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 ABSTRACT 
With superior biocompatibility and unique magnetic properties, iron-based 
nanoparticles (IBNP) are commonly encapsulated in cells and extracellular
vesicles (EV) to allow for magnetic force controlled drug delivery and non-invasive
tracking. Based on their natural source and similar morphology, we classify both 
cells and EVs as being natural lipid encapsulations (NLEs), distinguishing them
from synthetic liposomes. Both their imaging contrast and drug effects are
dominated by the amount of iron encapsulated in each NLE, demonstrating the
importance of magnetic labeling efficiency. It is known that the membranes
function as barriers to ensure that substances pass in and out in an orderly
manner. The most important issue in increasing the cellular uptake of IBNPs is
the interaction between the NLE membrane and IBNPs, which has been found 
to be affected by properties of the IBNPs as well as NLE heterogeneity. Two
aspects are important for effective magnetic labelling: First, how to effectively 
drive membrane wrapping of the nanoparticles into the NLEs, and second, how 
to balance biosafety and nanoparticle uptake. In this review, we will provide a 
systematic overview of the magnetic labeling of NLEs with IBNPs. This article
provides a summary of the applications of magnetically labeled NLEs and the 
labeling methods used for IBNPs. The review also analyzes the role of IBNPs 
physicochemical properties, especially their magnetic properties, and the heterogeneity
of NLEs in the internalization pathway. At the same time, the future development
of magnetically labeled NLEs is also discussed. 

 

 

1 Introduction 

Over the past few decades, studies aimed at under-
standing the relationship between cancer cells and stem 
cells have increased in number. Cancer cells are 
characterized by their ability to proliferate indefinitely, 
as well as their ability to destroy surrounding healthy 

cell tissues, whereas stem cells have gained attention 
because of their capacity for self-renewal and ability to 
differentiate into multiple cell types. In addition, stem 
cell transplantation has shown good therapeutic effects in 
regenerating damaged organs and tissues in numerous 
clinical situations including damage to the spinal cord, 
brain, and liver, as well as other organs [1, 2]. Numerous 
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in-depth studies of tumor cells and stem cells have found 
that cell-derived microvesicles (MVs) are important 
in the ability of these cells to communicate with other 
cells. These extracellular vesicles (EVs) inherit a lipid 
membrane, nucleic acids, and proteins from their 
parental cells [3, 4], and are considered to be very 
attractive candidates for both diagnosis and treatment 
of disease due to their ability to allow cell content 
exchange through which the recipient cells can be 
altered [5]. Because of the closed spherical nature of 
both cells and EVs, they can encapsulate nanoparticles 
which allow them to be modified and targeted specifically, 
and so form an important research area in the 
nanotechnology field. Liposomes which can be 
synthesized in vitro, and have similar structures and 
surface properties, are also widely used as carrier 
platforms [6]. However, it has been reported that the 
natural membranes found in cells and EVs are almost 
an order of magnitude harder than synthetic liposomes 
[7–9]. In addition, they possess excellent biocompatibility, 
good durability, and a lower risk of malignant differ-
entiation which are features that synthetic liposomes 
do not possess [8, 10]. Distinguished from synthetic 
liposomes, we classify both cells and cell-derived 
extracellular vesicles (EVs) as being natural lipid 
encapsulations (NLEs) because of their principal 
characteristics – i.e., the possession of natural lipid 
membranes. 

Due to their unique magnetic properties and superior 
biocompatibility, iron-based nanoparticles (IBNPs) 
are more widely used in the field of nanomedicine 
than other inorganic nanoparticles (e.g., Au, Ag, Si) 
[11, 12]. A variety of nanoparticle preparation methods 
including chemical co-precipitation, sol-gel reactions, 
and a new method of using alternating magnetic 
fields (AMF) have been proposed previously by our 
laboratory [13]. IBNPs are commonly internalized 
into specific NLEs for use in both diagnostic and 
treatment applications. Compared with other inorganic 
materials, magnetically labeled NLEs can respond to 
external magnetic fields, which contributes to their 
unique biomedical applications. Based on their different 
magnetic responses, these applications include the 
following three aspects: (1) Magneto-mechanical forces 
and deformation generated by a gradient magnetic 
field [14–17], (2) magnetic hyperthermia caused by 

“local” heating under an alternating magnetic field 
[18, 19], and (3) MRI contrast agents which depend 
on spin for medical imaging [20–22].  

There are two key challenges when labeling NLEs 
with IBNPs. One is how to improve the incorporation 
efficiency of the nanoparticles, and the other is to extend 
their retention time in NLEs without interfering with 
their performance [23]. Based on these considerations, 
new labeling methods are being developed to meet 
the requirements of high-speed, safety, and high iron 
content. The rationale for optimizing these labeling 
methods focuses primarily on the interaction between 
IBNPs and the natural bilayer membrane. Previous 
analyses have highlighted the importance of the 
physical properties of nanoparticles, but few studies 
have examined the effect of the type of NLEs on labeling 
efficiency [24]. Investigating the kinetics, thermodynamics, 
and signaling pathways involved in the interaction 
between nanoparticles and NLEs will have a significant 
impact on developing better strategies for the synthesis 
of nanoparticles and regulation of biological factors. 
This review summarizes the uses of magnetically labeled 
NLEs, and also discusses the labeling methods using 
IBNPs, analyzes the roles of the physicochemical properties 
of IBNPs, especially their magnetic properties, and describes 
the heterogeneity of NLEs in the internalization 
pathway. At the same time, the future development 
of magnetically labeled NLEs is also discussed. 

2 Applications of magnetically labeled NLEs 

The applications of magnetically labeled NLEs are 
primarily associated with the incorporated IBNPs. 
Due to their chemical stability, biocompatibility, and 
large surface that can be modified with a targeting 
molecule, the most promising application of IBNPs is to 
serve as a drug delivery platform for tissues containing 
lesions, especially tumors [25]. In this regard, a high 
affinity for the intended target cells, and site-specific 
accumulation at lesions are the most important aspects 
which must be evaluated, and therefore size, shape, 
and surface modification, which all have an impact 
on blood circulation time and targeting efficiency, 
need to be considered. In order to avoid the stochastic 
nature of ligand–receptor interactions, and difficulties 
in the control of drug release, stimulus-response systems 
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have been developed and are of significant interest 
[26]. By responding to changes in pH, temperature, 
and enzyme concentration, the release of drugs can 
be controlled both spatially and temporally. For systems 
containing IBNPs, once exposed to an alternating 
magnetic field (AMF), they will gradually produce 
heat through the Néel relaxation effect. This controlled 
release of heat can act as a switching signal that 
allows the drug to be administered at the desired 
location at the appropriate time, avoiding side effects 
in normal tissues [18, 27].  

In addition to thermal properties, the magnetic 
force generated by a gradient magnetic field could 
alter the distribution of both IBNPs and labeled NLEs, 
whose distribution can be somewhat random after 
being injected in vivo. It has been suggested that an 
injected synthetic drug carrier containing IBNPs can 
be targeted to tumors with high accuracy and efficiency 
through the use of magnetic guidance [14, 28]. Furthermore, 
inspired by EV-mediated cell communication, Silva et al. 
separated EVs carrying IBNPs from THP-1 cells 
pre-treated with drug and IBNPs to target cancer 
cells, based on both magnetic guidance and strong 
EV attachment to the host cells, achieving a more 
accurate targeting to the cancer cells [29]. Importantly, 
depending on the exact location of the target site in 
the body, the spatial distribution of the magnetic field 
generated by the applied magnet can be altered to 
suit the particular need. In this regard, Tukmachev et 
al. have proposed a magnetic system consisting of 
two NdFeB magnets that are used to form a “trapping 
area” at the lesion site where magnetically-labeled 
stem cells tend to accumulate [30].  

In addition to magnetic guidance in vivo, another 
promising biomedical application focuses on three- 
dimensional tissue engineering. In early applications, 
efforts have been devoted to design scaffolds to 
organize individual cells into various tissue shapes. 
Magnetically labeled cells offer the possibility of the 
construction of tissue engineering complexes without 
the need for a matrix. Based on the desired morphology 
of the tissue, cells can adopt a variety of shapes under 
the control of a magnetic field, including as sheets [31], 
spheroids [32], and tubular structures [33]. These basic 
shapes could then be further manipulated into any 
3-D pattern. Whatley and coworkers have developed 

a prefabricated magnetic template that allows quick 
patterning of cell spheroids into desirable patterns [34].  

As magnetic resonance imaging (MRI) contrast agents, 
IBNPs could also decrease the signal intensity in T2- 
and T2*-weighted magnetic resonance (MR) images 
by shortening T2 and T2* relaxation times after being 
magnetized by an external magnetic field. In addition 
to diagnosis of the disease site, tracking the movement 
of stem cells in vivo by MRI has recently become a very 
hot topic [35, 36]. As the role of EVs in the process of 
stem cell repair has gradually been confirmed, nanoscale 
vesicles will also need to visualized by MRI. However, 
this may be difficult, because recent data has shown 
that since EVs can be internalized by macrophages, 
allowing the IBNPs inside the EVs to enter into 
non-target cells would lead to false positive MRI signals 
[37]. In general, in order to achieve high quality imaging, 
two important properties must be considered, namely 
the magnetic properties of IBNPs and labeling efficiency. 
These important factors will be discussed in detail 
below. 

3 Pathways for IBNP entry into NLEs 

Approaches for internalizing nanoparticles into cells 
start with endocytosis. The basic labeling process is 
initiated by mixing nanoparticles in a biological 
environment such as blood or culture medium. Once 
nanoparticles make contact with the membrane surface, 
energy dependent internalization is triggered, after 
which the nanoparticles become enclosed within 
intracellular vesicles through a process of membrane 
bending and deformation. Depending on the interaction 
between nanoparticles and cells, the endocytic mechanism 
can been classified into four main different pathways, 
namely, phagocytosis, macro-pinocytosis, clathrin-mediated 
endocytosis, and caveolae-mediated endocytosis [38]. 
Phagocytosis is an actin-dependent pathway which is 
capable of eliminating dead cells, and is specifically 
used by phagocytic cells, such as macrophages, 
neutrophils, and dendritic cells [39, 40]. Different 
from the other pathways, macro-pinocytosis is the only 
mechanism by which cellular uptake of nanoparticles 
(0.2–5 μm) and fluids occurs without the need for 
receptors. During this process, the cytoskeleton is 
rearranged to allow the membrane to form a ”C” 
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shaped ruffle that can trap fluids and micro-substances 
[41–43]. Clathrin/caveolae-mediated endocytosis is 
the most common pathway employed by cells, but 
requires the presence of clathrin/caveolae on the plasma 
membrane [24, 44]. Membranes invaginate into clathrin/ 
caveolae-coated pits as a result of the coordinated 
assembly of proteins [45–47]. When nanoparticles enter 
into cells via the clathrin-mediated pathway they are 
usually transported to the lysosome where they ultimately 
undergo degradation; under some circumstances nano-
particles can escape this degradative fate [48, 49].  

Such spontaneous endocytic processes are the theoretical 
basis for almost all of the emerging labeling techniques. 
Based on the fact that increasing the affinity between 
nanoparticles and membranes can promote membrane 
wrapping, strategies whereby the nanoparticle surface 
is modified with specific proteins or charged coatings 
have been proposed to increase the adhesion of IBNPs 
to membranes [50, 51]. In addition to endocytosis-based 
nanoparticle internalization, labeling approaches that 
do not rely on active cellular uptake are in widespread 
use, and are also suitable for labeling of EVs, including 
microinjection [52], electroporation [53], sonoporation 
[54], and magnetic field-mediated labeling [55, 56]. 
The methods used to promote cellular uptake are 
summarized in Table 1. 

In addition to endocytosis, nanoparticles can also 
pass through membranes using physical force. Under 
these conditions, IBNPs can be driven into the NLEs 
by creating transient pores on the membrane surface; 
however, the excessive intensity of the stimulation 
required for pore formation may lead to irreversible  
 

damage to the membrane. Additionally, such approaches 
bypass the gradual transport of IBNPs through 
intracellular vesicles seen in the classical phagocytic 
process, and may result in altered fates and distribution 
of the IBNPs within the NLEs [54]. Based on the 
characteristics of the internalization pathway, endocytosis 
can therefore be classified as being either “active 
labeling”, while the remaining four processes can be 
classified as being “facilitated labeling” (Fig. 1). 

There is no doubt that labeling efficiency is vital 
for the successful application of magnetically labeled 
NLEs. It has been reported that intracellular iron 
loading above a certain threshold will result in loss of 
cell activity and function through the generation of 
increased levels of reactive oxygen species (ROS) in 
the cytoplasm [66, 67]. Thus, exploring new strategies 
to balance high iron content and biosafety remains a 
key issue for clinical application, and therefore 
requires a deeper understanding of the mechanism 
influenced by underlying factors.  

4 Factors affecting IBNP labeling 

It is generally believed that the physical and chemical 
properties of nanoparticles in terms of their size, shape, 
and surface modifications determine the extent of 
interaction between nanoparticles and the membrane 
of NLEs. In addition, the unique magnetic properties 
of IBNPs are also important factors. In this section, 
we systematically analyze the impact of the above 
factors on magnetic labeling of NLEs and the related 
mechanisms. 

Table 1 Novel materials and processing methods in NLE labeling 

Material Cell/EV Method Effect Ref.

Transferrin-MNP-MSN U-87 Co-incubation Encapsulation efficiency of 89.2 ± 1.1% [57]

TAT-CLIO hNSC Co-incubation Iron content up to 2.15 pg/cell [58]

TAT- SPIO Caco-2  Co-incubation Fluorescence signal almost 5 times higher [59]

Citrate-SPION hMSC Co-incubation  Iron content up to 69.6 ± 5.1 pg/cell [60]

PLL-Ferumoxides  MSC Co-incubation Iron content up to 30.1 ± 3.7 pg/cell [61]

Protein-Bound MNPs HeLa Pulsed magnetic field simulation Iron content up to 7.6 pg/cell [55]

MNPs MDCK Magnetic field simulation MNPs are transported through cell barriers [62]

Feridex C17.2 Sonoporation Iron content up to 10 pg/cell [63]

Drug loaded CoFe2O4@BaTiO3 SKOV-3 Electroporation Uptake increased about 10% [64]

Citrate-Fe2O3 Microparticle Co-incubation Microparticle can be detected by 1.5T MRI [65]
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Figure 1 A schematic showing magnetic labeling of cells with IBNPs.  

 

4.1 Shape and size 

4.1.1 Shape  

Numerous types of IBNPs with different sizes and shapes 
have been synthesized to meet the needs of a variety 
of applications. IBNPs can be molded into spheres, 
rods [68], worms [69], cubes [70], and ellipsoids [71]. 
Studies have been carried out to investigate the 
interactions between differently shaped IBNPs and 
the lipid membrane. It has been suggested that endocytic 
cellular uptake of rod-like IBNPs takes a longer time 
than that of spherical nanoparticles [71], which might 
arise as a result of differences in the length-to-width 
aspect ratio [68]. However, it has also been proposed 
that decreased cellular uptake can prolong the circulation 
time of drug carriers in blood vessels [72, 73]. Another 
recent study has shown that spheres may not be the 
most efficient shape for internalization. Brick shaped 
IBNPs have a 30-fold increase in uptake compared 
with sphere shaped IBNPs under an applied magnetic 
field [74].  

4.1.2 Size 

In addition to the shape effect, another dominant 
physical property of IBNPs which has been explored 
is size. Previous studies have suggested that size has 
a direct correlation with MRI contrast-enhancement 
[75–77]. The mass magnetization value under a 1.5T 

magnetic field increases from 25 to 102 emu/(g Fe), as 
the size of the Fe3O4 nanocrystals varies from 4 to 12 
nm, a process referred to as a size-dependent MR 
signal [77]. This effect occurs on the nanometer scale 
where magnetic spins tend to be slightly tilted to 
form a disordered spin-glass-like surface layer, whereas 
normally spins are aligned parallel to the external 
magnetic field [78]. 

In addition to the intrinsic properties of IBNPs, the 
amount of IBNPs encapsulated in NLEs is another 
factor that determines the MR signal intensity of NLEs 
in vivo. What size range of IBNPs is most favorable 
for cellular uptake? What biophysical mechanisms 
are involved in the interaction between different sizes 
of IBNPs and bio-membrane? These issues have attracted 
the attention of more and more researchers. Scientifically, 
it is not reasonable to define the optimal size of IBNPs 
for all cells, because this depends on the cell type, or 
more precisely, the endocytic pathway employed to 
internalize nanoparticles differs in different cells. IBNPs 
with size over 100 nm can be readily phagocytosed by 
specialized phagocytic cells (e.g., macrophages) [79, 80]. 
Ultra-superparamagnetic iron oxide particles (USPIONs), 
with a size range of 30–100 nm, were used by Yu et al. 
to measure cellular uptake by macrophages. They 
showed that there was a positive correlation between 
nanoparticle size and internalization rate under conditions 
where the zeta potential values of all the samples  
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were the same [75]. These data showed a similar 
tendency to studies conducted by He et al. [81] and 
Mendes et al. [82]. Compared with smaller size IBNPs, 
larger IBNPs are more readily taken up by phagocytic 
cells, which may contribute to size-dependent hydro-
phobicity. As a result, the rapid recognition of large IBNPs 
(> 1 μm) by phagocytic cells allow nanoparticles with an 
ultra-small size to be “stealthy” and achieve prolonged 
circulation in vivo [83]. However, non-phagocytic cells 
are an exception on this rule. Sun et al. systematically 
investigated the effect of superparamagnetic iron oxide 
particles (SPIONs) (57 nm) and USPIONs (30 nm) on 
fibroblasts, progenitor cells, and HEP-G2-hepatoma 
cells, among other cell lines, and showed that SPIONs 
are preferred over USPIONs [84]. Another study has 
evaluated the size effect in MSCs; the uptake efficiency 
of IBNPs ranging from 60–160 nm decreased as the 
diameter increased [85]. These results indicate that 
sizes around 60 nm are more readily internalized, 
which is consistent with the study that showed that 
30–60 nm seems to favorably involve the non-phagocytic 
pathway [86].  

An understanding of how kinetics and force relate 
to receptor-mediated internalization could pave the 
way towards improving methods for the synthesis of 
nanoparticles [87]. A simple case can be considered, 
in which the uptake process is initiated without 
receptor binding, and the membrane bending force is 
the sum of three parts: Bending energy С(η), stretching 
energy Γ(η), and the additional deformation energy 
Λ(η), where η(0 ≤ η ≤ 1) is defined as the extent of 
wrapping [88]. 

First, defining the length scale λ as a characteristic 
to weigh bending and stretching energies, λ depends 
on the level of membrane tension σ and bending 

 

 
 

Figure 2 Membrane force diagram when wrapping IBNPs.  

stiffness B 

 





2B  (1) 

Under typical conditions, eigenvalues were given to 
σ and B, and it was found that 50 nm was a threshold 
less than which σ could be ignored, whereas beyond 
this size, σ cannot be ignored. For full wrapping of 
the NP (η ＝ 1),  8πC B  and stretching energy Γ = 

24πR , where R is the nanoparticle diameter. To 
balance the stretching energy and adhesion energy 
( 24πR ns ) where ns  is the adhesion strength,  
can be modeled as 

minR

  


min
ns

2BR
 

(2) 

When taking receptor binding into account, some 
parameters can be altered in Eq. (2) and adhesion 
strength can be partitioned into two parts: enthalpic 
and entropic.  is represented as minR

 

  


min
1 0

2
ln( / )

BR
1

 

(3) 

  represents receptor density on the nanoparticles, 
ξ1 (maximum density) and 0  (density of remote region 
on the nanoparticles). According to equation, when R 
is below 5 nm, the deformation energy is not sufficient 
to warp the nanoparticles, and owing to the lack of 
receptors, this situation is referred to as ‘‘ligand-shortage”, 
so ultra-small nanoparticles cannot drive the uptake 
process [86]. Molecular simulation has demonstrated, 
that for hydrophobic nanoparticles that could be 
spontaneously embedded in the membrane, the larger 
the nanoparticle, the more space they require to cross 
the bilayer membrane, and the more significant changes 
the membrane undergoes [89].  

Besides the direct effects of size, size-induced changes 
due to modification of the IBNPs also have an effect 
on the interaction between membranes and NLEs. 
Gal et al. have shown that large-sized nanoparticles, 
arising as a result of high density poly (ethylene glycol) 
(PEG) grafting, had a decreased ability to interact 
with membranes, leading to low internalization of 
pre-coated IBNPs [90]. When IBNPs are introduced 
into biological systems, protein present in the serum 
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or the medium will be absorbed onto the surface of 
the nanoparticles. It has been shown that as the size 
of the nanoparticle increases, the type and amount of 
plasma proteins absorbed on the nanoparticles changes, 
and can have a further impact on the nanoparticle 
affinity for the membrane [91, 92].  

IBNPs range in size from 5 to 200 nm for cell labeling, 
and so are not useful for relatively small EVs, which 
require ultra-small nanoparticles. Therefore, the importance 
of taking size into consideration should be emphasized 
before setting the desired goal.  

Studies by Deserno et al. [88] and Yuan et al. [86] 
have shown that the optimal nanoparticle size calculated 
by mathematical modeling deviates from actual data. 
To achieve a better theoretical estimate, parameters 
such as chemical modification and shape of IBNPs 
should be included. Furthermore, the ideal model 
should be developed by continuously adjusting and 
fine tuning based on the experimental data.  

4.2 Surface modification  

Successful surface modification of IBNPs is crucial for 
their use in biomedical applications. These surface 
coatings can be classified according to their function, 
including (1) enhanced stability, (2) enhanced adhesion 
to NLE membranes, and (3) inclusion of drug molecules 
and reporter moieties to act as delivery vehicles [93, 
94]. Here, we will elaborate on the first two aspects.  

4.2.1 Stability enhancement 

Naked IBNPs have a pH that is similar to human blood, 
which has been reported to induce crystal growth. 
Due to hydrophobic interactions between nanoparticles, 
they have a tendency to aggregate together to form 
clusters, and these aggregates exhibit ferromagnetic 
behavior, and further induce a greater degree of 
aggregation between clusters [95]. Aggregation of 
nanoparticles and dispersed homogeneous nanoparticles 
play different roles in the process of NLE labeling. 
Destabilization of nanoparticles caused by the presence 
of electrolytes and proteins in biological media have 
been reported to lead to overestimates of cellular uptake 
and cytotoxicity [96–98]. Destabilization of the dispersed 
IBNPs in the cell culture medium induces their sedi-
mentation onto cell membranes, thus increasing their 
interaction with cells [97]. Since the aggregation of IBNPs 

may exacerbate their clearance by macrophages before 
reaching their target site, numerous polymers and 
inorganic substances have been used to coat the surface 
of IBNPs to form a stabilized shell which can increase 
their stability. Typical coatings include poly (ethylene 
glycol) (PEG) [99, 100], dextran [101], phospholipids [102], 
and SiO2 [103]. The near-zero zeta potential and long 
chain structure of PEG allow it to adsorb little protein 
in the physiological environment, prolonging the 
circulation time, and reducing the likelihood of being 
recognized by the reticuloendothelial system [104, 
105]. Other materials, such as horseradish peroxidase 
[106], arsenic acid [107], and poly(lactic-co-glycolic 
acid) [108] have also been developed to achieve higher 
colloidal stability. 

4.2.2 Adhesion enhancement 

As an ideal platform, IBNPs need to specifically target 
diseased tissues and cells. One of the strategies used 
is to conjugate small molecules and peptides that can 
specifically bind overexpressed proteins. These ligands 
are often modified on the membrane using a variety 
of conjugation chemistries. Carbonyl groups, amine 
groups, and sulfhydryl groups are broadly used to 
conjugate IBNPs with ligands through covalent reactions. 
The ligands can be classified into antibodies, peptides, 
and small molecules in descending order of size. They 
bind to receptors on the membrane in a targeted 
manner, causing membrane invagination at a local 
site, to trigger cellular uptake of the IBNPs through 
the typical endocytic pathways. Among these ligands, 
cell penetrating peptides that can translocate across 
cellular plasma membranes directly via non-receptor 
dependent and non-classical endocytosis, have shown 
remarkable efficiency in delivering gene therapeutic 
agents [109] and for drug delivery [110]. In addition 
to antibodies and peptides, recently, several studies 
have focused on using antibody fragments, or domains, 
to replace full length antibodies, including transferrin 
[111], affibodies [112] and neurotoxins [113].  

In addition to using a specific protein as a target of 
interest, another promising targeting strategy relies 
on the stable and uniformly distributed charge on the 
membrane. The negatively charged cell membrane 
provides an electrostatic mechanism for nanoparticle 
binding. A number of studies have shown that charge 
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type and density are crucial parameters for the interaction 
between nanoparticles and cells. Osaka et al. [114] 
have employed both positively and negatively charged 
magnetic nanoparticles without any additional modification 
to investigate their uptake by breast cancer cells, and 
the data demonstrated a high affinity of cells for 
cationic nanoparticles. In general, compared with 
anionic nanoparticles, IBNPs with a high net positive 
charge are much more effective in interacting with 
bio-membranes through electrostatic attraction. Cationic 
materials such as poly-L-lysine (PLL) [115], protamine 
(PRO) [50], and polyetherimide (PEI) [51] have been 
used as transfection agents (TA) and have used 
extensively in stem cell labeling to obtain high levels 
of internalization efficiency [116]. Many studies have 
attempted to elucidate the mechanism of cellular uptake 
of cationic nanoparticles at the molecular level in order 
to develop strategies to enhance the adhesion of 
IBNPs to membranes. The mechanisms involved in 
the promotion of cellular uptake by cationic IBNPs 
can be summarized as follows. The first model is based 
on electrostatic forces that attract IBNPs to adhere to 
the membrane. When the attraction force is strong 
enough to drive the membrane to bend and enwrap 
the nanoparticle (Fig. 3(a)) this results in the generation 
of a bud that encapsulates the nanoparticle and 
subsequently transports it into cell [117]. 

 

 
 

Figure 3 (a) Electrostatic adsorption effect. (b) Diffusion of 
IBNPs through transient pores. (c) Receptor mediated endocytosis 
by combination with protein on the corona.  

In the second model, when the cationic terminal 
binds to the lipid membrane through electrostatic 
attractions, the membrane structure is changed and 
forms a pit to wrap the nanoparticle, after which the 
nanoparticle gradually enters the interior of the bilayer. 
Defective areas showing the disruptive pores have 
been observed through the use of a coarse-grained 
model. Furthermore, the higher the charge density, 
the more damage to the membrane occurs as a result 
of disruption [118]. Nangia et al. [119] have suggested 
that, upon the positive charge adhering to the membrane, 
the adhesion destroys the charge distribution equilibrium 
across the cell membrane. Li and coworkers [120] 
added nanoparticles to a giant unilamellar vesicle 
(GUV) format suspension to investigate NP-membrane 
interactions. They observed that as the concentration 
of the added nanoparticles increased, protrusions 
that consisted of membrane and labeled nanoparticles 
could be observed emanating from the membrane, 
and the GUV started to shrink. Furthermore, it has 
also been estimated that the pore diameter ranges 
from 18–27 nm, about 1/3 to 1/2 of the nanoparticle 
hydrodynamic diameter [121]. Thus, some publications 
have suggested that pores formed on the membrane 
allowed nanoparticles to diffuse directly through defective 
areas containing a disruptive pore, instead of by 
endocytosis (Fig. 3(b)) [118, 122, 123]. Because natural 
bio-membranes have the capacity of repair transient 
pores resulting from damage caused by changes in 
membrane tension [123], doses of cationic nanoparticles 
below a certain cutoff level can balance labeling efficiency 
and maintain good biocompatibility. In summary, 
cationic nanoparticles act as a double-edged sword 
for biological application. High cationic levels result 
in toxic effect to the NLEs’ structure, while this disruptive 
effect can be used against tumors [124] and bacterial 
pathogens [125]. 

In the third model, nanoparticle interface components 
that are truly in contact with the bio-membrane can 
be in their original unmodified form, but can also 
exist as a complex biomolecule layer of absorbed proteins, 
which is referred to as the protein corona. The protein 
corona is preferentially adsorbed to cationic particles 
for the reason that serum has a net negative charge 
[126]. The corona has also been suggested by some 
groups to contain a few positive sites that allow negative 
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IBNPs to bind [127, 128]. Since the zeta potential of 
IBNPs can be increased after incubation with the fetal 
bovine serum often found in cell culture medium, the 
protein corona is commonly referred to as a ‘game 
changer’ in the NP-membrane interaction [129]. In some 
cases, the protein corona has been reported to inhibit 
cellular uptake by neutralizing or masking the positive 
surface charge of cationic nanoparticles [130, 131]. 
However, it is not correct to assume that the protein 
corona is a complete hindrance to cellular uptake. 
Babič et al. [132] have suggested that the corona does 
not entirely block the site of cationic (PLL) ligands. 
As the PLL/iron oxide ratio increases, the adsorption 
of serum proteins reaches a plateau at ratio of 0.002. 
It has been speculated that below this ratio, PLL chains 
are in full contact with the nanoparticle surface, while a 
higher ratio causes additional PLL chains to float free in 
the medium and allowing them to combine electrostatically 
with the membrane. In addition, some absorbed 
proteins in the corona can specifically bind to receptors 
on the cell membrane, which is thought to be a third 
mechanism that facilitates the cellular uptake of cationic 
nanoparticles (Fig. 3(c)) [133]. Evidence of the relationship 
between the amount of protein adsorbed and uptake 
efficiency has also been obtained from an investigation 
of PEG-coated nanoparticles [100]. The presence of 
the PEG ligand affects the adsorption of plasma proteins. 
A decrease in protein levels on the surface of IBNPs 
leads to a lack of receptor binding sites on PEG chains, 
thus affecting their adhesion to bio-membranes [134]. 
Additionally, the type of absorbed protein has a distinct 
effect on cellular uptake. One clue is that nanoparticles 
pre-coated with ApoH promote the uptake process, 
whereas, in contrast, nanoparticles pre-coated with 
the apolipoproteins ApoA4 or ApoC3 showed the 
opposite effect [135]. It has also been suggested that 
cellular uptake by different types of cells is observed 
to be different in the presence of corona [136]. Therefore, 
the overall effect of cationic nanoparticles on the 
endocytic process is very complex, and is coordinated 
by a variety of biological factors. 

Cationic sites on the plasma membrane are believed 
to have a relatively weak attraction for negatively charged 
nanoparticles, and such an electrostatic attractive force 
merely drives the nanoparticle to the bilayer surface, 
but does not cause embedding in the bilayer. Ayala et 

al. systematically examined the effect of carboxymethyl 
groups incorporated in the nanoparticle shell on 
uptake and colloidal stability. With measured surface zeta 
potentials ranging from –50 to 5 mV, the internalization 
by cells increased with enhanced negative surface 
charge [137]. Another study has also shown that the 
rate of internalization of anionic nanoparticles is less 
than that of cationic nanoparticles [138]. Moreover, 
neutrally charged particles tend to have the lowest 
uptake with the rank order of IBNP cellular uptake 
being: IBNPs (positive) > IBNPs (negative) > IBNPs 
(neutral) [139, 140]. Interestingly, a recent study has 
demonstrated that cells at different stages selectively 
employ endocytosis of nanoparticles with neutral, anionic, 
and cationic functionalities. Metastatic cancer cells 
more readily internalize nanoparticles with anionic 
surfaces, while late stage cells could be easily targeted 
with sulfonate functionalized nanoparticles [141]. Another 
study has shown that nanoparticle uptake by adipose- 
derived stem cells is reduced significantly with increased 
cell passage number [142]. When IBNPs with negatively 
charged surfaces are exposed to the biological environment, 
the anionic ligands attract and bind proteins. Fleischer et 
al. used a model system composed of IBNPs functionalized 
with either anionic or cationic groups to investigate 
the effect of protein layer on nanoparticle binding and 
internalization. They showed that BSA adsorption to 
cationic polystyrene nanoparticles was disrupted, causing 
the BSA−NP complexes to bind to scavenger receptors, 
whereas complexes on anionic IBNPs maintained their 
natural structure and bound to native albumin receptors 
[127].  

Given that a charged surface may cause cell destruction, 
the density of the ligand should be adjusted to a rational 
level to balance efficiency and biosafety. Numerous 
types of pathway are involved in the labeling process 
and which pathway plays a dominant role has not 
been clarified. The amount of iron content per cell is 
decided by all of the potential uptake pathways, and 
even if there is an increase in iron content in cell, it 
may also be influenced by negative factors such as 
the masking effect of the corona.  

4.3 Magnetic properties  

Owing to the unique magnetic properties of IBNPs, 
the interaction between IBNPs and membrane can be 
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manipulated by various types of magnetic fields. This 
control relies on the fact that when a magnetic field is 
applied, the particles will be magnetized immediately 
as result of their arrangement of atoms, while the 
magnetism disappears immediately after the magnetic 
field is removed; such a characteristic is referred to as 
superparamagnetism [143]. The magnetic forces 
generated by a static magnetic field (SMF) [144], a 
pulsed magnetic field (PMF) [55], and an alternating 
magnetic field (AMF) [62] have been shown to be 
capable of increasing the cellular uptake of IBNPs. 
Since the initial study achieved rapid and efficient 
gene transfer of a SPION-DNA complex in the presence 
of a SMF, a process referred to as ”magnetofection“ 
[145], the effect of a SMF has received more and more 
attention. Commercially available permanent magnets 
are often placed under culture dishes to generate a 
relatively uniform SMF [146]. A systematic investigation 
into the mechanism has found that there are two main 
explanations behind the SMF effect: 1) Force dependence, 
2) increased levels of endocytosis-associated protein. 
MacDonald et al. formulated magnetic nanoparticles 
with different magnetite loads to assess the influence 
of magnetic force on nanoparticle uptake. They found 
that the internalization rate depended on the magnetite 
levels within the particle, which reflected the magnetic 
force generated and which caused the nanoparticle to 
be pulled into contact with membrane surface [147]. 
This result was consistent with research conducted 
by Barnes et al. [148]. Under an SMF, in addition to 
the magnetic force-mediated physical effects, the 
expression of genes and proteins associated with the 
endocytosis process were also found to be regulated. 
Chaudhary et al. [149] examined the cellular uptake 
of IBNPs under a 350 mT SMF, and the published 
data showed that the clathrin levels in cells increased 
during stimulation. Cellular uptake was observed in 
the presence of endocytosis blockers, while the presence 
of an SMF could reverse this phenomenon. The authors 
proposed some probable mechanisms for this effect. 
First, over expression of clathrin to a certain extent 
overwhelmed the endocytosis blockers. Second, the 
magnetic force generated is strong enough to overcome 
the endocytosis blockers. The third possibility may 
be that the presence of the SMF initiates a different 
uptake pathway. Additionally, by investigating the 

factors involved in promoting uptake, it was suggested 
that the internalization enhancement effect seemed to 
be magnetic field and concentration-dependent, but 
was not associated with the processing time [144, 
146]. In summary, SMF magnitudes in the range of 
50–500 mT might be suitable to balance both labeling 
efficiency and biosafety.  

The term PMF usually refers to a low-frequency, 
high-field narrow pulse magnetic field, through which 
fast labeling can be achieved within seconds. Lee et al. 
exerted a high-intensity PMF to label adherent HeLa 
cells with a magnetic field strength of 0.6 T, delivered 
three times at intervals of 6 s, and the amount of 
labeling was increased from 1.9 pg per cell to 7.6 pg 
per cell [55]. It has been suggested that the vibration 
of IBNPs under the PMF creates metastable cell 
membrane pores to facilitate the labeling process, 
and this mechanism has been described as ‘magnetic 
bombardment’ by observing the iron filings changing 
their position after one pulse [150, 151]. Considering 
that a PMF can induce an electric field, and based on 
the fact that a pulsed electric field can result in structural, 
protein, and charge changes and even pore formation 
on the membrane [152, 153], some studies have 
speculated that the promotion of endocytosis under a 
PMF might result from an altered charge distribution 
in the outer leaflet of the membrane which leads to 
irreversible cell membrane permeabilization [154, 155]. 
In addition to the enhancement of uptake, a PMF is also 
found to aid in transport of IBNPs across cell barriers 
by reducing the level of IBNP aggregation [62].  

AMF is another type of magnetic field whose strength 
and direction change over time according to certain 
rules. When IBNPs are exposed to an AMF, an induced 
eddy current in the conductor generates heat and which 
propagates to the tissue. One study has shown that 
the hyperthermia transiently induces an increase in  
blood–brain barrier permeability within 0.5 h, without 
harm to cells, indicating that the heat generated by 
IBNPs plays a significant role in nanoparticle-cell 
interaction [62]. Recently, our group systematically 
investigated the effect of temperature on the asymmetric 
membrane of eukaryotic cells by simulating coarse- 
grained molecular dynamics, and these data revealed 
that high temperatures can accelerate the diffusion of 
nanoparticles by causing a disordering of phospholipids 
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[156].  
Summarizing the labeling stimulated by magnetic 

fields, the whole process takes less time than utilizing 
transfection reagents, and does not induce biological 
toxicity to NLEs, but the increase in iron content per 
cell is not very large. So far, explanations underlying 
magnetic field induction mechanisms such as the 
“magnetic bombardment” theory are only based on 
the motion of IBMPs driven by external magnetic 
fields. This assumed potential non-endocytic pathway 
requires more analysis and verification of both cell 
membrane morphology and the entire labeling process. 

5 Heterogeneity of NLEs in labeling 

In addition to the effects caused by the physicochemical 
properties of IBNPs, the diversity of cells and EVs are 
not negligible factors. Although we classify them as 
NLEs because of their similarities in structure and origin, 
there are still significant differences in the labeling of 
cells and EVs, and different types of cells exhibit 
distinct labeling efficiencies [157, 158]. This section will 
focus on the analysis of intercellular heterogeneity 
and the differences in cell and EV labeling involved 
in magnetic labeling.   

5.1 Cell type  

For any given IBNP, a significant difference in cellular 
uptake efficiency has been observed in various cell 
types, confirming that cell type-dependent penetration 
is involved in IBNP-membrane interactions. It is known 
that these differences are determined by the physiology 
of each type of cell. Since it is impossible to make a 
universal assessment of all type of cells, we selected 
two kinds of cells: tumor cells and stem cells as models. 
Mailander et al. analyzed the iron content of labeled 
MSC and HeLa cells with two commercially available 
SPIOs (Resovist and Feridex) without TAs. For each 
group, the calculated iron content in the HeLa cancer 
cells was much higher than MSCs across the concentration 
gradient detected [157]. Perevedentseva et al. compared 
the internalization of A549 lung human adenocarcinoma 
cells with normal cells revealing that the level of 
internalized nanoparticles in cancer cells exceeded 
those in non-cancer cells [159]. Similar results were 
also observed by Gal et al. [158] and Srinivasan et al.  

[160]. Which factors lead to high endocytosis of 
nanoparticles by tumor cells? As we know, the main 
distinguishing characteristics of cancer cells are their 
strong proliferative ability and high invasiveness. Based 
on tumor cell research, we attempted to explore the 
possible mechanisms. Membrane proteins such as 
receptor tyrosine kinases (RTKs) and transferrin are 
essential for internalization, and these proteins need 
to be constantly recycled to the surface in order to 
provide essential energy and metabolites for proliferation 
[161, 162]. Importantly, the major proteins that mediate 
this continuous endocytic process are clathrin and 
caveolin, which also serve as the most important 
nanoparticle internalization-associated proteins. A 
study conducted by Bitsikas et al. [163] revealed that 
clathrin-mediated endocytosis is responsible for almost 
all of the molecules on the membrane. Additionally, it 
has been reported that down regulation of caveolin-1 
caused increased expression of -catenin, whereas 
decreasing the level of E-cadherin promoted the migration 
and invasive abilities of NCI-H460 cells [163]. These 
clues suggest that overexpression of these phagocytosis- 
related proteins favors the cellular uptake of special 
receptors and at the same time shows an enhancement 
of the cellular internalization of nanoparticles. Among 
the over expressed proteins in cancer cell lines, caveolin-1, 
an internalization-associated protein, was found to 
be up-regulated in a number of multidrug-resistant 
cancer cells including adriamycin-resistant MCF-7 
AdrR breast adenocarcinoma cells, colchicine-resistant 
HT-29-MDR colon carcinoma cells, vinblastine resistant 
SKVLB1 ovarian carcinoma cells, and taxol resistant 
A549-T24 lung carcinoma cells [163, 164]. Sahay et al. 
exploited the different endocytic pathways in both 
normal and tumor cells, suggesting that in cancer cells 
internalization proceeds mainly through caveolae- 
mediated endocytosis [165]. By searching for changes 
in endocytic/trafficking proteins and actin regulators 
in the COSMIC (Catalogue of Somatic Mutations in 
Cancer) database, changes in both caveolin-1 and 
caveolin-3 have been found [166]. 

These changes in protein expression might be related 
to the nuclear structure. The nuclei of most normal cells 
have a regular and ellipsoid shape, but an irregular 
and folded nuclear contour is observed in most cancer 
cells (Fig. 4). Such a characteristic of cancer cells is  
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Figure 4 Comparison of cancer cells, stem cells, and extracellular vesicle morphology. (a) A folded nuclear shape and a disrupted 
cytoskeleton are observed in cancer cell. (b) For stem cells, they possess an ordered cytoskeleton and an elliptical nucleus. (c) Only 
protein and RNA inside the extracellular vesicles.  

 

collagen fibers. These clathrin-coated pits squeezed 
the collagen fibers, thereby increasing the grip strength 
of the cancer cells and allowing them to migrate further, 
so that clathrin-coated pits allowed about 50% of the 
cells to attach to the surrounding structures [173]. 

reported to have impact on chromatin organization 
and gene positioning [167]. This inspired us to think 
that an altered nuclear shape might affect gene expression 
patterns and lead to the expression of endocytosis- 
related proteins such as caveolin. In conclusion, we 
speculate that the transformation of normal cells to 
cancer cells is accompanied by the mutation of 
endocytosis-related proteins, leading to a high level 
of endocytosis and proliferation.  

5.2 Extracellular vesicles 

Similar to cells, the composition of the EV membrane 
comprises of membrane fusion proteins, tetraspannins, 
heat shock proteins, as well as lipid-related proteins 
[174, 175]. Cells are complex and contain organelles 
and nuclei, whereas EVs contain only proteins, miRNAs, 
and other non-coding RNAs (Fig. 4(c)). The substances 
inside the EVs determine the most fundamental difference 
between cells and EVs in the labeling process – EVs 
are not metabolically active, and thus cannot be 
defined as living biological entities [175]. Due to their 
lack of metabolic function, EVs cannot complete the 
entire process of external substance absorption, digestion, 
and excretion. Furthermore, for cells, apoptosis and 
toxicity are important factors to be considered for 
cells to maintain themselves, whereas for EVs, ensuring 
the integrity of their membrane structure is sufficient, 
and this makes them easier to handle than cells [176]. 
Additionally, IBNPs are digested in cell lysosomes 
resulting in the release of iron ions, further resulting 
in cytotoxicity and inducing cell apoptosis as a result 
of increased ROS levels [177], whereas EVs provide a 
safer space to store IBNPs [20]. Notably, restricted by 
the small size of EVs, only ultra-small superparamagnetic  

Besides the characteristics of infinite proliferation 
in cancer cells, another distinct feature of cancer cells 
is their rapid invasion capability. Structurally, there is 
evidence that the transformation of normal cells into 
cancer cells is characterized by disruption and reorgan-
ization of cytoskeleton, as well changes in the interaction 
of integrins [168]. Furthermore, an altered cytoskeleton 
is reported to make cancer cells more pliable than 
normal cells [169], and this decreased stiffness has 
been shown to be induced by disruption of actin 
filaments [168–171]. Upon remodeling of the actin 
cytoskeleton beneath the plasma membrane, the 
structure of filopodia and lamellipodia in cancer cells 
are visible [172] (Fig. 4(a)), whereas stem cells retain 
an ordered and intact cytoskeleton (Fig. 4(b)). Notably, 
the endocytosis-related protein, clathrin, has been found 
to be active in the migration of cancer cells. Elkhatib 
and coworkers, utilizing a fluorescence method, examined 
an invasive human breast cancer cell line that was 
prone to metastasize, and successfully demonstrated 
that clathrin-coated pits were attached to, and surrounded,  
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iron oxide nanoparticles (USPIO, ≤ 10 nm) can be inserted 
into EVs [178]. Due to their inability to autonomously 
acquire nanoparticles in an extracellular medium, 
recently developed magnetic labeling techniques for 
EVs are discussed in this section.  

EVs originate by the pinching off of membranes from 
endocytic vesicles. The EVs fuse with early endosomes, 
partially mature and then differentiate into late endo-
somes and multi-vesicular bodies (MVBs, a kind of 
late endosome), and then re-fuse with membrane, 
and are released into the extracellular environment 
as EVs [179, 180]. When IBNPs are incubated with 
parent cells, the internalized IBNPs have a certain 
chance of being transferred to the EVs, which enables 
“indirect” labeling of the nanoparticles (Fig. 5(a)). Busato 
et al. have proposed a method to obtain labeled exosomes 
while ensuring their biological function and membrane 
integrity, the protocol consists of two steps: 1) Incubating 
cells with IBNPs, 2) isolating labeled exosomes from 
the incubated cells. The presence of IBNPs was verified 
by the clear presence of a dark spot in the isolated 
exosomes by transmission electron microscope (TEM). 
Subsequent studies in rats demonstrated that the EVs 
were detectable, although the nanoparticle content in 
each exosome was extremely low [181, 182]. Another 
study demonstrated that macrophage-derived EVs 
labelled with IBNPs provide a promising way of being 
used as a drug delivery system to target cancer cells 
[29]. However, only a small fraction of the internalized 
nanoparticles will be encapsulated into EVs and secreted. 
This method of labeling has many uncontrollable 
factors that result in a low labeling efficiency, while 
direct labeling of separated EVs with IBNPs has been 

shown to be more efficient. Due to their lack of 
metabolic function, EVs cannot internalize IBNPs by 
co-incubation, despite the presence of receptor proteins 
embedded in the membrane. The technique of electro-
poration, through which pores of 1–10 nm can be 
instantaneously formed in membranes, enables nano-
materials to diffuse into EVs (Fig. 5(b)). For example, 
Zhao et al. [183] loaded nanoparticles efficiently into 
human oral squamous carcinoma (CAL27) cell-derived 
MVs by electroporation, conferring high-resolution and 
dual-mode tracking of MVs. The inevitable drawback 
of this approach is the damage to the membrane 
structure caused by the high intensity of the electric 
field used for electroporation, but the transient non- 
destructive pores can recover after 30 minutes incubation 
in the medium. With reference to optical tracing of 
fluorescent dyes attached to EVs [184], IBNPs modified 
with a specific protein can bind to a receptor on the 
membrane, allowing the membrane outer surface to 
be directly labeled with magnetic nanoparticles by 
simple co-incubation [65]. It is not yet certain whether 
such modifications of the membrane surface with 
nanoparticles, by occupying the receptor protein binding 
site will disturb the combination of recipient cells and 
EVs while activating the elimination of the immune 
system. 

The unique ability of EVs to bind cells allow them 
to act as an intermediate, by which they can act as a 
drug delivery system capable of transferring the cargo 
to recipient cells. (Fig. 5(c)) [29, 185]. Zhu et al. have 
packaged RNA into MVs by electroporation, these 
pre-loaded MVs were then incubated with MDA-MB-231 
cells for several hours after which the nanovector was  

 

 
 

Figure 5 Labeling patterns of EVs. (a) Indirect label of EVs. (b) Direct label of EVs. (c) Re-labeling of recipient cells by EVs. 
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efficiently transported into cells [185]. In contrast to 
the cell membrane, abundant lipids in the EV membrane, 
such as sphingomyelin and desaturated lipids, endow 
it with a greater ability to resist degradation [186].  

Understanding the mechanism of communication 
between EVs and recipient cells is the basis for further 
manipulation of the labeling and targeting processes. 
Phagocytosis seems to be the dominant pathway 
during the process of recipient cells internalizing EVs 
with inhibitors [187]. In another study by Nanbo et al. 
the caveolae-mediated endocytic pathway was employed 
in the internalization of secreted EVs from B cells by 
CNE-1 cells [188]. The binding of ligands to receptors 
has been proven to be mediated by membrane proteins 
such as heat shock proteins (HSPs) and Toll-like receptors 
[189, 190]. Based on the above data, efficient communication 
is mediated by multiple pathways. Compared with the 
modification of specific receptors on IBNPs, nanoparticle 
labeled EVs may offer a unique prospect for the magnetic 
labeling of target cells. It can be speculated that a 
high iron content per cell can be achieved by utilizing 
labeled EVs as the target recipient cells. The source 
and type of EVs have a great influence on labeling 
efficiency, and should be taken into account [5]. 

6 Summary and outlook 

In this review, we summarize the magnetic labeling 
of NLEs, and provide a comprehensive description of 
labeling methods, as well as the interactions between 
NLE membranes and IBNPs affected by a series of 
factors. Endocytosis as an “active pathway” is a common 
route for the non-phagocytic internalization of IBNPs, 
whereas external force dependent internalization is 
classified as a “facilitated pathway”. Since the encapsulation 
amount and the biological toxicity of IBNPs are 
determined by the IBNP-membrane interaction, two 
aspects (i.e., IBNP and NLE) should be taken into 
account. The size range within which IBNPs can be 
efficiently internalized is theoretically based on the 
balance between the limited membrane tension and 
attraction caused by receptor binding, and it differs 
between non-phagocytic and phagocytic cells. For 
commonly used charged TAs, protein-modified cationic 
nanoparticles can facilitate cellular uptake through 
electrostatic adsorption, disruptive pore formation, and 

receptor recognition. However, among these mechanisms, 
pore formation caused by high ligand density ligand 
is accompanied by biological toxicity, and absorbed 
proteins do not always have a positive effect. The 
increased anionic nanoparticle cellular uptake may 
stem from their stability in the medium and the protein 
corona formed on their surface. Compared with other 
inorganic nanoparticles, magnetic properties are unique 
to IBNPs, allowing a magnetic field to regulate the 
labeling process. Almost all types of magnetic fields 
have the potential to be applied to increase cellular 
uptake through the generated magnetic force, heating, 
and up-regulation of proteins level. So far, studies on 
magnetic field induction have not been comprehensive 
and convincing, which urges more investigation. In 
addition to the role of IBNPs, the labeling processes 
for metabolically inactive EVs and various cells are 
quite different, and these differences arise as a result 
of differences in structure and composition between 
EVs and cells, which reflect their unique function. 
Furthermore, in order to explain the high level of 
cellular uptake by cancer cells, we found some clues 
based on their up-regulated levels of caveolin and active 
clathrin which appear to be necessary for metastasis 
and invasion. Finally, we highlight the difference in 
magnetic labeling of EVs and cells. 

The complexity of the properties and biological effects 
of IBNPs provides numerous challenges in investigating 
the interaction with IBNP-NLEs. So far, the investigation 
has progressed well, but the answers are not yet clear. 
The most important bottleneck remaining in the 
development of labeling for tracking and targeting is 
how to encapsulate nanoparticles as efficiently as 
possible without interfering with cell function, which 
appears to be difficult to balance because of limitations 
in cell number and their carrying capacity. However, 
EVs have drawn a great interest due to their advantages 
of being an abundant source, lack of metabolic function, 
and the ability to partially replace their own parent 
cells, and more effort should be devoted to achieving 
the maximum potential of EVs in the diagnostic and 
therapeutic areas. 
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