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A B S T R A C T

Nanoparticles (NPs) modified by cell membranes represent an emerging biomimetic platform that can mimic the
innate biological functions resulting from the various cell membranes in biological systems. researchers focus on
constructing the cell membrane camouflaged NPs using a wide variety of cells, such as red blood cell membranes
(RBC), macrophages and cancer cells. Cell membrane camouflaged NPs (CMNPs) inherit the composition of cell
membranes, including specific receptors, antigens, proteins, for target delivering to the tumor, escaping immune
from clearance, and prolonging the blood circulation time, etc. Combining cell membrane-derived biological
functions and the NP cores acted cargo carriers to encapsulate the imaging agents, CMNPs are widely developed
to apply in tumor imaging techniques, including computed tomography (CT), magnetic resonance imaging (MRI),
fluorescence imaging (FL) and photoacoustic imaging (PA). Herein, in this review, we systematically summarize
the superior functions of various CMNPs in tumor imaging, especially highlighting the advanced applications in
different imaging techniques, which is to provide the theoretical supports for the development of precise guided
imaging and tumor treatment.
1. Introduction

Cancer is one of the major diseases that threaten human life and
health, with thousands of people losing their lives every year due to the
deterioration of disease [1]. It is estimated that there will be approxi-
mately 19.3 million new cases and nearly 10 million deaths worldwide in
2020 (which does not include non-melanoma skin cancers). Moreover,
the incidence and mortality rates of cancer are increasing rapidly
worldwide. Therefore, there is an urgent need to improve the efficiency
of cancer treatment.

Currently, the main treatments for cancer are surgical removal,
chemotherapy, radiotherapy, etc [2]. In order to gain an effective cure for
cancer, precise localization of lesion site prior to treatment are urgent
required. Image-assisted oncology is a promising approach to enable
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precise localization of tumors for highly localized treatment. There are
various imaging techniques, such as CT, MRI, FL and PA, to guide
treatments such as PDT, PTT and CDT [3–5]. These imaging techniques
exhibit their unique imaging superiority along with some certain draw-
backs. For example, MRI is a powerful imaging tool with high spatial
resolution, excellent depth of penetration. However, MRI still has the
disadvantage of being less sensitive in distinguishing small lesions from
surrounding normal tissue [6–8]. Although FL can be scanned quickly
and in real-time, the use of optical imaging, especially in deep tissue and
solid tumors, is severely hampered by the low depth of light penetration
[9,10]. PA is suitable for high optical contrast and spatial resolution
vascular observation, but due to the low medium laser energy, only a
small area can be imaged [11]. As a result, the imaging of the cancerous
area is greatly affected, which limits the effective cure for cancer.

In the imaging, the main problem is resulting from the lack of specific
gy of Ministry of Education, State and Local Joint Engineering Laboratory for
044, People's Republic of China.
ejiang Province for Pharmaceutical Development of Growth Factors, Wenzhou

.

26 February 2022

he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

mailto:sunday@wzu.edu.cn
mailto:david2015@cqu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtbio.2022.100228&domain=pdf
www.sciencedirect.com/science/journal/25900064
www.journals.elsevier.com/materials-today-bio
https://doi.org/10.1016/j.mtbio.2022.100228
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.mtbio.2022.100228


Nomenclature

Abbreviations
BM bacterial membrane
BBB blood-brain barrier
CCM cancer cell membranes
CCL2 C–C chemokine ligand
CM cell membrane
CDT chemodynamic therapy
CTCs circulating tumor cells
CT computed tomography
DOX doxorubicin
EPR enhanced permeability and retention
FL fluorescence
FA folic acid
FDA food and drug administration
Gd gadolinium
GSH glutathione
HB hypocrellins B
ICG indocyanine Green
MM macrophage membrane
MRI magnetic resonance imaging
MSC mesenchymal stem cell
MPS monocyte phagocyte system

CNs nanocarbons
NPs nanoparticles/nanoprobes
NIR near infrared
NM neutrophil membranes
ODV optical droplet vaporization
PTX paclitaxel
PFP perfluoropentane
PA photoacoustic
PDT photodynamic therapy
PTT photothermal therapy
PLM platelet membrane
PET positron emission tomography
PB prussian blue
QE quercetin
ROS reactive oxygen species
RBC red blood cell
RBCM red blood cell membranes
RES reticuloendothelial system
SIRP-α signal-regulated protein-α
SPECT single-photon emission computed tomography
SCM stem cell membrane
US ultrasound
UCL upconversion luminescence
WJ wharton's jelly
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targeting and effective delivery of the developer to the tumor area. To
alleviate the inadequate target, researchers have been studying the use of
NPs for delivering contrast agents. In fact, NPs have been widely used in
drug delivery [12], imaging [13] and nucleic acid delivery [14]. Usually,
NPs are beneficial for passively target delivery to the tumor through the
mechanism of EPR, i.e., the incompact tumor vasculature facilitates NPs
leakage, and subsequently reduces lymphatic clearance, which allows
nanoscale carriers to be effectively retained within the tumor lesion [15].
However, it is extremely difficult to obtain a stable targeting function
during the actual circulation in vivo. In response, researchers have
gradually diverted their attention to active targeting strategies. Active
targeting strategies are based on surface modification of functional
groups to recognize receptors or antigens overexpressed on the tumor
surface. The advantages of using actively targeted NPs for drug or
contrast delivery are as follows: (1) continuous and concentrated drug
delivery through in vivo targeting, (2) significant reduction in systemic
side effects and toxicity, (3) improved targeting performance through
modification of ligands, etc [16,17]. Despite this, only a small number of
NPs have been evaluated in clinical trials and finally successfully
approved for clinical translation by the FDA. The main reason in-clinic
loss is caused by the RES, which recognizes and subsequently leads to
NPs clearance [18]. Hence, the “foreign” property has greatly hindered
the further application of NPs in clinics.

In the ideal case, the effective nanocarriers should own the autoge-
nous properties for long-term in vivo retention, immune escape, targeted
delivery and specific barriers crossing in vivo [19]. However, the
tumor-active targeting properties of the most engineered NPs are very
inefficient, with the controversial enhanced permeability and retention
effect in preclinical and clinical trials [20–22]. A tumor-active targeting
approach based on ligand-receptor interactions has also been applied to
enhance the tumor accumulation of NPs. However, the in vivo off-target
effect of NPs, active clearance by macrophages and low immuno-
compatibility limit their further biomedical applications [23,24]. The
CM-based bionanotechnology strategy proposed by Zhang's group offers
another opportunity to address the active targeting of engineered NPs
[25]. To this end, biomimetic CM camouflaged NPs (CMNPs) have
attracted a lot of attention in recent years [26]. Since CMNPs retain the
antigens and structures from CM, NPs tend to accept by the organism,
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providing an effective delivery platform for imaging contrast agents,
drugs, vaccination, through their specific functions such as ligand
recognition and targeted delivery, prolonging blood circulation and im-
mune escape [27–29]. The CM camouflaging technique is a simple and
feasible top-down approach to construct the cell or CM-based carriers for
improving safe and efficient target delivery of NPs without special lim-
itations of the core nanomaterials [30]. Furthermore, because of the
structural and functional similarity to the host cell, CMNPs show the
inherited specific functional protein for effective targeted delivery
without rare clearance by RES [31]. Considering these attractive ad-
vantages, numerous research about CMNPs have been developed for
tumor imaging. For example, Chen et al. [27] fabricated an MCF-7 CCM
encapsulated and ICG loaded NPs (ICNPs), exhibiting good dispersity,
PTT responsiveness and excellent FL/PA imaging properties with specific
homologous targeting to cancer cells. It may be ascribed to the homol-
ogous binding adhesion molecules on CCM, which promoted endocytosis
and homologous target delivery and enhanced tumorous accumulation.
Furthermore, ICNPs were significantly reduced the interception by the
liver and kidneys due to their camouflaged biological surface as cells. For
NIR-FL/PA dual-modality imaging, ICNPs are able to exhibit
high-resolution and deep-penetrating in vivo real-time monitoring.
Nowadays, except for the application of CCM in tumor imaging, various
CMs, such as RBCM [32], PLM [33] and MM [34], are widely investi-
gated for tumor imaging (Table 1).

Hence, this paper focuses on the recent advances in CM biomimetic
NPs for tumor imaging, systematically summarizes the construction of
CMNPs using various CM for applications in tumor imaging, especially
highlights the strategies and functions of various CM in imaging tech-
niques, and anticipates their future perspective.

2. Cell membrane biomimetic nanoparticles for imaging
applications

The conventional delivery of imaging contrast agents/drugs is mainly
by intravenous injection. However, in this delivery method, contrast
agent/drug would pass through the body's circulatory system and sub-
sequently be largely eliminated by the kidneys, affecting the kinetic pa-
rameters in the body. From last decades, NPs have been expoited to



Table 1
Cell membrane biomimetic nanoparticles for tumor imaging.

Cell
Membrane

Core Imaging
approach

Tumor
model

Reference

RBCM FA and Cy5-modified
nanoscale vesicles

FL 4T1 cancer [35]

ICG FL SKBR3
breast
cancer

[36]

Fe3O4 magnetic NPs MRI MCF-7
human
breast
tumor

[37]

DOX-loaded Prussian
blue nano-composites

PA/FL/
PTT

HeLa tumor [38]

Cyp-
superparamagnetic
nanoclusters

MRI Colorectal
tumor

[39]

Fe3O4@Cu2-xS MRI Human
cervical
cancer
(Hela)

[40]

CCM Upconversion NPs FL/MRI/
PET

Triple
negative
breast
cancer

[41]

Ir–B–TiO2 PA/PTT HeLa tumor [42]
Dendritic mesoporous
silica NPs-DNA probe

PA MCF-7
tumor

[43]

Mesoporous copper/
manganese silicate
nanospheres

MRI MCF-7
tumor

[44]

styrene and acrylic
acid-crosslinked
SPION

MRI/FL SMMC-
7721 tumor

[45]

Dox and IGCG-loaded
hollow copper sulfide
NPs

PA B16F10
tumor

[46]

MM Quercetin-loaded
hollow Bi2Se3

CT Breast
cancer

[47]

Upconversion NPs FL MCF-7
tumor

[48]

PLM IR 1048 dye-loaded
liposomes

PA C6, SW1990
and 4T1
tumor

[49]

Dox-PFP-CNs@PLGA/
PM NPs

PA/US/
FL

4T1 tumor [50]

W18O49 NPs and
metformin

FL Raji
lymphoma

[51]

C3F8 gas and ICG US/FL 4T1 tumor [52]
Antibody-drug and
scFvGPIIb/IIIa-
monomethyl
auristatin E

FL MDA-MB-
231

[53]

SCM Fe3O4@PDA-siRNA
NPs

MRI DU145 cells [54]

Mn2þ and Gd3þ co-
doped CuInS2–ZnS
nanocrystals

FL/MRI/
SPECT

B16F10
tumor

[55]

BM Magnetosomes MRI orthotopic
breast
cancer

[56]

ZGGO@SiO2@LRM FL Colorectal
cancer

[57]

Cancer-
macrophage
hybrid
membrane

IR825/Ir ZGGO@SiO2 FL CT26 tumor [58]

Bacterial-
cancer
hybrid
membrane

HPDA@[OMV-CC]
NPs

PTT Melanoma [59]

Erythrocyte-
cancer
hybrid
membrane

Melanin NPs PA MCF-7
tumor

[60]
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effectively overcome those problems. Synthetic NPs have the advantages
of targeted delivery and diverse functionality. As a result, they have been
widely studied and used in biomedicine [61]. However, there are still
some problems such as immune resistance in the application of NPs [62].
Initially, NPs were often coated by various polymeric molecules, such as
natural substances like polysaccharides or semi-synthetic substances like
copolymers, making NPs as biocompatible and immune escapable as
possible. However, the use of polymers as coatings (e.g. polyethylene
glycol) does not completely prevent clearance by the immune system and
thus NPs can still activate the body's immune compensation system [63,
64]. Considering the biological interactions of NPs in the body, cell
membrane camouflaged biomimetic NPs become an effective design so-
lution due to their natural structural advantages.

Owing to the fundamental unit of life activity, the individual cell is
vital to the functioning of the organism. As a result, researchers have
taken inspiration from natural cells and mimicked them to build bionic
transporters. Initially, Hu et al. [65]. established a bionic systemwrapped
by cell membranes. They successfully achieved improved biocompati-
bility of NPs using RBCM coated on the surface of polymeric NPs.
Nowadays, the applications of CMNPs are mainly focused on drug
transport, detoxification and immunomodulation [66]. The preparation
of biomimetic NPs mainly contains the membrane and the inner core
nanocarrier. After obtaining the membrane and the inner core nano-
carrier, the two materials must be fused so that the membrane can cover
the surface of the core and generate cell membrane biomimetic NPs. The
origins of membrane coating technology can be traced back to 2011
when it was first reported by Zhang et al. [25], who used an up-down
strategy to cover NPs with intact cell membranes. At present, there are
three fusion methods: membrane extrusion, ultrasonic fusion and elec-
troporation [67]. Among them, physical co-extrusion is one of the effi-
cient methods, including three main steps, i.e., membrane extraction,
preparation of core NPs and fusion (Fig. 1) [68–73]. For cell membrane
fusion, both membrane carriers and inner core nanomaterials can be
repeatedly extruded through nanoscale polycarbonate porous mem-
branes using an Avanti micro-extruder. During this extrusion process,
mechanical forces lead to the membrane coating of NPs [74]. Although
the method is difficult to prepare on a large scale, it is simple and
effective. On the other hand, as the research progression, a strong
interaction between tumor cells and various cells, demonstrating unique
advantages of CMNPs with a wide potential application in tumor imag-
ing. Thus, according to the previous reports, six kinds of CM, including
RBCM, CCM, MM, PLM, SCM, BM and hybrid membranes, have been
widely investigated to coat NPs through physical co-extrusion method for
tumor imaging applications.

2.1. Red blood cell membrane

RBC is the most common form in blood cells with a diameter between
7–8 μm and a thickness of approximately 1 μm at the center. Because of
the enormous content and size property, RBC can be easily separated
from the blood, as well-known as an easy-to-obtain membrane [75].
Furthermore, because the lifetime of RBC is up to more than 120 days,
RBC has been exploited as an excellent natural long-circulation carrier. In
fact, RBC is rich in the “self-tagged” proteins (e.g., CD 47), glycans and
acidic sialic acid fractions on the surface, which effectively avoid
phagocytosis by the immune system [76–79]. Among them, CD 47 is the
key substance to act immune escape performance resulting from serials of
the signal path, i.e., CD 47 binding to SIRP-α and inducing phosphory-
lation of the SIRP-α tail, which result in protein phosphatase activation to
block phagocytosis by inhibiting the accumulation of the motor protein
myosin IIA at phagocytic synapses [80]. Thus, inheriting the innate
biological functions, RBCM is improved as a novel candidate to coat on
the surface of NPs in the “right-side-out” orientation (i.e., front-facing
outward containing multiple surface antigens) for significantly inhibit-
ing immune system phagocytosis in the efficient cargo delivery.

Besides the camouflaging function to avoid clearance by the immune



Fig. 1. Physical co-extrusion method for membrane coating fabrication and the biomimetic NPs application on tumor imaging. Copyright © 2018, Elsevier Publishing
Group. Replicated with permission from Ref. [70].
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system, RBCM based CMNPs are capable of reducing the toxic side ef-
fects, prolonging the circulation time, and enhancing drug retention at
the lesion. Additionally, RBCM based CMNPs are able to integrate the
flexibility of synergistic materials and the functionality of RBCM,
endowing the combined advantages for the advanced drug delivery
system. For example, Pei et al. [81] reported RBCM camouflaged NPs
(RBC(M(TPC-PTX))) for synergistic chemotherapy and photodynamic
therapy (PDT). In vivo studies also confirmed that RBC(M(TPC-PTX)) was
capable of effectively prolonging the circulation time, promoting drug
accumulation in the lesion, and enhancing the synergetic efficacy of
chemotherapy and PDT for safe and efficient anticancer therapy.

In addition, RBCM is also developed to encapsulate the contrast
agents for tumor imaging. The widely used imaging contrast agents
include ICG [82], PB [83], Fe3O4 [84] and others. However, because of
their unpredictable metabolic pathways and potential long-term accu-
mulation of toxicity in the body, the usage of contrast agents is still
cautious and limited in clinics [85,86]. To address this problem, Xiao
et al. [87] developed the DOX-loaded multimodal PB nanocomposites
with RBCM coats and FA functionalization, developing as a target
multimodal bioimaging agent for PTT, FL and PA imaging of tumor.

Similar to upconversion NPs (UCNPs), a class of synthetic NPs, that
have been applied in MRI and UCL imaging for a long term, are easy to
recognize as the extraneous invaders by the innate immune system, and
subsequently eliminate by the RES/MPS [88,89]. To solve the “foreign”
loss, Li et al. [90] reconstituted the vesicles (RBC-vesicles) to encapsulat
UCNPs. These RBC vesicles based biomimetic NPs with short half-life
radionuclides could escape the immune clearance, prolong the blood
circulation time, and significantly enhance tumor target delivery for
precise PET imaging to 4T1 tumors. In the same year, She et al. [91].
reported that an RBCM coated FeS2 NPs (FeS2@RBCs). FeS2@RBCs show
not only the prolonged circulation and negligible immune response, but
also self-enhanced MRI under imaging-guided laser irradiation after re-
action with H2O2 in the tumor area. It is shown that FeS2 encapsulated by
RBCM could enhance MRI signals and enable PTT-CDT imaging-guided
synergistic therapy.

Generally, because of the innate superiority in long-term blood cir-
culation and “stealth” functions, RBCM based CMNPs are able to inherit
the biological function for prolonging blood circulation time and
4

enhancing tumor target imaging agent delivery for promoting the precise
tumor imaging and/or therapy, as well as reducing the side effects to
normal cells and tissues. Critically, because of lack of target performance
resulting from EPR mediated the passive target effect, RBCM based
CMNPs usually further functionalize through the active target modifi-
cation on the surface of RBC to significantly improve the target efficiency
for tumor lesion.

2.2. Cancer cell membrane

Compared with the RBC, cancer cells exhibit unique properties to
facilitate binding the homologous cancer cells because of the homolo-
gous adhesion molecules expressed on the surface of cancer cells（e.g.,
lectin, integrins, cadherins, selectins and protein [92]. After being
engineered by CCM, CMNPs endow the strong homologous target ability
without any cumbersome surface modification for tumor-specific tar-
geted delivery of drugs or contrast agents. Additionally, CCM has been
proved as one of the most powerful ways to enhance the biocompatibility
of NPs. Hence, owing to the target functional protein components on the
surface [45], CCM camouflaged NPs can not only promote endogenous
biomimic for “stealth” delivery in vivo, but also enhance cellular uptake,
tumor targeting and accumulation.

Because of the unique target functional proteins on CCM endowing
immune escape and homologous binding to cancer cells, CCM-based
CMNPs can be exploited as the biomimetic carriers for efficient tumor
imaging and therapy [93]. For example, Rao et al. [94] reported a CCM
membrane camouflaged NPs (CC-UCNPs), which inherited the immune
escape and homologous targeting from the source cancer cells. In vitro
and in vivo UCL imaging studies as well as Y3þ measurements further
confirmed that MDA-UCNPs exhibited the strongest fluorescent signal for
BALB/c nude mice modeling MDA-MB-435 mammary tumor allografts.
Therefore, CCM-based CMNPs with homologous target property inau-
gurate a simple and feasible way to significantly expand the novel design
for the application in tumor imaging/therapy.

Recently, because of their homologous targeting and immune escape
abilities, CCM has gained much attention and exploited wide application
in precise tumor imaging, including MR, PA, NIR, etc. (Table 1). For
example, the degradable mesoporous copper/manganese silicate NPs
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(mCMSN) coated by MCF-7 CM were developed as a hypoxic-responsive
Fenton reagent analog and photosensitizer for MRI-guided CDT/PDT
synergistic anti-tumor therapy, exhibiting favorable target cargo delivery
to tumor both in vitro and in vivo [44]. Furthermore, pathological GSH
could trigger mCMSNs degradation to release Cuþ and Mn2þ in the
lesion, where Mn2þ exhibited high T1 relaxation acting as an MRI
contrast agent to monitor the synergistic CDT/PDT treatment for the
tumor. For PA imaging, owing to low sensitivity has greatly hindered the
development in practical applications, CCM-based CMNPs should be a
feasible candidate to improve homologous tumor imaging.

Wu et al. [46] fabricated the imaging and therapeutic synergistic
theragnostic agents (ID-HCuSNP@B16 F10) from the B16 F10 CM
camouflaged hollow copper sulfide NPs loading with DOX and ICG for
homology target melanoma. Both in vitro and in vivo experiments
confirmed that ID-HCuSNP@B16 F10 inherited the highly specific ho-
mologous target property from the source cells to enhance the PA im-
aging and therapy for B16 F10 tumor cells. Compared to RBCs, cancer
cells have a unique unlimited replication potential and homologous
targeting ability. Due to the proliferative capacity of cancer cells, it is
easy to obtain cancer cells through in vitro cell culture rather than from
autologous plasma or donors [95]. Biomimetic NPs can disguise the
contrast agent as cancer cells and actively target the contrast agent to the
lesion by exploiting the properties of mutual recognition and adhesion of
molecules on the surface of cancer cells, resulting in effective imaging.
More importantly, even in the case of heterogeneous tumors, the same
tumor cells can still achieve highly tumor-selective self-targeting of ho-
mologous tumors in vivo [96].

2.3. Platelet membrane

Platelet is the smallest circulating blood cells from mature megakar-
yocytes in the bone marrow. Usually, the content of platelet is approxi-
mately 150,000–350,000 cells/mL in blood, and an average lifetime is
about 8–9 days [97,98]. Particularly, platelets play a vital role in vascular
injury, wound healing, inflammatory response and haemostasis after
thrombosis [99], which provide an innate and wonderful potency to
involved in the biomimetic NPs for enhancing the target cargo delivery.
Over the past few years, many studies have confirmed the relationship
between the platelets induced hemostatic properties and the cancer
metastasis as well as cancer progression. For example, in tumor angio-
genesis, platelets facilitate cancer cells to survive in the blood and
enhance tumor cell-vascular interactions [100–102]. In this case, the
recognition and interaction between CTCs and platelets play a crucial
role, i.e., the activated platelets will change their shape, and release se-
rials of granules, including growth factors, chemokines and proteases, to
increase adhesion to CTCs and form CTCs & leukocytes heterodimers for
further promoting tumor metastasis and progression [103]. Based on the
strong innate interaction between platelets and tumor metastasis, the
platelet-involved biomimetic strategy for tumor-targeted drug/contrast
delivery has drawn much attention. Moreover, different from the ‘hom-
ing’ targeting of cancer cell membranes, platelets are recalled and
accumulate mainly through the inflammatory characteristics of the
tumor site [104]. It allows platelet membrane-encapsulated nano-
particles to effectively target more than one tumor model. Inspired by
these properties of platelets, researchers have developed imaging nano-
particles using platelet membrane modifications for enhanced imaging of
tumor sites.

For example, Geng et al. [105] reported that the PLM was involved to
constructed the NIR-II phototherapy NPs (BLIPO-1048), which were able
to not only evade phagocytosis by macrophages, but also specifically
combine with CD44 on the surface of most cancer cells. According to the
results, BLIPO-1048 showed an excellent PA imaging capability to
significantly improve the PTT conversion efficiency in the NIR-II win-
dow. Moreover, BLIPO-1048 was capable of actively and aggressively
targeting different tumors, such as pancreatic cancer, breast cancer and
glioma. Owing to the strong broad-spectrum target efficacy to tumors,
5

BLIPO-1048 was introduced to investigate a variety of tumor models for
NIR-II PA imaging in vivo. On the other hand, in the BLIPO-1048 treated
group, the PA signal was evenly distributed imaging in the complete
tumor location and boundary for all the tumor models. For the orthotopic
allogeneic breast cancer and glioma models, the PA signal of the
BLIPO-1048 treated group was almost 2.01-fold and 2.83-fold higher
than that of the LIPO-1048 group at 12 h post-injection, which suggested
that PLM modified NPs were beneficial for enhancing the active target
cargo delivery to the tumor. Notably, the PA imaging depth of the
orthotopic heterogeneous glioma model was up to 2.6 mm, indicating
that BLIPO-1048 could effectively deliver into the tumor substance,
revealing that PLM camouflaged NPs exhibited an excellent tumor target
activity for precise tumor imaging and therapy.

The above examples indicate that PLM-mimetic NPs can exploit the
properties in the inflammatory environment at the tumor site to achieve
NPs accumulation, which can enhance the imaging capabilities of
contrast agents/fluorescein for different tumors.

2.4. Macrophages membrane

Macrophage, a type of leukocyte mostly associated with tumors, is
larger than RBC with diameters ranging from 7 to 20 μm. Similar to most
leukocytes, macrophages can migrate between blood vessels and extra-
vascular tissues, extremely easily crossing through ameboid motion.
Therefore, macrophages are widely found in blood vessels and lymphatic
vessels as well as other inflammation tissues. One of the main charac-
teristics of cancer is chronic inflammation with various cytokines and
chemokines to attract macrophages immigration into tumor lesions
[106]. Moreover, macrophages accumulating into the tumor inflamma-
tory environment will facilitate the formation of tumor blood vessels and
the metastasis of cancer cells, accelerating the tumor pathological dete-
rioration [107,108]. Because of the innate inflammatory immigration
tendency of macrophages, macrophage-coated NPs can inherit target
ability and biomimetic “stealth”. Additionally, macrophage-coated NPs
are able to efficiently cross the vascular barrier and selectively recognize
tumor cells resulting from the biological functions from the source
macrophages [109]. Thus, MM camouflaged NPs could be a promising
way to enhance the tumor chemotherapy and high-signal imaging
through the inherent active target mechanism.

Recently, Rao et al. [48] constructed the MM camouflaged UCNPs
(MM-UCNPs) using MM-derived vesicles to inherit the cancer-targeting
ability from source macrophages. After injection 48 h in the mice
tumor model, the MM-UCNPs treated group exhibited bright UCL at the
location of tumor lesion, suggesting their favorable tumor-targeting
ability. In the UCL ex vivo imaging, the MM-UCNPs treated group
showed a stronger FL signal than the UCNPs treated group, further
confirming that the cancer target property of MM-UCNPs was a result of
the biological function of MM. In order to quantify the biodistribution,
ICP-AES was introduced to measure the Y3þ contents of tumors and
major organs. Compared with UCNPs, MM-UCNPs could significantly
enhance accumulation in tumors lesion and reduce liver and spleen up-
take, confirming that the MM coat endowed NPs with the excellent
cancer target capability for efficient cancer imaging.

Moreover, Zhao et al. [47] reported the MM coated hollow Bi2Se3 NPs
loading with QE (M@BS-QE NPs). Owing to the biological function of
immune escape and CCL2 mediated recruitment phenomenon from MM,
compared with the uncoated BS-QE NPs, M@BS-QE NPs had a longer
cycle life and enhanced the local tumor accumulation resulting from the
active target property of MM, exhibited the promoted CT and NIR-FL
imaging performances.

Although MM coated NPs can significantly improve tumor imaging,
the mechanism for tumor homing remains highly controversial [110],
which represents a promising research field for further development of
the MM mediated targeted tumor imaging/therapy applications.
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2.5. Stem cell membrane

MSC is one of the representative cells among stem cells because of its
superiority in self-renew, easy isolation and culture in vitro. Moreover,
MSCM has a complex composition of the target ligands and surface an-
tigens on the surface, regarding as one of the feasible candidates applied
for NPs coats for target delivery to tumor lesions [111,112].

Yao et al. [54] developed the MSCM coated Fe3O4@PDA
(Fe3O4@PDA-siRNA@MSCs) NPs as a platform for MRI-guided PTT and
siRNA delivery. Fe3O4@PDA-siRNA@MSCs NPs showed excellent
cancer-targeting ability and PTT conversion efficiency in vitro. Besides,
after 24 h treatment, tumor darkening in MRI was observed in the
Fe3O4@PDA-siRNA@MSCs NPs group according to the in vivo imaging
studies, while no significant change was observed in other groups, which
confirmed that Fe3O4@PDA-siRNA@MSCs NPs could be the efficient
MRI probes to selectively imaging the tumor lesion in vivo. From the
ICP-AES results of the major organs and tumors after 48 h treatment. The
quantitative accumulation efficacy of Fe3O4@PDA-siRNA@MSCs NPs at
tumor lesion was much higher than that of Fe3O4@PDA, further
demonstrating the efficient tumor target ability and imaging capacity of
MSCM coated Fe3O4@PDA-siRNA NPs.

MSCM have gained widespread interest in target cargo delivery for
cancer therapy because of their inherent tumor homing ability. However,
owing to the lack of intrinsic MSCM-specific markers and the FDA-
approved relevant genetic modifications, it remains a great challenge
to track MSCM by FL in situ hybridization, immunohistochemistry and
flow cytometry techniques and translational clinical applications. Chetty
et al.[55] prepared WJ-derived MSC (WJ-MSCs) to camouflage
CuInS2–ZnS (CIS-ZMGS) NPs, which was regarded as the new-generation,
biocompatible and multimodal imaging product to detect early and deep
subcutaneous carriage of B16 F10 melanoma in C57BL/6 mice within 6 h
through common imaging modalities (NIR-FL, MR and CT imaging). The
WJ-MSCs camouflaged CIS-ZMGS NPs exhibited a high efficiency of
imaging without significant leakage influenced by exocytosis, migratory
behavior and the small changes in protein or gene expression during
proliferation & multidirectional specific differentiation. Therefore, WJ-
MSCs camouflaged CIS-ZMGS NPs could be an effective imaging agent
applied in NIR-FL, MR and CT for early and deep tumor imaging.

In addition to their superior ability to target tumor cells, MSCs are
present in a wide range of tissues and retain their original biological
properties after MSCM extraction, even after a serial succession of cul-
tures and cryopreservation. Therefore, MSCM has unique advantages in
the preparation of tumor imaging biomimetic NPs.

2.6. Bacterial membrane

Bacteria have formed symbiotic relationships with human organisms
throughout their long evolutionary history. The pathogenesis, progres-
sion and treatment of a wide range of complex diseases are closely linked
to the composition of the microbial community, as evidenced by the
important role of a wide range of bacteria in infectious diseases. In
addition, a recent study demonstrating the presence of bacteria in human
tumors highlights the close relationship between bacteria and human
disease [113]. With a better understanding of bacteria and their associ-
ated ecosystems, there is an emerging trend to use bacteria for biomed-
ical applications. Based on the fact that BM contains a variety of bacterial
components, including nucleic acids, proteins and lipopolysaccharides
[114], BM-encapsulated NPs inherit the tumor tissue-loving properties of
their parental bacteria and therefore can be ideal carriers for targeting
tumors. BM as nanocarriers shows several advantages as they obtain a
rigid membrane, which confers stability and reduces leakage in the cir-
culation. In addition, BM is safe as they are cell-free and can be used in
very small amounts in vivo. Importantly, BM could be customized to carry
the required payload and can be easily produced in large quantities using
the fermentation and purification procedures previously optimized on a
pilot scale. These advantages offered by BM are significantly
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demonstrated when considering that bacteria can be easily genetically
modified to produce vectors that can be used for bioimaging, targeted
delivery [115–117].

Today, there is an emerging trend to combine bacterial-based de-
livery systems with novel imaging agents to improve the resolution and
sensitivity of early disease detection and diagnosis through bacterial-
mediated targeted and spatiotemporal delivery of imaging agents.
Inspired by the dependence of anaerobic bacteria on hypoxic conditions,
Luo et al. [118]. proposed two strategies based on anaerobic bacteria to
achieve targeted drug delivery to hypoxic regions of tumors. First, by
adsorbing nanoparticles onto the surface of Bifidobacterium breve bacteria
through electrostatic interactions, NPs can hitchhike through the bacte-
ria to reach the hypoxic tumor region. Secondly, based on the principle
that Clostridium only germinate can only survive and multiply in a hypoxic
environment. In this environment, NPs modified with antibodies against
germinating bacteria can achieve specific accumulation in the hypoxic
zone of tumor tissue. Using UCNP and Au NPs, increased accumulation of
NPs at the tumor site was demonstrated, which was attributed to the
active homing ability of anaerobic bacteria, resulting in high-resolution
imaging capabilities. In addition, Au NPs with thermal conversion pro-
duced thermal ablation of the tumor after irradiation, resulting in
negligible side effects on normal tissue. In addition to being used as
tumor-targeting carriers for contrast agents, bacteria can also be used for
tumor imaging and therapy by converting light into heat. Gujrati et al.
[116]. applied BM to construct bionanoplasmic NPs for tumor thera-
peutics. Engineered bacteria can secrete BM containing large amounts of
melanin with high photothermal conversion efficiency to mediate PA
imaging and photothermal therapy of 4T1 breast tumors. Furthermore,
the PA signal induced by the BM-biomimetic NPs could last for at least 24
h, allowing for relatively long-term tumor monitoring. Notably, PA signal
intensity is positively correlated with melanin concentration in tumor
tissue.

Despite growing interests in the field and significant advances in
preclinical and clinical research, significant challenges remain in utiliz-
ing engineered bacteria as delivery systems or for clinical translation,
including the scaling up manufacturing, dose determination and poten-
tial biosafety [119–121]. These challenges need to be explored by re-
searchers to expand the use of BM-based NPs in tumor imaging through
biological and chemical engineering strategies for advanced imaging and
therapy.

2.7. Hybrid membranes

Besides the use of individual CM, recently, combining multiple types
of CM are emerging to develop hybrid membranes with the enhanced
integrated functions encapsulating contrast agent or/and drug for target
tumor imaging and therapy applications.

To achieve the improvement of imaging-guidance tumor therapy,
Jiang et al. [60] developed a dual-membrane coated melanin NPs (Mel-
anin@RBCM) by fusing the membranes of RBC and MCF-7 cells (human
breast cancer cell line), which could effectively combine the character-
istics of both RBC and MCF-7 cells retaining the proteins and biological
functions of the parent membranes, i.e., the long-term blood circulation
resulting from RBCM and the homologous target resulting from MCF-7
CCM. Notably, increasing the content of the MCF-7 membrane fraction
could significantly enhance the homologous target to tumor lesion, while
increasing the content of the RBCM fraction would effectively reduce the
cellular uptake by macrophages and prolonged the blood circulation
time. After 4 h treatment, the PA signal intensity of Melanin@RBCM
reached a peak in MCF-7 tumor-bearing mice, confirming that Mela-
nin@RBCM (64 nm) was beneficial for enhancing tumor target delivery
for efficient PA-guided PTT treatment.

The versatile functional combination of hybrid membranes can also
be developed in the precise treatment and real-timemonitoring of tumors
for promoting therapy efficacy and extending patient survival time.
Recently, Wang et al. [58] prepared the cancer cell-macrophage hybrid



Table 2
Different imaging approach with cell membrane.

Imaging
approach

Cell membrane Core Reference

FL RBCM FA and Cy5-modified nanoscale
vesicles

[35]

RBCM ICG [36]
MM Upconversion NPs [48]
PLM W18O49 NPs and metformin [51]
PLM Antibody-drug and scFvGPIIb/

IIIa-monomethyl auristatin E
[53]

Cancer-macrophage
hybrid membrane

IR825/Ir ZGGO@SiO2 [58]

PA CCM Dendritic mesoporous silica
NPs-DNA probe

[43]

PLM IR 1048 dye-loaded liposomes [49]
Erythrocyte-cancer
hybrid membrane

Melanin NPs [60]

MRI RBCM Fe3O4 magnetic NPs [37]
RBCM Cyp-superparamagnetic

nanoclusters
[39]

CCM Mesoporous copper/
manganese silicate
nanospheres

[44]

SCM Fe3O4@PDA-siRNA NPs [54]
PTT Bacterial-cancer

hybrid membrane
HPDA@[OMV-CC] NPs [59]

CT MM Quercetin-loaded hollow
Bi2Se3

[47]

BM Magnetosomes [56]
PA/FL/PTT RBCM DOX-loaded Prussian blue

nano-composites
[38]

FL/MRI/
PET

CCM Upconversion NPs [41]

PA/PTT CCM Ir–B–TiO2 [42]
MRI/FL CCM Styrene and acrylic acid-

crosslinked SPION
[45]

FL/MRI/CT SCM Mn2þ and Gd3þ co-doped
CuInS2–ZnS nanocrystals

[55]

PA/FL PLM Dox-PFP-CNs@PLGA/PM NPs [50]
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membrane camouflaged NPs for the trackable long afterglow NIR lumi-
nescent application in colorectal cancer chemotherapy and
imaging-guided PTT. This cancer cell-macrophage hybrid membrane
coated NPs integrated the superiorities of macrophage and tumor cell
with the enhanced homologous tumor target and immune escape,
resulting in a significantly long metabolic half-life and a dramatically
high tumor accumulation in vivo. Hence, these biomimetic NPs exhibited
excellent biological tracer and tumor imaging capabilities, which could
provide a promising platform for the accurate guidance PTT with the
enhanced therapy efficacy, and also reduce the thermal damage and the
undesirable accumulation of toxic side effects of chemotherapeutic drugs
to the normal tissues in vivo, including liver and spleen.

This shows that hybrid films are multi-functional and have the po-
tential to outperform their single film counterparts. But the complexity of
the preparation process limits the widespread use of hybrid membranes.

3. Cell membrane-based biomimetic nanoparticles for cancer
imaging

Among the different visualization techniques for cancer imaging and
treatment, the commonly used techniques are FL, PA, PTT, CT and MRI.
However, in clinic applications, a traditional contrast agent usually has a
short half-life and suffers undesirable immune clearance, significantly
reducing the imaging efficacy and precision. For example, MRI is usually
introduced to detect the boundary of tumor tissue before surgery or
further image the tumor morphology using Gd chelate during surgery.
However, because of the short half-life of Gd, it is necessary to dose
frequently to maintain its concentration for efficient imaging, which is a
common phenomenon but obviously not reasonable [122]. To address
this problem, cell or CM-based biomimetic NPs provide the natural
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superiorities for prolonging the blood circulation time and the active
target delivery. i.e., the CM camouflaged NPs loading with the imaging
agent can not only inherit the innate “stealth” function to effectively
reduce the undesirable clearance by the immune system, resulting in
long-term blood circulation [123], but also inherit the active target
function from the source cells for precise tumor target imaging and
effective tumor therapy [124]. Hence, in this section, the application of
CM coated NPs in different tumor imaging techniques was systematically
discussed (As shown in Table 2).

3.1. Photothermal imaging

PTT has been widely used as a cancer treatment strategy, and many
multimodal NPs with PTT imaging and therapeutic functions are also
being developed with the rapid development of the PTT technology
[125–128]. Owing to its enhanced convenience, selectivity, remote
control and efficiency, the PTT imaging-guided nano-system with
simultaneously monitoring and killing tumor functions has attracted
extensive attention [129]. The operability and high spatio-temporal
resolution of light can significantly improve the precise tumor therapy
[130]. However, similar to the nanodrug delivery systems, traditional
PTT NPs are easily recognized and cleared by RES, resulting in a low
bioavailability for tumor lesion imaging [131]. Most surface modifica-
tions of PTT NPs are able to alleviate this problem, but the efficacy is
limited because of the “foreign” property of NPs [25].

CM coated strategy has emerged as an effective biomimetic method
for camouflaging NPs to optimize cancer imaging and therapy efficiency
[133]. Owing to the innate biological functions resulting from the
adhesion proteins, antigens and membrane structure of the source CM on
the surface [131], CMNPs are capable of inheriting the biological func-
tions such as “stealth”, active target. For instance, Wang et al. [132] fused
RBC and melanoma cells (B16–F10 cells) to harvest a hybrid CM
(RBC-B16) for further coating the hollow copper sulphide NPs (DCuS@
[RBC-B16] NPs) loading with DOX (Fig. 2). DCuS@[RBC-B16] NPs
preferred to exhibit highly specific homogenous recognition of the source
cell line in vitro experiment, and also prolonged circulation time and the
homologous target tumor model in vivo investigations. In PTT imaging
studies, after irradiated with a NIR laser (1064 nm, 1 W/cm2) for 5 min,
DCuS@[RBC-B16] NPs could significantly increase the local temperature
at the tumor lesion, which was consistent with PA imaging results,
exhibiting the excellent thermogenic performance and the enhanced
tumor-targeted accumulation for promoting the precise imaging and
therapeutic efficacy at tumor lesion. In another study, Sun et al. [134]
prepared biomimetic NPs (CDAuNs) with 4T1 CCM coated on the shell
layer. Surprisingly, CDAuNs integrated the homotypic targeting of the
source CCM and the heat-sensitive of Au NPs. In vivo PTT imaging, after 1
h treatment, the temperature of CDAuNs group was significantly
increased along with the irradiation time lasting, indicating excellent
PTT imaging and tumor target accumulation properties. Similarly, Zhang
et al. [135] constructed NIR-responsive NPs (DIC3NPs) coated with CCM,
aiming at the efficient tumor target and the controllable intracellular
drug release to significantly enhance the therapeutic effect to the tumor.
According to results of the infrared PTT imaging in vitro, DIC3NPs were
selectively delivered and accumulated into the tumor lesion and subse-
quently generated a high temperature up to 52.4 �C, which led to irre-
versible damage as well as the high-resolution PTT imaging signal to
tumors. Obviously, CM camouflaged strategy provide a feasible platform
to further improve PTT imaging in tumor applications.

3.2. Computed tomography

Owing to the wide availability, cost-effectiveness, high spatial reso-
lution, short scanning time and simplicity, CT is the widely used non-
invasive method for both advanced scientific research and in clinical
imaging modalities. Moreover, the combined functional exploration is
also the hot spot for developing novel hybrid imaging systems, such as



Fig. 2. (A) Highly specific self-targeting adhesion interactions of source cells in vitro. (B) In vivo PTT imaging and antitumor activity. In vivo biological imaging.
Copyright © 2018, ACS Publishing Group. Replicated with permission from Ref. [132].
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PET/CT and SPECT/CT [136,137]. In clinic application of CT imaging,
the contrast agents commonly used in CT are barium sulphate suspension
and water-soluble aromatic iodinated compounds. The usage of barium
sulphate suspension in gastrointestinal imaging is greatly limited due to
the toxicity of Ba2þ. And the aromatic iodinated compound as an
injectable CT contrast agent is also hampered by the short lifetime in
blood circulation, which hinders the wide application of CT. In recent,
iodinated agents are considered as the clinically safe contrast agent but
sometimes cause serious side effects due to their high permeability and
viscosity [138,139]. In addition, CT imaging has a high spatial resolution
for cell level quantification, but the sensitivity is extremely limited [140].
Over the past years, with the rapid development of nanotechnology,
various nanomaterials have been introduced into CT applications, espe-
cially the biomimetic nano-system used as the advanced contrast agent to
not only reduce the immune clearance and the toxic side effects, but also
enhance target delivery to the tumor [141].

Jing et al. [142] developed an exosome-based NPs (99mTc-Tex-Cy7)
via the hydrophobic effect introduced encapsulation mechanism for
SPECT and NIR imaging in colon cancer (Fig. 3). According to the im-
aging results, the nanoprobe exhibit an SPECT imaging with strong
penetration and sensitivity, as well as a NIR imaging with high temporal
resolution and spatial resolution. 99mTc-Tex-Cy7, the tumor cell-derived
exosome probe, displayed high affinity to tumor cells in vitro study and
efficient cellular uptake as well as significant accumulation into tumor
lesion in the tumor-bearing mice model. Therefore, the tumor
cell-derived exosomes were demonstrated to be a promising strategy for
improving precise imaging. Additionally, to address the issues of rapid
blood clearance and immune limitation for UCNPs in practical applica-
tions, Li et al. [90] engineered the UCNPs by coating RBCM on their
surface to harvest the short half-life nucleophile-labeled biomimetic NPs
for accurate PET imaging in 4T1 tumors.

3.3. Fluorescence imaging

FL imaging has been used as an indispensable tool to exploit and
monitor the fundamental processes in life science, such as conforma-
tional dynamics, interactions and the distribution of biomolecules in
organelles, cells or tissues [143]. However, traditional dyes for FL im-
aging have some inherent disadvantages, such as low absorption, poor
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photostability, which is hard to meet the demands of high-sensitivity
imaging and high-throughput assay. For example, ICG, the only NIR
activator approved by the FDA for specific clinical diagnostic applica-
tions, has strong optical imaging capabilities, but is coupled with the
short plasma half-life (3–5 min) and non-specific interactions with
various biomolecules. To develop the FL imaging, Chen et al. [27]
developed a theranostic nanoplatform (ICNPs) by CCM coated NPs. In
this design, these biomimetic NPs were characterized with the core-shell
nanostructure, i.e., ICGwas encapsulated into the core layer to prolong its
lifetime, and a CCM was coated as the shell layer to enhance the specific
homologous target to cancer cells. Except for cell biomimetic “stealth” to
reduce the undesirable accumulation in the liver and kidney, ICNPs
exhibited the excellent mono-dispersity and FL/PA imaging efficacy,
which was exploited to develop the NIR-FL/PA dual-modality imaging
for the real-time monitoring of the dynamic distribution of tumors with
high spatial resolution and depth penetration in vivo.

Recently, based on the inflammatory environment in tumor lesions,
Zhang et al. [144] developed a biomimetic HB NPs coated with NM
(NM-HB NPs) (Fig. 4). HB, a naturally occurring photosensitizer, was
widely used in the PDT/PTT treatment, and also generated FL under NIR
excitation for in vivo tumor imaging [145]. In the cell uptake assay in
vitro, NM-HB NPs were able to effectively enhance target interaction with
cancer cells. Compared with the HB NPs without cell coating, NM-HBNPs
could selectively accumulate into tumor lesions according to the in vivo
FL imaging because of the tumor-inflammation mediated target cargo
delivery, suggesting the efficient therapeutic agent and FL imaging for
cancer.

3.4. Photoacoustic imaging

PA is an emerging optical imaging modality for imaging that com-
bines photoexcitation and US signal detection based on the PA effect.
Compared with the traditional FL imaging modalities, PA overcomes the
limitation of the strong light scattering in biological tissues, providing the
high spatial resolution and deep penetration PA signal up to 3 cm to
visualize the pathological biomarkers at the molecular level in deep tis-
sue in vivo [146]. However, the further application of PA imaging is
limited by lack of the selective and activatable probes [147].

To this end, Zhang et al. [148] constructed CCM (MCF-7 cells)



Fig. 3. (A) Tumor-binding ability of Tex. (B) The representative radiochemical purity and cell uptakes of 99mTc-Tex-Cy7/99mTc-Aex-Cy7. (C) SPECT imaging of tumor-
bearing nude mice. Copyright © 2021, Springer nature Publishing Group. Replicated with permission from Ref. [142].
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camouflaged the dendritic mesoporous silica NPs (DMSN-DP@CM). The
NPs were further functionalized with DNA PA probes (DNA-PA) and
glutathione (GSH)-responsive DNA dye chains to amplify PA imaging
signals for efficient applications in tumors (Fig. 5). According to the
investigation, DMSN-DP@CM could escape the immune recognition and
clearance, prolong the blood circulation time, and enhance the tumor
target accumulation. Moreover, miRNAs could trigger the entropy-driven
multiple PA fluorescent probe disassembly from bursters using
GSH-responsive DNA fuel strands, resulting in a significant enhancement
in PA signal ratio. For the oncogenic gene miRNA-21 as a model, the ratio
between miRNA-21 concentration and PA showed a linear relationship in
the dynamic range of 10� 10�12 to 100� 10�9 M, even with a minimum
low limit up to 11.69 � 10�12 M. Therefore, DMSN-DP@CM can be used
to accurately and dynamically image miRNA-21 changes in tumor ap-
plications. Similarly, Zheng et al. [149] reported RBCM coated low
bandgap electron donor-acceptor-conjugated SPNs (SPN@RBCM) to
enhance PA imaging and PTT efficiency. In the following study,
SPN@RBCM exhibited extremely strong and stable near-infrared light
absorption, revealing the efficient performance in PA imaging. In
particular, SPN@RBCM could not only be “stealth” in the blood circu-
lation, but also significantly accumulate and deeply penetrate into the
tumor tissue for enhancing PA signal, providing a valuable design for safe
and efficient tumor PA imaging.
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3.5. Magnetic resonance imaging

Over other imaging modalities, the main advantage of MRI is favor-
able spatial resolution, but the limited sensitivity of probes. Therefore,
the focus is to improve the applicative probe for enhancing MRI appli-
cations in molecular imaging [150]. However, Fe3O4@Cu2-xS and
Fe3O4@CuS, the regularly used probes for MRI-guided PTT treatments,
are limited to be applied in biological applications because of the poor
compatibility in the aqueous environment [151]. In addition, as the
“foreign” property of NPs, these probes will be rapidly cleared by the
immune system in vivo, resulting in the great loss of cargo and the limited
tumor target efficacy [152]. For this reason, Lin et al. [40] designed the
imaging/PTT NPs (SCS@RBCM) coating with RBCM on the surface.
SCS@RBCM could maintain the stable nanostructure, the prolonged
blood circulation time and the magnetic field targeted MRI capability.
Guided by the external magnetic field, SCS@RBCM was able to enhance
the tumor target delivery and accumulation significantly, exhibiting
efficient MRI and anti-tumor efficacy through the PTT effect under the
tunable NIR II irradiation.

Furthermore, the ideal case for the novel therapeutic diagnostic
nanoplatforms should integrate the precise dynamic imaging modalities,
tumor-target and synergetic tumor therapy. To this end, Jia et al. [153]
reported a simple strategy to fabricate the pH-responsive ultrasmall iron



Fig. 4. (A) Schematic diagram of a NM camouflaged HB NPs for cancer therapy and FL imaging. (B) Cellular uptake of NM-HB NPs by different cells. (C) FL imaging of
the HCC tumor mice. Copyright © 2021, Elsevier Publishing Group. Replicated with permission from Ref. [144].

Fig. 5. (A) PA photographs of DMSN-DP in response to miRNA-21 at different concentrations. (B) The ratiometric PA signal (PA780/PA725) of DMSN-DP. Copyright
© 2019, John Wiley & Sons Publishing Group. Replicated with permission from Ref. [148].
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Fig. 6. (A) Illustration of the fabrication process of USIO NCs/DOX@CM. (B) Switchable T2/T1 MR relaxometry. (C) Dynamic T2/T1 MRI of tumors in vivo. Copyright
© 2020, Elsevier Publishing Group. Replicated with permission from Ref. [153].
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oxide NPs (USIO NCs/DOX@CM) camouflaged with the CCM shell. In
this design, the amino group on the surface allowed USIO NCs/DOX@CM
with pH-responsivity, and CCM membrane endowed the
anti-macrophage uptake and the homologous cancer cell target function
(Fig. 6). Once under the slight acid environment in the tumor, the T2 MR
imaging USIO NCs/DOX@CM could transfer into the individual NPs with
efficient T1 MRI for T2/T1 MR dynamic imaging switching of tumors. In
addition, the dynamic MRI and tumor chemotherapy could be also
further enhanced by the US-induced phono-hole effect.
3.6. Multi-modal imaging

Although each individual imaging technique shows its unique ad-
vantages, the same as its limitations, such as MR is a powerful imaging
tool with high spatial resolution, excellent depth of penetration and su-
perior soft tissue spatial resolution [154], but low sensitivity in differ-
entiating small lesions from surrounding normal tissue [155]. CT
imaging has a high spatial resolution for cells quantification, but the low
sensitivity and poor efficiency for soft tissue imaging [156]. FL allows for
rapid real-time scanning, but has low spatial resolution and poor depth
penetration [10]. PA is suitable for vascular viewing with the high optical
contrast and spatial resolution, but the limited imaging vision owing to
moderate laser energy [11]. Generally, the individual diagnostic probe
suits only one imaging technique (e.g., PA, CT or MR), which is highly
susceptible to result in poor imaging accuracy and incomplete diagnostic
information. For this reason, multi-modal imaging systems have been
seasonably exploited to compensate for the limitations of the individual
imaging method for improving the accurate, reliable and versatile images
applied in the tumor.

For instance (Fig. 7), Li et al. [157] designed the biomimetic NPs
camouflaged with A549 lung CCM (AMs), which consist of two parts. The
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one was a PLGA-encapsulated Perfluoro-15-crown-5-ether (PFCE) as the
core layer, loaded with ICG (PP@ICGNPs) for not only 19F MRI signals
but also NIR-FL and PA signals, improving the multi-modal tumor im-
aging with high contrast and spatial resolution. The other one was the
A549 CM as the shell layer, conferred homologous PP@ICGNPs target
ability, improving the tumor target diagnostic and therapeutic efficiency.
According to the in vivo studies, the CCM camouflaged PP@ICGNPs
exhibited the effective homologous targeting ability, excellent biocom-
patibility and prolonged blood circulation. Benefiting from the
triple-modality imaging, it allowed the accurate tumor imaging and
therapy, i.e., FL showing the highly sensitive and time-dependent tumor
accumulation, 19F MRI locating tumor without any background signal
interference, and PA demonstrating the heterogeneous distribution into
the tumor with high spatial resolution. Considering the multi-modal
imaging, it was much easier to obtain the accurate location and the
precise ablation of tumors.

In another study [55], CuInS2–ZnS (CIS-ZMGS) NPs were camou-
flaged WJ-derived MSC (WJ-MSCs) for FL, CT and MRI (Fig. 8). The
multimodal imaging nanoparticle CIS-ZMGS NC was found to exhibit
significant NIR-FL, magnetic relativity and X-ray attenuation for early
non-invasive multi-modal imaging of subcutaneous melanoma in the
B16F10 tumor-bearing C57BL/6 mouse model. It can be used in imaging
modalities for stem cell-assisted anti-cancer therapy and for tracking
tissue/organ regeneration.

In conclusion, the CM coated biomimetic NPs with multi-modal im-
aging capabilities not only promote immune escape, homologous target
and long-lasting circulation, but also compensate for the shortcomings of
the individual imaging modality, developing for the ultimately precise
imaging and efficient treatment of tumor lesions.



Fig. 7. (A) Diagram of Preparation and Application of AM-PP@ICGNPs. (B) In vivo triple-modal imaging of AM-PP@ICGNPs. Copyright © 2020, ACS Publishing
Group. Replicated with permission from Ref. [157].

Fig. 8. (A) FL, (B) MR and CT imaging of Subcutaneous Melanoma in C57BL/6 Mice Models. Copyright © 2020, ACS Publishing Group. Replicated with permission
from Ref. [55].
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4. Conclusion and perspectives

For further development of traditional imaging, CMNPs have been
widely exploited to improve cancer imaging applications, including PA,
FL, MR, etc. A series of CMs have attracted great interest because of the
innate biological properties derived from source cells, including RBC,
macrophages, platelets, stem cells and cancer cells. Top-down strategy is
engineered to develop biomimetic nanoplatforms to inherit the superi-
orities, such as prolonging the blood circulation times, immune escape
and the diverse tumor target capabilities.

Despite the current advances in CM biomimetic nanoplatforms for
tumor imaging, it is a long way to be applied in clinics. Firstly, the
complex and inefficient process during the preparation of membrane-
coated NPs has limited further usage. In addition, the certain mecha-
nisms of the structural units and their specific functional proteins on CM
need to be further confirmed. For example, although thousands of pro-
teins exist on the surface of CMNPs, only a few proteins are well-known
as the specific antigens for tumor targeting. Furthermore, the immuno-
genicity and potential cytotoxicity still need to be further investigated
before CMNPs are applied in clinics. Additionally, the current synthesis
of biomimetic NPs for imaging involves multiple steps that may introduce
multiple processes of variability. Some important characteristics, such as
purity and integrity, in particular, need further study and elucidation.
And have no studies reported on the yield, loading capacity or efficacy of
biomimetic NPs. At present, the application of membrane coating tech-
nologies such as engineering cell membranes and various immune cell
membranes in tumor imaging has not been effectively developed. It
needs to actively develop these types of cell membranes for imaging
studies in the future. If successfully addressed these challenges, it would
allow such novel NPs to be used in the imaging of tumors for precise
treatment.

In conclusion, CM biomimetic nanoplatforms for cancer imaging and
treatment is novel but still in infancy. Lots of challenges must be over-
come before the transition from the laboratory to the clinic. Much more
innovative and systematic works for CM-based nanoplatforms will be
continuously promoted to support cancer imaging, diagnostic and ther-
apy for the benefit of human health.
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