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A broad range of investigation methods and frameworks are currently used to throughly study the elasticity

of various types of micro/nanoparticles (MNPs) with different properties and to explore the effect of such

properties on their interactions with biological species. Specifically, the elasticity of MNPs serves as a key

influencing factor with respect to important aspects of phagocytosis, such as the clathrin-mediated

phagocytosis, caveolae-mediated phagocytosis, macropinocytosis, and cell membrane fusion. Achieving a

clear understanding of the relationships that exist between the elasticity of MNPs and their phagocytic

processes is essential to improve their performance in drug delivery, which is related to aspects such as

circulation lifetime in blood, accumulation time in tissues, and resistance to metabolism. Resolving such

aspects is very challenging, and related efforts require using the right tools/methods, which are not always

easy to identify. This review aims to facilitate this by summarizing and comparing different cell phagocytosis

pathways, while considering various MNPs exhibiting different elastic properties, shape change capabilities,

and their effect on cellular uptake. We conduct an overview of the advantages exhibited by different MNPs

with respect to both in vitro and in vivo delivery, taking computational simulation analysis and experimental

results into account. This study will provide a guide for how to investigate various types of MNPs in terms of

their elastic properties, together with their biomedical effects that rely on phagocytosis.

1. Introduction

The outstanding advances that had occurred in the fields of
micro- and nanotechnologies over the past couple of decades
have led to rapid and consistent developments in functionalizing
micro/nanoparticles (MNPs) for drug delivery. The effects of
MNPs’ properties such as size, shape, surface charge, and ligands
on cell phagocytosis have been extensively studied.1–3 Besides
such fundamental characteristics, in recent years, the elastic
properties of MNPs started to gain massive attention, since these
have been found to play crucial roles in regulating various
biological interactions, behaviors, and effects.4–8 This is largely
inspired by the fact that many cells and even viruses can achieve
various biological functions by regulating their own mechanical
properties. For example, it was discovered that macrophages can

perceive small changes in red blood cell elasticity for selective
phagocytosis.9 In the context of drug delivery applications, the
performance and success of MNPs are determined by the extent
to which they can enter various biological species, e.g. cells,
organelles, etc.5 Therefore, comprehending the interaction of
MNPs with cell membranes and achieving a clear understanding
of their cellular uptake are critical to designing and producing
safe and efficient next-generation materials for nanomedicine.

Although there is currently a consensus on the fact that the
cellular uptake of MNPs is influenced by their elastic properties,
the exact mechanism of the cellular phagocytosis is still not well
resolved and some aspects are still under debate. For instance,
some researchers proposed that harder MNPs are more likely to
enter into cells,10–12 while others argue the contrary.13,14 Mean-
while, other experiments suggest that moderate elasticity is in
fact the optimal condition for MNPs to be subjected to cellular
uptake.15–17 Considering the existence of such contradictory
views on the subject, in this article, we summarize recent works
addressing this topic, which we believe to be important for
offering a perspective over the issues that still need to be
clarified in order to design safer and better MNP functionalization
strategies.

To be more specific, until now, researchers referred mainly
to two aspects in order to analyze and explain the effects of

a Cixi Institute of Biomedical Engineering, CAS Key Laboratory of Magnetic

Materials and Devices & Key Laboratory of Additive Manufacturing Materials of

Zhejiang Province, Ningbo Institute of Materials Technology and Engineering,

Chinese Academy of Sciences, Ningbo 315201, P. R. China.

E-mail: yangf@nimte.ac.cn, aiguo@nimte.ac.cn
b Center for Microscopy-Microanalysis and Information Processing,

University Politehnica of Bucharest, Bucharest 060042, Romania
c Fachbereich Chemie, Philipps Universität Marburg, Marburg, 35032, Germany
d HwaMei Hospital, University of Chinese Academy of Sciences, 315010, P. R. China

Received 21st December 2019,
Accepted 3rd February 2020

DOI: 10.1039/c9tb02902h

rsc.li/materials-b

Journal of
Materials Chemistry B

REVIEW

Pu
bl

is
he

d 
on

 0
3 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ar
bu

rg
 o

n 
6/

15
/2

02
0 

3:
56

:2
3 

PM
. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0001-5773-1806
http://orcid.org/0000-0002-1676-3040
http://orcid.org/0000-0001-7200-8923
http://crossmark.crossref.org/dialog/?doi=10.1039/c9tb02902h&domain=pdf&date_stamp=2020-02-25
http://rsc.li/materials-b
https://doi.org/10.1039/c9tb02902h
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB008012


2382 | J. Mater. Chem. B, 2020, 8, 2381--2392 This journal is©The Royal Society of Chemistry 2020

MNP elasticity on cellular uptake, namely their shape and the
occurring phagocytic pathways owing to MNP shape. In this
work, we reviewed important works addressing this subject and
discuss the reasons for which these two aspects are believed to
be of great importance in regulating cellular uptake as a
function of MNP elasticity. Our attention is focused on both
experimental work and theoretical studies that have been
carried out based on simulations, which we believe to be
important for achieving a good understanding of the consid-
ered subject. A detailed discussion on the available methods for
the synthesis and control of MNPs, effect of MNP elasticity on
their circulation in the blood, and solid tumor permeability has
been extensively addressed in other works.11,18–20

2. Basic terms and methods for
measuring elasticity

The mechanical properties of materials are often described by
related properties such as elasticity, stiffness, hardness,

ductility, toughness, etc. (Fig. 1). These different terms describe
unique physical parameters,21 which can be assessed by various/
distinct characterization methods. Comparing the outputs of
different studies addressing the mechanical properties of MNPs
from different perspectives is therefore not easy. The internalization
of MNPs is primarily controlled by elasticity and stiffness. In
physics, elasticity is used to describe the ability of a material to
resist stress-induced deformation and to return to its original state
when stress is removed. For linear isotropic materials, elasticity
includes Young’s modulus and shear modulus, usually expressed as
modulus of elasticity (N m�2 or Pa). Young’s modulus is the ratio
between the uniaxial tensile/compressive stress applied to the
material and the corresponding strain along the stress direction.
On the other hand, the shear modulus is the ratio of the shear
stress to the corresponding shear strain of the material. More-
over, stiffness, another property of MNPs that is considered to
play an important role in cellular uptake, characterizes the
ability of the material to resist deformation at the initial load.
The main difference between the two properties is that elasticity
is an intrinsic property of the material, while stiffness is a broad
property that takes the geometry (size and shape) of the material
into account. In addition, the stiffness of a material encompasses
compression, tensile, bending, and torsional stiffness. As the most
common force applied to MNPs is compression, and therefore
Young’s modulus and compression stiffness represent the physical
features that we focus on most intensively in this review.

The quantitative measurement of the physical properties of
MNPs is a key factor in assessing and predicting their perfor-
mance in biomedical applications. At present, the elasticity and
stiffness of MNPs are mainly measured via atomic force micro-
scopy (AFM). The accuracy of the measurement depends mainly
on the geometry of the probe’s apex, namely the tip,22 scanning
mode and the calculation model. Table 1 summarizes the
most common ways of measuring mechanical properties of
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MNPs via AFM. Different AFM tip shapes have been used for
this purpose, ranging from conical indenters to four sided
pyramid tips. For all cases, the tip’s radius of curvature determines
the resolution of detection. Generally, the smaller the size of the
MNPs, the smaller the radius of curvature required to accurately
assess their mechanical properties. The tip’s tilt angle also affects
the detection of irregular objects. However, the most common
shape of elastic MNPs developed to be functionalized for bio-
medical applications is the sphere, hence the influence of this
latter parameter is not significant. With respect to the scanning
modes most commonly used for assessing the elastic properties of
MNPs, approximately half of the experiments addressing such
purposes employed the contact mode, but PeakForce Quantita-
tive Nanomechanical mapping is also widely used. This latter

scanning mode can be regarded as being more advanced com-
pared to the contact mode, since it can distinguish between
various distinct nanomechanical properties, including elasticity,
adhesion dissipation, and deformation. In addition, it is com-
patible with a wider range of samples compared to the contact
mode, ranging from extremely soft materials (B1 kPa) to hard
metals (100 GPa). This range practically covers most of the
elastic MNPs synthesized in various laboratories for biomedical
applications. With respect to the calculation modes that are
most commonly used in experiments dealing with mechanical
property assessment, most studies reported to date employed the
Hertz model. This model considers a linear elastic sphere, regard-
less of the surface forces and adhesion. The calculation depends
only on the loading force, Poisson’s ratio, radius of the indenter,

Fig. 1 Measuring the mechanical response of the NPs during the approach and the retraction of the AFM probe. Figure adapted from Sun et al. (2018).
Copyright 2018 Royal Society of Chemistry.

Table 1 Different methods for measuring MNP elasticity via AFM

MNP Probe shape Scanning mode Calculation model Ref.

Hollow periodic mesoporous
organosilica (B300 nm)

Standard (steep) PeakForce QNM mode Hertzian model 81
Front angle: 25 � 2.51
Back angle: 17.5 � 2.51
Side angle: 20 � 2.51

Nanolipogels (B100 nm) Four sided pyramid tips Contact mode Hertz equation 69
PLGA core–(lipid shell) NPs (B200 nm) Not reported PeakForce QNM mode Young’s modulus in

PeakForce QNM mode
17

DNA-loaded polypeptide particles (B1 mm) A conical indenter Contact mode Hertz–Sneddon relationship 16
Full tip cone angle 401

DEA–HEMA hydrogel spheres (B170 nm) Conical indenter Contact mode Hertz model 15
Lipid–polymer hybrid NPs (B80 nm) Rotated (symmetric) PeakForce QNM mode Young’s modulus in PeakForce

QNM mode
12

Front angle: 15 � 2.51
Back angle: 25 � 2.51
Side angle: 17.5 � 2.51

P–L and P–W–L NPs (40 nm) Not reported PeakForce QNM mode Derjaguin, Muller, Toropov
(DMT) model

64

Discoidal polymeric nanoconstructs (B2 mm) Quadratic pyramid indenter Quantitative imaging (QI)
mode

Hertz model 90
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and depth of the indentation.21 However, in the case of small
particles (o50 nm), the pressure exerted by the probe is also
important to be considered. Therefore, the DMT model can
serve as a better option for such MNPs. Furthermore, the Sneddon
equation, which considers a rigid conical shape on an elastic half-
space, is also very suitable under the corresponding conditions. In
general, employing different detection/calculation methods can
impact the obtained results numerically, but the overall trend of
elasticity in experiments focused on comparing different versions
of a specific or different MNPs will not change. However, compar-
ing results obtained in distinct studies that employed different
detection methods should be done with caution.

In this paper, different types of MNPs are categorized using
three generic terms to describe their elastic properties, soft, inter-
mediate, and hard, respectively. Since the materials addressed in
each study are different, the reported elasticity and stiffness
values will not be directly compared. However, the causes
behind the performance of soft and hard MNPs in the process
of cell phagocytosis are discussed in detail.

3. Phagocytic pathways mediated by
elasticity

Although MNPs are small in size, they are polar molecules and
hence cannot diffuse through the cell membrane but, instead,
mainly enter the cells through the endocytic pathway.23,24 Over
the years, a wide variety of MNPs have been discovered that are
endocytosed by cells. These coexist and function in different
types of cells. In nanomedicine, the rate and extent of MNP
phagocytosis by cells determine their performances at the
treatment sites. Many recent experiments have shown that
differences in the elasticity of MNPs may affect the way they
are internalized into the cells. Therefore, understanding the
underlying mechanisms involved in cell phagocytosis is crucial
in assessing the fate of MNPs during internalization. In this
section, we first introduce some possible ways of internalizing
MNPs, and then discuss a series of relevant experimental
approaches that have been implemented to date in the purpose
of analyzing and understanding occurring mechanisms.

3.1. Classification of cell phagocytosis

In all cell types, small particles, with sizes in the nanometer
range, are internalized by pinocytosis.25 The pinocytosis effect is
independent of the needs of cells and proceeds in a continuous
manner in almost all cells. The role of pinocytosis can be subdivided
into clathrin-mediated endocytosis, caveolae-mediated endocytosis,
macropinocytosis, and others.26,27

Clathrin-mediated endocytosis was first discovered in electron
micrographs for the study of yolk protein uptake in Aedes aegypti
mosquitoes as a major component of the ‘‘hair follicle’’.28,29

Clathrin-mediated endocytosis is an entry mechanism that
internalizes specific molecules into cells. Its role is to help cells
to take up plasma membrane components and nutrients,
including low-density lipoprotein receptor cholesterol and iron
with transferrin.26,30–32 Clathrin acts as a heterodimer trimer,

each unit consisting of a heavy chain and a light chain forming
a triangle.33 These triangles can be assembled into a lattice
structure around the vesicles, and the adaptor proteins are used to
link the endocytic cargo to the clathrin shell.34 Briefly, clathrin-
mediated endocytosis involves the identification of the cargo and
the assembly of the coating, followed by the membrane invagina-
tion, and finally the pinch-deformed depression. After cleavage from
the cell membrane, a series of accessory proteins are responsible for
holding the actin cytoskeleton together and for coordinating the
migration of the cargo into the body.35 The cargo that is endo-
cytosed into the cell eventually reaches the lysosome through the
endolysosomal pathway.36–38 In the case of NPs, these are inter-
nalized depending on the preferential ingestion by cells.

A previous study has shown that clathrin-mediated endo-
cytosis and caveolae-mediated endocytosis may be helpful in
the uptake of NPs with a negatively charged surface, while
macropinocytosis appears to favour NPs with positive charges.39

For example, un-modified gold NPs (positively charged) are
mediated by macropinocytosis, clathrin-mediated endocytosis,
and caveola-mediated endocytosis, while PEG-coated NPs (negatively
charged) primarily enter into cells by clathrin-mediated endocytosis
and caveola-mediated endocytosis.40

The caveola is a cholesterol-rich plasma membrane structure
characterized by a unique morphology (60–80 nm cup-shaped
invagination) and characteristic proteins.41 The transport of
caveolae is controlled by the cytoskeleton, and the caveola of
the cell membrane has been shown to interact with actin
filaments and stress fibers, microtubules, and intermediate
filaments.42–45 The caveolae exist in endothelial, epithelial and
adipose cells, muscles, and fibroblasts46–48 and those present in
the cell membrane are usually 50–80 nm in size and consist of
the membrane protein caveolin-1, giving them a bottle-like
structure. Once the caveolae of the cell are detached from the
plasma membrane, they fuse with caveosomes. Caveosomes are
able to bypass lysosomes and protect the contents from degradation
by hydrolases and lysosomes. Therefore, pathogens including
viruses and bacteria are prevented from degrading by this route.
This strategy is also applied in nanomedicine because the cargo that
is mediated through the caveolae into the cell does not eventually
enter the lysosome.31,49

Macropinocytosis describes a process in which a large number
of fluid phases are engulfed by cells and in some cases, MNPs
and bacteria are also collectively engulfed. It was originally
described by Lewis as large phase-bright organelles originating
from plasma membrane (PM) ruffles.50,51 Macropinocytosis is
actin-driven and caused by membrane wrinkles produced by
growth factors or other signals, rather than cargoes. The
formation of membrane processes is controlled by the small
family Rho-GTPases and they fuse with the plasma membrane
to form a large cell body that can internalize the surrounding
extracellular fluid.31,51 A series of imaging techniques for
cultured cells and cells in the liver indicated that NP uptake
is dependent on macropinocytosis.52–54 The endocytic trans-
port mechanism of macropinocytosis is complex. For example,
lipid NPs stimulate macropinocytosis but this stimulation
depends on its initial clathrin-mediated endocytosis.55
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The fusion of cell membranes is the basic process of life,
being responsible for the highly regulated transport between
cells and intracellular molecules.56 In order to achieve fusion, it
is necessary to overcome the energy barrier during membrane
merging and subsequent membrane instability. However, the
process of membrane fusion requires less time and energy
compared to endocytosis.57,58 Currently, membrane-fused systems
and liposome-encapsulated drugs and genes are widely used in
both in vitro and in vivo delivery. In this case, the drug-loaded
carrier fuses with the cell membrane to deliver the drug directly
into the cytoplasm.59 Experimental studies have shown that the
fusion activation energy between cell membranes is much lower
than most predictions. This low energy value explains how to prevent
spontaneous fusion between cells but allows the intercellular sub-
stance to be delivered once the fusion-inducing protein is in place.60

In addition, there are other methods of phagocytosis, such
as clathrin/caveolae-independent endocytosis,31 CLIC/GEEC,61

and ARF6-dependent pathways.62 The phagocytic pathways
described above demonstrate some level of uncertainty as to
which is faster or more important, but it is important to high-
light that the difference in how the phagocytosis is achieved has
an impact on the extent of the outcome.

3.2. Effects of MNP elasticity on different phagocytic pathways

When investigating the causes behind phagocytosis differences,
researchers found that MNPs possessing non-identical elastic
properties phagocytize in different ways (see Table 2). In general,
harder MNPs are more likely to be endocytosed by cells compared
to softer ones, a situation that was observed in macrophages,
cancer cells or endothelial cells.12,63,64 However, there are also
some different phenomena due to which the internalization of
softer or intermediate elastic MNPs was found to take place with
more ease.14,65,66 In an experiment reported by Myerson et al., it
was shown that softer lysozyme–dextran nanogels can easily target
the plasmalemma vesicle associated protein (PLVAP) in the lungs
of mice, indicating the role of the elastic properties of the material
in optimizing the drug delivery vehicle.67 The identified reason was
that softer NPs are responsive to shear forces in the flow buffer and
are hence capable of deforming and elongating into a porous
environment (Fig. 2a and b). Therefore, in this experiment,
softer NPs were more likely to enter the cell through caveola-
mediated endocytosis.

Softer MNPs also induce different phagocytic pathways due
to changes in their shape. Liu et al. found that the softer
particles were more internalized and abundant in Hep G2
cancer cells using a HEMA hydrogel sphere with a size of about
1 mm and a bulk modulus of 16.7–155.7 kPa.68 On studying the
mechanism of phagocytosis (Fig. 2c), they observed that harder
particles rely on clathrin-mediated endocytosis and caveola-
mediated endocytosis, while softer particles rely on macropino-
cytosis.68 This may be due to the fact that the softer MNPs are
prone to deformation when they are in contact with the cells,
resulting in a larger radius of curvature of the particles from the
cellular point of view, thereby activating the phagocytic mode
of cells.

Another recent study addressing a mouse model of breast
cancer in situ found that tumor and normal cells have greater
uptake of softer nanolipogels (o1.6 MPa), when referring to a
defined period of time.69 In the same study, it was observed
that immune cells exhibit no significant difference in the uptake
of different elastic nanolipogels, compared to the tumour cells,
which favored the accumulation of the softest nanolipogels.
The researchers found that harder nanolipogels enter the
cell mainly through clathrin-mediated endocytosis methods,
while softer nanolipogels not only have a clathrin-mediated
approach, but also fuse cell membranes in a fast process that
requires less energy60 to enter the cells (Fig. 2d and e). This also
explains why the softest nanolipogels accumulate most at the
tumor site.

Furthermore, soft hydrogel NPs (B18 kPa) were introduced
into macrophages by means of macropinocytosis, and hard
(B211 kPa) NPs were internalized through clathrin-mediated
endocytosis mechanisms (Fig. 2f). NPs with an intermediate
value of the Young’s modulus (36 kPa) simultaneously exhibit
these two internalization methods (Fig. 2g). Reported experimental
results showed that the two internalization modes of such NPs
account for a higher probability for them to enter into macrophage
cells.15 It is well understood that the two internalization modes
tend to coexist, instead of a single mode. Therefore, NPs of
different materials and different elastic moduli can cause different
phagocytosis modes, which contain clathrin-mediated endo-
cytosis, caveola-mediated endocytosis, micropinocytosis and
cell membrane fusion. Different phagocytic pathways lead to
different degrees of internalization.

Table 2 Phagocytic pathways affected by the elastic properties of MNPs

Particle type Phagocytic pathways Cellular uptake results

HEMA hydrogel spheres
(900–1300 nm)

Hard (156 kPa): clathrin-mediated endocytosis and
caveolae-mediated endocytosis

Softer particles internalized faster and in higher amounts
in Hep G2 cancer cells68

Soft (15 kPa): micropinocytosis
Lysozyme–dextran nanogels
(150–300 nm)

Hard (8.47 MPa): not reported Softer NPs can pass through endothelial cells in blood
vessels to target PLVAP in the lungs67Soft (67.88 kPa): caveolae-mediated endocytosis

Nanolipogels (B100 nm) Hard (19 MPa): clathrin-mediated endocytosis Soft nanolipogels accumulated significantly more in
tumors69Soft (4.5 kPa): clathrin-mediated endocytosis and

membrane fusion
DEA–HEMA hydrogel spheres
(B170 nm)

Hard (211 kPa): clathrin-mediated endocytosis Intermediate elasticity NPs show highest cell uptake15

Intermediate (36 kPa): clathrin-mediated endocytosis
and macropinocytosis
Soft (18 kPa): micropinocytosis
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4. Effects of elasticity-induced shape
changes on phagocytosis

The effect of MNP shape on cell phagocytosis has been widely
discussed in earlier work.70,71 Owing to the fact that most of the
elastic MNPs synthesized for biomedical applications basically
exhibit a spherical shape, the shape of soft NPs is prone to
become ellipsoidal when they come in contact (or are coated)
with the cell membrane. Therefore, in the case of such particles
prone to shape modifications, the discussion on how their
elasticity influences the phagocytosis also has an important
component consisting of the particle shape influence on the
outcome of this process.72,73 A correct understanding of the
shape modifications that elastic MNPs exhibit during phagocytosis
is required to accurately comprehend the occurring uptake
differences. This section first discusses the effects of different
shapes of MNPs on cell phagocytosis, in particular of spheres
and ellipsoids, and later focuses on the effects of different
usually met shape deformations on the interaction between
MNPs and cells during this process.

4.1. Effect of MNP shape on cell phagocytosis

Spheres and ellipsoids represent the two most commonly met
shape models used to compare the effects of shape differences on
cellular phagocytosis. Ellipsoid shapes are in general obtained by

two fabrication methods: (i) by synthesis methods specifically
designed to result in the ellipsoidal shape74 and (ii) by mechanically
squeezing spherical MNPs.70 The effect of ellipsoidal shape on MNP
internalization has been carefully studied in several important
works, as discussed next.

In an earlier study, Paul et al. showed using real-time imaging
techniques that polystyrene ellipsoids are phagocytosed by
macrophages (RAW264.7) five times slower than spheres.75 In a
different study conducted by Doshi and Mitragotri, it was shown
that rod-shaped or ellipsoidal spherical particles of 2–3 mm (the
size range of common bacteria in nature) coated with mice IGg
exhibit a greater adhesion to the surface of macrophages com-
pared to spherical particles.76 At the same time, Sharma et al.
studied the behavior of endocytic spheroids, long ellipsoids, and
spheroidal particles in macrophages, and found that the order of
attachment to macrophages was oblong ellipsoid 4 oblate
ellipsoid 4 sphere. However, the degree of internalization after
attachment was found to have the following order: oblong 4
ellipsoid c sphere 4 long ellipsoid, indicating that (i) NP attach-
ment is an aspect of the phagocytic process; (ii) the order of NP
attachment does not determine the order of phagocytosis; and
(iii) the shape of the NPs alone affects cell attachment and inter-
nalization.77 However, Zhang et al. found that spherical NPs were
easier to be internalized by HeLa cells compared with ellipsoidal
(including oblate ellipsoidal and prolate ellipsoidal) NPs, but more

Fig. 2 Effects of MNP elasticity on different phagocytic pathways. (a) The geometry of caveolae limits PLVAP access for large rigid bodies. (b) Under mild
shear force, nanogels reshape the flexible particle, and nanogels were shown to successfully target PLVAP at the caveolar entrance in mouse lungs.
(c) Influence of pharmacological inhibitors on the uptake of different modulus hydrogel particles shows that harder particles rely on clathrin-mediated
endocytosis and caveola-mediated endocytosis, while softer particles rely on macropinocytosis. (d) Soft NLP-45 KPa entering the cell has one more
pathway: fusion as against Hard NLG-19 MPa (e). (f) The NPs of intermediate Young’s modulus have two internalization modes and enter into
macrophages the most. (a) and (b) adapted from Myerson et al. (2018). Copyright 2018 The Wiley-VCH. (c) adapted from Liu et al. (2012). Copyright 2012
Royal Society of Chemistry. (d) and (e) adapted from Guo et al. (2018). Copyright 2018 Springer Nature. (f) and (g) adapted from Banquy et al. (2009).
Copyright 2009 Royal Society of Chemistry.
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difficult to bind with the cell surface.78 Lu et al. also reported
that nanorods show reduced cellular uptake compared to nano-
spheres, and in contrast, the larger contact area of nanorods
resulted in greater membrane interaction.79

The uptake of ellipsoidal NPs has also been investigated in
the context of spherical polymer NPs by means of a mini-
emulsion, to achieve ellipsoidal polymer NPs having the same
volume but different aspect ratios.80 By qualitatively and quan-
titatively studying the uptake behaviors of spheres and aspheric
particles, it was found that the particles with ellipsoidal shape
exhibit lower efficiency of cellular uptake compared to their
spherical counterparts. An additional important finding of this
study is that a negative correlation exists between the aspect
ratio and the uptake rate, which was attributed to the larger
average radius of the non-spherical particles adsorbed by cells.

4.2. Effect of the deformation of elastic MNPs on phagocytosis

When the elastic MNPs of spherical shape are in contact with cells,
the softer MNPs are prone to becoming larger and ellipsoidal in
shape. This transformation from spherical to ellipsoidal shape is a
dynamic process, so the elasticity problem can better be described
as a shape effect (Table 3). Different outcomes of the cellular
uptake were considered to be dependent on shape, but it was
found that a similar shape does not guarantee the same results,
thus shape represents only a part of the contributing factors.70 For
example, in a study addressing the morphological transformation
of PEG-modified solid or hollow silica NPs (233 MPa and 47 MPa)
by MCF-7 cells, observed via transmission electron microscopy
(Fig. 3a), it was found that soft NPs, whose shapes were modified
from spherical to ellipsoidal, can enter MCF-7 cells more easily.81

For soft NPs, the observed cellular uptake was found to be 26 times
higher compared to harder NPs. However, other studies suggest
the contrary, which translates that a general rule cannot be
established, and that the problem is material specific. For
instance, Yu et al. found that medium-elastic PLGA core (lipid
shell) NPs (B50 MPa) demonstrated better mucosal and tumor-
penetrating abilities compared to their soft and hard counter-
parts compared to some synthetic mucus penetration particles
(MPPs).17 The internalization process, which was investigated

by molecular dynamics simulation and super-resolution micro-
scopy, revealed that the hard (B110 MPa) NPs could not be
deformed, while the excessively soft (B5 MPa) NPs deformed
extensively, which hindered cellular interaction (Fig. 3b). Such
discrepancies in the results of works addressing the problem of
NP deformation impact on cellular uptake suggest that the
occurring effect is not absolute. When soft NPs can be deformed
into ellipsoids, the deformation is favorable, but when the
shape change is large, the wrapping of the cell membrane
may be hindered. Previously, similar results were found in an
animal model, in an experiment that demonstrated that longer,
softer, and more flexible filomicelles are significantly less
internalized by macrophages compared to harder ones.82

Recently, Yu et al. found through super-resolution microscopy
and molecular dynamics simulations that liposomes become ellip-
tical near the phase transition temperature during diffusion in
biohydrogels, a temperature- and stiffness-mediated rapid transport
mechanism.83 They showed that liposomes undergo dramatic
changes in stiffness near the phase transition temperature, and
that liposomes with phase transition temperatures near body
temperature show enhanced cellular uptake in mucus (Fig. 3c). In
addition, small unilamellar vesicles with intermediate rigidity were
found to show better extratumoral matrix diffusion and multi-
cellular spheroid penetration and retention compared to their
harder or softer counterparts, which contributes to improving
tumor suppression.84 Liposomes with intermediate rigidity were
able to change to rod-like shapes in multicellular spheroids (MCSs),
enabling fast transport in tumor tissues (Fig. 3d). In contrast, stiff
liposomes hardly deformed, whereas the shapes of soft liposomes
changed irregularly, which slowed their MCS penetration. Hence, a
general rule cannot be established, and the problem is material
specific, but we can be sure that the shape changes of MNPs
definitely have an (intricate) influence on the cellular uptake.

5. Computational simulation analysis

Although experimental methods are very important for achieving a
clear understanding of the effects of elasticity on the internalization

Table 3 Effect of elasticity-induced shape changes on phagocytosis

Particle type Shape changes Cellular uptake results

Hollow periodic mesoporous
organosilica (B300 nm)

Spherical-to-oval morphology change The deformable hollow periodic mesoporous organosilica can
easily enter into MCF-7 cells, resulting in a 26-fold enhancement
in cellular uptake81

PLGA core–(lipid shell) NPs
(B200 nm)

Semi-elastic NPs deform into ellipsoids. In
contrast, rigid NPs cannot deform, and overly
soft NPs are impeded

Orally administered semi-elastic NPs efficiently overcome
multiple intestinal barriers, and lead to increased bioavail-
ability of doxorubicin (DOX) (up to 8 folds) compared to the
DOX solution17

Filomicelles (0.5–5 mm) Filomicelles were ten times longer than their
spherical counterparts

Under fluid flow conditions, spheres and short filomicelles
are more easily absorbed by cells than longer filaments82

Small unilamellar vesicles
(B100 nm)

The intermediate liposomes were able to
transform to a rod-like shape. In contrast, hard
liposomes hardly deformed, whereas soft
liposomes changed their shape irregularly

The intermediate liposomes stimulated fast transport, on the
contrary, hard and soft liposomes slowed their penetration in
tumor tissues84

Liposomes (B400 nm) Liposomes frequently deform into an ellipsoidal
shape near the phase transition temperature

Compared to those with higher or lower transition temperatures,
liposomes with transition temperature around body temperature
show enhanced cellular uptake in mucus-secreting epithelium
due to deformation83
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of NPs into cells and for assessing the actual results occurring in
reality, computational simulations are also very important. They
can explain from another perspective why elasticity can affect
the transport process of NPs. An illustrative example is the
landmark work of Yi et al., where both theoretical analysis and
molecular simulation were performed with respect to elastic
cylindrical (2D) or spherical particles (3D).85 The authors
selected several important parameters such as vesicle size,
adhesion energy, surface tension of the membrane, and the
bending stiffness ratio between the vesicle and the membrane
to study the degree of particle wrapping by the cell membrane.
They found that harder particles are easier to be completely
enclosed compared to softer particles. Furthermore, they argue
that because softer particles experience less energy changes
during wrapping, they may be more advantageous as complete
wrapping is not necessary (Fig. 4a). Other works dealing with
simulations reveal additional important aspects. For instance,
the difficulty in the internalization of softer NPs can be attrib-
uted to their ability to generate an additional energy barrier due
to deformation. In the work of Sun et al. (Fig. 4b and c), molecular
dynamics simulations were used to reproduce the internalization
of NPs into cells.64 In compliance with the Canham–Helfrich

framework,86 the authors first set a dimensionless parameter s,
and then mainly selected the principal curvatures of the membrane
surface, the angle tangent to the surface of the membrane, and the
rate of change of the membrane surface. It was found that the
harder NPs were not easily deformed, and could thus be completely
wrapped by the cell membrane. Conversely, softer NPs underwent
deformation during internalization, and could consequently enter
the cell, but not as easily as the harder NPs. In particular, the softer
NPs underwent a shape deformation from spherical to ellipsoidal
during internalization, which hinders the process; ellipsoidal NPs
require 30% more energy compared to spherical-coated NPs. This
further explains why harder non-deformable spherical NPs are
easier to internalize into cells.

In another study, the coarse-grained molecular dynamics
(CGMD) model was used to control energy changes in interactions
between NPs and cell membranes by employing key parameters
such as bonding, area, volume, and bending stiffness.87 Soft NPs
were found to be capable of adhering to, and diffusing into the
cell membrane at an early stage due to the low bending energy
(Fig. 4d and e). Therefore, in the early stage of film encapsulation,
the softer NPs were found to internalize at a faster rate. Also, the
elastic energy was found to modify significantly and the speed of

Fig. 3 Effect of the deformation of elastic NPs on phagocytosis. (a) TEM images of the uptake processes of organosilica nanocapsules by MCF-7 cells at
37 1C. Deformable mesoporous organosilica nanocapsules have a spherical-to-oval morphology change. (b) Snapshots and trajectories of NPs in rat
intestinal mucus, as imaged via Airyscan microscopy. Soft NPs deformed into irregular shapes (blue arrows). Semi-elastic NPs deformed into ellipsoids
(yellow arrows). Scale bars: 2 mm. (c) STED microscopy images showing the position and deformation of the liposomes in mucus. The corresponding 3D
schematic drawings in the panel (xyz-axis) are drawn below the STED images. (d) STED microscopy images showing in vitro liposome deformation and
movement in BxPC-3-HPSC MCS. Scale bars: 1 mm. (a) adapted from Teng et al. (2018). Copyright 2018 American Chemical Society. (b) adapted from
Yu et al. (2018). Copyright 2018 Springer Nature. (c) adapted from Yu et al. (2019). Copyright 2019 National Academy of Sciences. (d) adapted from
Dai et al. (2019). Copyright 2019 American Chemical Society.
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film wrapping was found to be reduced. On the other hand, the
study showed that the wrapping of harder NPs was much faster,
compared to softer NPs. The simulated calculation phenomenon
that the degree of internalization reverses with time is consistent
with the experimental results earlier reported by Alexander et al.63

The CGMD model was also used in a later study to assess the
receptor-mediated membrane encapsulation process of elastic NPs
with different sizes and shapes.88 The authors found that the
membrane encapsulation efficiency of elastic NPs is controlled by
the receptor recruitment speed and free energy barrier, and the
acceptor oligomerization rate is mainly determined by the receptor
diffusion flux between the NPs and the membrane. The length of
the contact edge and the free energy barrier were found to be
dependent on the free energy of the NP and the membrane. This
study also showed that softer spherical NPs are more difficult to
internalize due to deformation, while under the same bending
constant condition, the larger the size, the more difficult a
particle’s internalization becomes. More specifically, it was
found that for the same bending constant, in the mode in
which the tip is preferentially entered, the arrangement of the
encapsulation efficiency is oblate NP 4 spherical NP 4 prolate
NP (Fig. 4f). However, when the entry angle becomes a side-first
entry mode, the order of package efficiency is reversed. The
findings of this simulation may explain the contradictory

results obtained in the frame of the experiment addressing
the contact pattern of NPs with cells.

In a different work, Chen et al. developed a coarse-grained
model using two-dimensional triangulation and observed that
the elasticity and configuration deformation of NPs play important
roles in regulating the kinetics of endocytosis by a tensionless
membrane bilayer.89 They found that the uptake kinetics of
spherical and prolate NPs decreased by elasticity, however the
uptake kinetics of oblate NPs increased. Further analysis revealed
that the asymmetric morphology deformation decreases the mean
curvature of the NP edge, due to the membrane suppression of the
edge circumference. Furthermore, in the endocytic process of
oblate NPs, the breaking of NP symmetry curvature decreases
the active barrier and speeds up the reorientation step. How-
ever, this becomes an opposite effect in the endocytic process of
prolate NPs.

Whether using the MD model or CGMD model, calculations
can be very expensive and time consuming depending on the
range of considerations when considering many cellular structural
factors. Therefore, the current models available in the literature on
the cellular uptake of NPs are still limited, and more complex
computational simulation models need to be developed, bench-
marked, and integrated. Moreover, cell structure factors can greatly
improve the process of cellular uptake of NPs.

Fig. 4 Computational simulation analysis to investigate the internalization of elastic particles. (a) Schematic illustration of elastic particles wrapped by
the cell membrane with relevant angles and arc lengths, and several particle wrapping states. MD simulations show the difference between hard (b) and
soft (c) lipid particles that are internalized via the wrapping of the cell membrane as deformation influencing. The CGMD model shows the soft (d) and
hard (e) elastic NPs during the membrane wrapping process. (f) Wrapping time as a function of bending constant for oblate, prolate, and spherical NPs.
The arrangement of the encapsulation efficiency is oblate 4 spherical 4 prolate. (a) adapted from Yi et al. (2011). Copyright 2011 American Physical
Society. (b) and (c) adapted from Sun et al. (2015). Copyright 2015 The Wiley-VCH. (d) and (e) adapted from Shen et al. (2018). Copyright 2018 Royal
Society of Chemistry. (f) adapted from Shen et al. (2019). Copyright 2019 American Chemical Society.
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6. Summary and future perspectives

With the rapid development of nanotechnology, various classes
of MNPs are becoming widely used in the biomedical field. The
versatility in sizes, shapes, ligands, and types of such materials
provides great opportunities for biological and clinical applications.
However, their physical properties are also a cause of concern with
regard to their influence on particle–cell interactions, taking
cognizance of the key role of elasticity in drug delivery. Minutely
studying the mechanism of MNP elasticity on cellular inter-
action necessitates further studies on their biological effect in
order to design an appropriate scenario of the synthesis of
functional MNPs toward a specific demand. Considerable progress
has been recorded in understanding the interaction between
different MNPs and cells, but there are some aspects that have
not been addressed yet, which still need to be further unraveled.

Herein, we have summarized a series of results and conclusions
of recent experiments that focused on understanding elasticity and
its biological effect in the case of different types of MNPs, with
various surface coatings, and sizes. An important finding of past
performed work is that distinct elastic properties of MNPs with
various physicochemical parameters can induce different path-
ways of cell phagocytosis, which include the clathrin-mediated
phagocytosis, caveola-mediated phagocytosis, macropinocytosis,
and cell membrane fusion, hence the uptake extent of MNPs
depends on their elasticity modulus. In addition, upon phago-
cytosis, deformation of the MNPs occurs (especially in soft
particles), and such shape modifications influence their uptake
by cells. Micro and nano-sized systems behave very differently in
terms of their biological interactions with cells, so we compared
the results in one work, where all particles have similar physical
and chemical properties, except the elasticity. Because each
system uses different material types, sizes, and even shapes, it
is difficult to compare the cellular uptake results between
different systems directly. Furthermore, different computational
simulation models introduced to assess the interaction between
the deformation of MNPs and their cellular phagocytosis have
been discussed for the comparison of different elasticities. The
current models available in the literature on the cellular uptake
of MNPs are still limited, and more complex computational
simulation models need to be developed. First, it could be
understood that the underlying mechanisms of elasticity’s
influence on the cellular uptake effect is multifold, and the
correlation of many physicochemical parameters with elasticity
cannot be straightforwardly understood. The MNP models used
for the comparison did not have better defined properties that
consist of full complexity of non-standard materials. A key
limitation in better understanding the effects of MNPs’ elasticity
on their cellular uptake consists in the difficulty to change
individual physicochemical properties of the compared MNPs
while the others are kept constant. By precisely controlling the
physicochemical parameters of MNPs, the impact of elasticity
on the biological effect would be better investigated and more
easily analyzed. However, for the estimation of elasticity of MNPs,
the calculation range from Pa to GPa cannot be fully measured,
owing to difficulties in their synthesis. An effective method,

which can quantitatively measure the elastic modulus upon
phagocytosis in real time, is required to elucidate the exact
influence of this property on this process. In summary, this
review offers an overview of past work that demonstrated the
interrelationship that exists between MNPs’ elasticity and their
internalization in cells by different phagocytic pathways, high-
lighting the multitude of factors that are important to take into
account in this context.
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