concluded
various biomimetic cell membrane-camouflaged nanoplatforms for
cancer-targeted drug delivery [79]. Our review aimed to thoroughly
reveal the stem cell membrane-based delivery system in tumors. Firstly,
the underlying mechanisms of stem cell homing to target tumor tissues
were highlighted. Moreover, the common modification methods of stem
cell membrane along with preparation methods of stem cell membrane
coated NPs were concluded for the appropriate choice of future research
works. Most importantly, we discussed the potential clinical applications
of MSCs and iPS cell membrane-camouflaged targeted delivery systems
for anti-tumor therapies, such as chemotherapy, photodynamic therapy,
ds and enhanced photothermal therapy for tumors [74]. Adapted from Liu et al.
ang, F. Pan, K. Wang, Y. Yang, J. Martinez de la Fuentea, D. Cui, Human induced
otothermal therapy, ACS Nano 10 (2016) 2375-2385. Copyright 2016 American
d, the reader is referred to the Web version of this article.)



Table 1
Stem cell membrane-camouflaged targeted delivery system in tumors.

Stem cell type Nanoparticle Tumor type Cell line Applications and limitations Citation

Chemotherapy
Human umbilical
cord-derived MSC

PLGA-encapsulated
DOX

Liver cancer MHCC97H cell (1) improve the tumor-targeting and accumulation of the nanoparticles; (2)
enhance the tumor-killing efficacy of chemotherapy; (3) the great potential
applications in anti-liver cancer therapy; (4) the scarcity of source cells is
limited

50

MSC Gelatin nanogels
loaded with DOX

Cervical cancer HeLa cell (1) effectively evade clearance of the immune system; (2) enhance the tumor-
targeting properties and anti-tumor chemotherapy efficacy; (3) the scarcity of
source cells is limited

51

SD rat bone marrow-
derived MSC

MSN core loaded with
DOX

HepG2 cell (1) show stronger tumor targeting and penetration ability; (2) effectively
inhibit the growth of tumors and decrease the side effects of treatment by
decreasing the exposure of other tissues to DOX

52

Photodynamic therapy
Human and rat bone
marrow-derived
MSC

UCNPs@mSiO2 Cervical cancer HeLa cell (1) the long circulation and tumor-targeting capability; (2) produce remote-
controlled photodynamic therapy in vivo; (3) the potential application for deep-
tissue cancer treatment; (4) the scarcity of source cells is limited

56

Magnetic hyperthermia therapy and magnetic resonance imaging
Human adipose-
derived MSC

SPIO Prostate cancer Tramp-C1 cell magnetic hyperthermia therapy and magnetic resonance imaging 57

Human umbilical
cord-derived MSC

Fe3O4@PDA-siRNA Prostate cancer DU145 cell the synergistic combination of magnetic photothermal treatment and gene
silencing therapy

59

CRISPR-Cas9 gene therapy
Human bone
marrow-derived
MSC

LNP-Cas9 RNP and
CXCL12α

Acute myeloid
leukemia

Leukemia stem
cell

(1) sustained local delivery of Cas9/IL1RAP sgRNA; (2) provide an effective
gene strategy for tumor

61

Synergistic therapy
Human umbilical
cord-derived MSC

PDA encapsulating
SN38

Bone tumor MG63 cell (1) exhibit lower nonspecific macrophage uptake, longer retention in blood,
and more effective accumulation at tumor sites; (2) produce synergistic chemo-
photothermal therapy; (3) the scarcity of source cells is limited

69

Human umbilical
cord-derived MSC

PDA carrying DOX and
PD-L1 siRNA

PCa bone
metastases

PC-3 prostate
cancer cell

(1) effectively enhance blood retention and improve accumulation at tumor
sites; (2) excellent performance in synergistic chemoimmunotherapy; (3) the
potential application for PCa bone metastasis treatment; (4) the scarcity of
source cells is limited

67

MSC: mesenchymal stem cell; DOX: doxorubicin; MSN: mesoporous silica nanoparticle; UCNPs@mSiO2: mesoporous silica coated upconversion nanoparticles; SPIO:
superparamagnetic iron oxide; PDA: polydopamine; LNP: lipidoid nanoparticle; SN38: 7-ethyl-10-hydroxycamptothecin; PD-L1: programmed cell death ligand 1; PCa:
prostate cancer.
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magnetic hyperthermia therapy, imaging, CRISPR-Cas9 gene therapy,
and synergistic therapy (Table 1). In the future, the applications of this
delivery system should be further investigated in other anti-tumor ther-
apies, such as tumor blockade therapy [80] and anti-tumor immune
therapy [81]. To sum up, stem cell membrane-coated NPs hold the
tremendous prospect for biomedical applications in tumor therapy.

Taken together, stem cells membrane-mediated delivery systems
have the following advantages: (a) Stem cells could be easily isolated and
expanded in vitro. More importantly, phenotypes and multilineage po-
tential might be preserved even for over 50 population doublings in vitro;
(b) Stem cell-based delivery systems have the innate targeting capability
to inflammation or tumor lesions; (c) Drug delivery systems based on
stem cells have already been established for anti-tumor strategies, which
might build a solid foundation for stem cells membrane-mediated de-
livery systems. However, there are also several obstacles as follows: (a)
Although MSC could be collected from various sources including bone
marrow, umbilical cord, and placenta, the number of cells is limited.
Therefore, the scarcity of source cells is an important challenge for MSC
membrane-coated nanotechnology; (b) As for iPS cells, they have the
great advantage of being relatively easily obtained by reprogramming
differentiated somatic cells. However, the high cost of reprogramming
may restrict the clinical application of iPS cell membranes. Accordingly,
several obstacles should be resolved before the success of the clinical
application of stem cell membrane camouflaged nanotechnology. The
membrane preparation methods should be ameliorated to obtain higher
production, reduce cost and maintain membrane properties. To improve
the membrane capabilities, hybrid membrane-camouflaged nanovesicles
might be a better choice to inherit hybrid functionalities from different
membranes. For instance, Jiang et al. designed erythrocyte-cancer hybrid
membrane-coated NPs for enhancing anti-tumor therapy efficacy [82].
Moreover, it is necessary to reveal the functionality of individual
8

receptors on the membrane to have a comprehensive understanding of
this biomimetic nanotechnology.
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