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Understanding intracellular nanoparticle trafficking
fates through spatiotemporally resolved magnetic
nanoparticle recovery
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James A. Behan® * and Kenneth A. Dawson & *2

The field of nanomedicine has the potential to be a game-changer in global health, with possible applications
in prevention, diagnostics, and therapeutics. However, despite extensive research focus and funding, the
forecasted explosion of novel nanomedicines is yet to materialize. We believe that clinical translation is
ultimately hampered by a lack of understanding of how nanoparticles really interact with biological
systems. When placed in a biological environment, nanoparticles adsorb a biomolecular layer that defines
their biological identity. The challenge for bionanoscience is therefore to understand the evolution of the
interactions of the nanoparticle—biomolecules complex as the nanoparticle is trafficked through the
intracellular environment. However, to progress on this route, scientists face major challenges associated
with isolation of specific intracellular compartments for analysis, complicated by the diversity of trafficking
events happening simultaneously and the lack of synchronization between individual events. In this
perspective article, we reflect on how magnetic nanoparticles can help to tackle some of these challenges
as part of an overall workflow and act as a useful platform to investigate the bionano interactions within
the cell that contribute to this nanoscale decision making. We discuss both established and emerging
techniques for the magnetic extraction of nanoparticles and how they can potentially be used as tools to
study the intracellular journey of nanomaterials inside the cell, and their potential to probe nanoscale
decision-making events. We outline the inherent limitations of these techniques when investigating
particular bio-nano interactions along with proposed strategies to improve both specificity and resolution.
We conclude by describing how the integration of magnetic nanoparticle recovery with sophisticated
analysis at the single-particle level could be applied to resolve key questions for this field in the future.
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1. Introduction

Nanoparticles (NPs) are promising tools for many biomedical
applications including diagnostics, drug delivery and as treat-
ment agents."™ An enormous effort has been made to take
advantage of the unique features of NPs to enhance drug effi-
ciency by designing and synthesizing a number of delivery
systems,® with the objective of delivering therapeutics exclu-
sively to the target tissue.” However, despite these endeavors
and the considerable resources invested, the current state-of-
the-art NP-based therapies show a low delivery efficiency,® and
only a few specific NP-based formulations are currently FDA
approved and available on the market.”

From the moment of administration, nanomedicine delivery
efficiency involves a multitude of complex factors pertaining to
in vivo transport and biodistribution. One of the most impor-
tant factors contributing to low delivery efficiency arises from
the interaction of NPs with complex biological milieu: it is now
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widely accepted that the suspension of NPs in biological fluids
results in the formation of an adsorbed layer of biomolecules
known as the biomolecular corona.® The composition of this
corona and the spatial orientation of the biomolecules that
comprise it are both critical parameters in the cell-NP recogni-
tion process,” as particular protein motifs exposed on the
surface are recognized by cell membrane receptors.” Alter-
ations in the organization of the corona - for example, due to
pre-incubation of NPs with different serum concentrations'* or
with specific individual proteins** - is known to influence cell
uptake.™ Hence, irrespective of the biological identity imparted
to a NP-based therapy through the attachment of targeting
ligands or biomolecules, consequent NP internalization
depends on the nature of the biomolecular corona formed in
situ. Moreover, once formed, the composition of the biomo-
lecular corona changes dynamically through constant desorp-
tion and adsorption depending on the biomolecular
environment encountered as the NP is trafficked through the
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cell,****> which has been shown to result in divergent intracel-
lular sorting outcomes depending on the presence of organelle-
specific proteins introduced into the NP-corona.'® Additionally,
since protein exchange kinetics can last hours, the NP corona
also retains the memory of the environment to which the NPs
have been exposed. This memory is what we will refer to as the
‘biomolecular barcode’ in this article.

The overwhelming outcome of corona formation for nano-
medicine is a lack of both targeting specificity and signaling
clarity for the targeted cell. In the majority of cases, this leads to
the segregation of NPs after cell uptake within certain cyto-
plasmic compartments, particularly within the endolysosomal
pathway."” ™ Interestingly, a minor population of NPs do not
follow this traditional intracellular route'® but are instead diver-
ted down alternative trafficking pathways. The initiator of these
alternative pathways remains unknown, and the rarity and
transient nature of these events make their study challenging, as
they are buried in the complexity of the bulk analysis of the cell
mechanisms, which can only reveal the dominant routes. More-
over, the in situ study of intracellular events is complicated by the
difficulty in accessing intracellular compartments.

Magnetic nanoparticles (MNPs) compose a subclass of NPs
that is the subject of intense research, in particular within the
field of nanomedicine.”>* They have properties which are
amenable to a variety of applications, such as magnetic reso-
nance imaging (MRI),*>* targeted hyper-thermic treatment of
tumours,****?* site-specific-drug delivery and in-cell manipula-
tion through the application of external magnetic fields.
However, here we will not focus on applications of MNPs in
nanomedicine, but we will instead reflect on how MNPs, once
integrated into an overall workflow, can offer a potential plat-
form to elucidate intracellular trafficking events, which is
crucial for nanomedicine applications. Indeed, the magnetic
nature of MNPs provides the potential to selectively recover the
NPs from their intracellular environment® to allow a more
detailed analysis than is possible with non-magnetic internal-
ized NPs. In principle, by exploiting magnetic extraction at
different times in the intracellular trafficking process, it is
possible to recover and translate the biomolecular barcode into
an understanding of the trafficking lineage of the nanoparticle
through multiple intracellular vesicles, unravelling alterations
in the corona which redirect the NPs to rarer trafficking
pathways.

We believe that applying selective MNP-based extraction
techniques will provide the capacity to investigate rare NP
trafficking events and understand the mechanisms responsible
for divergent NP sorting. This knowledge in turn will enable the
development of targeted nanomedicines capable of avoiding
the lysosomal pathway. In this article we provide an overview of
the application of MNPs in the study of intracellular bionano
interactions; we introduce the fundamentals underlying MNP-
based extraction as well as emerging technologies that exploit
magnetic properties for this purpose. We then describe the
challenges inherent to the task of achieving spatiotemporal
resolution in the extraction, including issues in the recovery of
pure subpopulations and sample contamination, both of which
may bias downstream analyses. Finally, we emphasize the need

© 2021 The Author(s). Published by the Royal Society of Chemistry
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for single particle analysis in order to deal with the complex
heterogeneity of the events happening in the cell. Some low-
throughput techniques such as electron microscopy combined
with immunostaining already allow for single nanoparticle
characterization. However, we argue that a move towards a high
throughput and high dimensional analysis workflow at the level
of individual extracted NPs will afford the best chance for the
field to unravel the precise intracellular bionano interactions
governing intracellular trafficking decisions.

2. Magnetic isolation of nanoparticles
from intracellular compartments

Magnetic separation using commercially available micro- or
nanoparticles (the mechanism of which is depicted in Fig. 1a) is
one of the most common techniques used in targeted biological
extractions**** and has also shown promise in the isolation of
cellular organelles.” It offers clear advantages versus alternative
techniques (e.g. centrifuge-based techniques), such as the
ability to distinguish between organelle sub-populations that
share similar buoyancy,* no requirement for expensive equip-
ment such as ultracentrifuges, and time efficiency, especially
when working with large sample volumes.*® Magnetic separa-
tion can provide samples enriched in specific organelles, such
as mitochondria®** and lysosomes,*” with good yields and purity,
often superior to those provided by centrifuge-based tech-
niques. However, the lack of a standardized procedure for
magnetic separation itself and differences in sample processing
(e.g. lysis procedures) can lead to contradictory results.**
Furthermore, due to the small size of the species involved, the
magnetic separation of sub-cellular species requires the use of
high magnetic field gradients that can become a source of
contamination and mechanical damage, such as vesicle rupture
or object compaction (Fig. 1b).>>**

Other techniques have been developed for the isolation of
organelles, such as fluorescence-assisted organelle sorting
(FAOS)** and free-flow electrophoresis,*** but these lead to
high levels of cross contamination.*” By contrast, magnetic
separation techniques, such as immunoprecipitation with
magnetic beads, allow for the rapid and targeted isolation of
organelles with high purity*® while remaining fully compatible
with downstream analysis.

In short, despite some limitations to which we have just
alluded and will discuss in more detail in the following section,
magnetic separation currently provides a significant route for
the isolation and identification of ultra-rare species in biology,
due to its capacity for processing larger volumes of samples and
because of its targeting versatility: any species can be targeted
for magnetic extraction as long as it can be labelled, internally
or externally, with MNPs and other constructs.

2.1. Principles of magnetic extraction

Every material possesses magnetic properties, so the term
“magnetic nanoparticles” is not in itself a precise definition.
Depending mainly on their electronic configuration, a dia- or
paramagnetic material will respond weakly to a magnetic field,

Nanoscale Adv, 2021, 3, 2397-2410 | 2399
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Fig.1 Magnetic extraction system and limitations. (a) Illustration of the principle of magnetic extraction using a simple bar magnet. MNPs and
MNPs with biomolecular corona or internalized within vesicles are selectively attracted toward the magnet by a force (the red vector size is
a representation of the magnetic force) in relation to the magnetic field gradient and particles size, as discussed in the main text. (b) Common
issues affecting magnetic separation: (i) vesicles/biomolecules not related to the MNP are extracted due to adsorption; (i) diverse populations
with different vesicles/coronas are all extracted simultaneously in bulk, reducing resolution and implying that downstream analysis is invariably an
average, and prolonged exposure to large forces at the wall may damage vesicles; (iii) ruptured or damaged vesicles during lysis may not be
extracted; (iv) particles may not be captured in the timescale of the experiment depending on their distance from the magnet and their size; and
(v) MNPs may pick up or adsorb materials during the extraction process which do not reflect their intracellular trafficking pathway and so the
results obtained are misleading. (c) Different magnet geometries showing (i) a quadrupole, (ii) a circular Halbach array generating an hexapole and
(iii) combination of different Halbach arrays forming concentric quadrupoles. (d) Schematic representation of FFF separation in normal mode.
Parts c (i) and c (ii) of this figure were simulated using Finite Element Method Magnetics®*® based on ref. 37 and 38. Part c (iii) reprinted from O.
Baun and P. Blumler, Permanent magnet system to guide superparamagnetic particles, Journal of Magnetism and Magnetic Materials, 439, 294—
304,*° Copyright (2017), with permission from Elsevier.

whereas a ferro- or ferrimagnetic material will respond strongly
to it. However, it is commonly understood that “magnetic
material”, and by extension, “magnetic nanoparticle” refers to
the second category, and that is what we refer to in this article.
The migration of suspended MNPs and other nanomaterials in
a fluid in the presence of a magnetic field is known as magne-
tophoresis. Here we will restrict our discussion to super-
paramagnetic materials under typical conditions for the
extraction of biological samples such as vesicles, viz. MNPs
possessing a single magnetic domain, above the blocking
temperature. For discussions of paramagnets and other weakly-
magnetic materials, the reader is directed to other excellent
review articles and monographs on the subject.***”

2400 | Nanoscale Adv., 2021, 3, 2397-2410

Under the ascribed conditions, the mobility of a MNP
induced by a magnetic field depends on the net magnetic force,
F,,, exerted on the particle which can be approximated as:***°

Fo= 22 (x ~ x5) (B x V)B 0
Ho

where bold type represents vector quantities. B is the local
magnetic field measured at the particle centre, u, is the
permeability of free space (47 x 10’ T mA™'), V,, is the volume
of the particle (m?), and X, and x; refer to the magnetic
susceptibility of the nanoparticle and of the surrounding fluid,
respectively. The factor (B x V)B corresponds to the magnetic
field intensity and the magnetic gradient employed in the
magnetic extraction setup, which may be optimized through the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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innovative application of different magnet geometries and
organisations, as discussed in the following section. The
remaining parameters - particle volume and susceptibility with
respect to the medium - are properties of the MNP and the
surrounding fluid, forming the basis for MNP separation from
non-magnetic milieu and the relative separation of different
MNP populations from one another (Fig. 1a). Advancement in
the synthesis of magnetic materials means that the size and
shape of MNPs can now be easily tuned and NPs can be doped
with different metals (Co, Zn etc.) to increase their suscepti-
bility.**>* However, it is important in the case of in situ bio-
logical applications to keep in mind the biocompatibility of the
materials. Since Fy, as described by eqn (1) depends on both the
susceptibilities of the MNP and of the medium, the largest
magnetophoretic force can be attained for MNPs with high x
values, as is the case for superparamagnetic materials.

The motion of a particle undergoing magnetophoresis
within a fluid is opposed by drag forces. Supposing the
magnetic particle is spherical, and the fluid flow is laminar, the
viscous drag force F4 experienced is given by the Stokes' law:**

Fyq = 3mtndyy, (2)

Here 7 is the fluid viscosity, d}, the hydrodynamic diameter of
the particle and v, the particle’s magnetophoretic (terminal)
velocity. The MNP may also experience other forces; for
instance, for ultrasmall NPs in low magnetic field conditions,
Brownian forces may be of significant enough magnitude to
invalidate the application of eqn (1), whilst for larger micro-
particles, gravitational/buoyant forces and flow-induced lift
forces will eventually be important enough to compete with or
overwhelm magnetic/drag forces.”*® Assuming magneto-
phoretic conditions are such that these forces (and any complex
interparticle interactions) may be neglected, an equilibrium
between magnetic and drag forces described by eqn (1) and (2)
is established, and the magnetophoretic velocity (vs) of the
particle can be approximated as:

b — th (Xp - Xf)(B x V)B
’ 18uon

(3)

Rapid and effective magnetic separation is of particular
importance in vesicle extraction because these structures have
limited lifetimes in non-physiological conditions and are
susceptible to damage from both mechanical and thermal
stress. Examining eqn (3), it is clear that the recovery time is
inversely proportional to vs, and hence to the magnetic field
gradient. It is possible to increase the gradient of the magnetic
field by assembling several permanent magnets in precise
geometries such as quadrupoles,®”*® Halbach arrays***” and
their combinations® (Fig. 1c).

Another alternative for increasing the magnetic field exerted by
permanent magnets, is by employing columns loaded with beads
or wires with a high magnetic permeability that can generate local
high magnetic field gradients within the column - so-called
‘magnetic chromatography’.***** An example of this approach
is found in many commercial products such as MACS

© 2021 The Author(s). Published by the Royal Society of Chemistry
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separators.®®®* Different magnet arrangements have been
successfully exploited for the separation of magnetically tagged
cells,’”®* viruses,® DNA®* and subcellular fractions from cell
lysate such as mitochondria,*® exosomes®” and endocytic
organelles.>>*

2.1.1 Limitations in the magnetic extraction of vesicles
with conventional techniques. The simple approach to magnetic
extraction we have described above can be summarized as the
magnetophoretic extraction of superparamagnetic particles asso-
ciated, specifically or otherwise, with the biological sample of
interest using large, permanent magnets. This approach has
several inherent limitations which must be overcome in order for
the technique to be properly applied in studies of intracellular
trafficking. Some of these challenges have already been illustrated
schematically in Fig. 1b, though we stress that our list is not
exhaustive. Contamination is often a problem, especially for
subcellular fractions,* since during the extraction the magnetic
carrier can also ‘drag along’ undesirable adsorbates. This issue
might be solved by iterating the extraction procedure, but this
approach lengthens the time required for processing the sample
and is not guaranteed to remove such contamination. Consid-
ering eqn (3), magnetic recovery requires longer time periods for
particles far from the magnet compared to those closer to it.
While this aspect could be mitigated through the choice of
magnetic geometry and positioning, MNPs are nonetheless
present as a distribution of different sizes, and in biological
milieu delicate structures composed of loose aggregates of parti-
cles or vesicles with numerous internalized MNPs may also exist,
all of which will experience different magnitudes of magnetic and
drag forces according to differences in surface modification,
aggregation state and effective hydrodynamic volume.*

As a result, some magnetic species may spend significantly
more time accumulated on the wall of the test tube or the
surface of a magnetic bead under the influence of a high
magnetic gradient, risking damage to biological structures and
potential distortion of results due to the aggregation of distinct
subpopulations into clusters. Immunoprobe extractions with
MNPs may alleviate this issue somewhat, since they typically
have specific biological targets which may not be present in
sufficiently large concentrations to form significant aggregates.
However, even in this more restricted case, magnetic probes will
target multiple subpopulations that share common targets. Due
to these limitations, magnetic extraction as currently employed
is an effective technique for separating magnetic materials from
a diamagnetic milieu but lacks discriminatory power between
magnetic subpopulations. Such subpopulations may possess
extraordinarily divergent biological identities despite apparent
similarities in magnetophoretic behaviour, and as such the
refinement of the magnetic separation based on characteristics
intrinsic to a given population, such as particle size, density, or
the presence of specific patterns of receptors, is highly desir-
able. Despite the limitations just described, magnetic separa-
tion techniques are still in many ways superior to
centrifugation-based techniques in terms of their selectivity
and level of contamination. Moreover, as described in the
following section, there are novel techniques for magnetic
separation in flow which may help to mitigate these issues.

Nanoscale Adv., 2021, 3, 2397-2410 | 2401
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2.2 New techniques exploiting magnetism in extraction

2.2.1 Magnetic field flow fractionation. The issues of
aggregation and resolution of populations just described are
inherent in ‘batch’ magnetophoresis but may be addressed
through the well-established use of continuous flow methods in
microfluidic devices.”*”® While undoubtedly more complex (and
therefore more costly) than static magnetic extractions, the
approach in principle allows for MNP separation and fraction-
ation as a continuous process amenable to even very small or
dilute samples. These systems may easily be coupled to in situ
detection and analysis techniques downstream, including spec-
troscopic and light scattering methods, which within the current
limits enables subpopulation detection at the distribution level,
i.e. of fractions consisting of subpopulations with lower poly-
dispersity than the injected sample. The technique - magnetic
field flow fractionation (mFFF) is a subclass of field flow frac-
tionation (FFF) (see Fig. 1d), a versatile flow separation technique
widely applied in the separation of NPs, macromolecules, and
polymers.””>”® The basic principle exploits the laminar, para-
bolic flow of a fluid suspension in conjunction with a field
perpendicular to the direction of flow, to partition NPs by size.

The degree of fractionation can be understood in terms of
the retention or accumulation of MNPs, as described by:"

I = (4d) ( :Zz) 2 4)

Here d is the particle diameter, u is the magnetic permeability
and AH is the drop off in magnetic field strength across the
channel. /is a parameter that describes the centre of gravity of the
particle distribution across the channel (depicted in Fig. 1d).
Particles that interact weakly with the applied magnetic field
show larger values of I, which corresponds to shorter retention
times. It is clear from eqn (4) that magnetophoresis applied in
FFF also separates MNPs on the basis of size, magnetic properties
and applied field strength.”®”” As with magnetic chromatography,
non-magnetic particles and surrounding biological materials in
the sample milieu are separated from MNPs, as they show no
retention in the magnetic field. The principal advantage of FFF is
its efficacy in the gentle partitioning of MNP subpopulations in
flow, even when starting from a relatively polydisperse colloidal
sample. Particle separation may be accomplished on the basis of
both differences in particle susceptibility and size, even where
these differences are subtle.”®

However, subpopulations with profound differences in their
biological identity will nevertheless exist due to variations in
intracellular trafficking history, even among fractionated MNP
samples with comparable size and magnetic moment isolated from
biological milieu. Identification and isolation of these subpopula-
tions is within the purview of FFF and related techniques.

For non-magnetic NPs, asymmetric FFF (aFFF) and other
flow-based techniques have been successfully employed in the
gentle, size-based fractionation even of delicate biological
samples, such as extracellular vesicles and exomeres.” In
addition, sedimentation FFF (sFFF), which employs centrifugal
forces, introduces density as a variable in NP separation as well
as size, allowing for particles with similar size but different

2402 | Nanoscale Adv, 2021, 3, 2397-2410
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densities to be separated. Here we mention these techniques in
the context of ‘hyphenation’ with mFFF, where two or more of
the techniques are run in series. This may be considered as the
‘flow’ analogue of the combination of different batch tech-
niques, such as centrifugation followed by magnetic extraction,
to achieve a higher degree of sample purity. In principle, the
hyphenated approach enables a more refined multi-variable
subpopulation fractionation on the basis of subtle differences
in susceptibility, density, size, and shape. Indeed, hyphenation
of asymmetric FFF with single-particle inductively-coupled
mass spectrometry (sp-ICPMS) enables subpopulations of
metal NPs to be quantified on a particle-by-particle basis. We
envision that refined MNP separation by FFF and related tech-
niques may be coupled with downstream analysis techniques,
including multiplex epitope mapping (discussed below),
allowing quantitative subpopulations identified on the basis of
physicochemical parameters to be associated with a particular
biological identity.

2.2.2 Magnetic tweezers. So far, we have limited the
discussion in this article to strategies for bulk extraction of
magnetic subpopulations, which are, on the whole, well devel-
oped techniques. However, there are few if any established
systems that potentially allow for the extraction of single
intracellular magnetic particles, even though these would
revolutionize the field. To date, the manipulation at the single
nanoparticle level has been realized through techniques such as
magnetic tweezers, which have been used to study biome-
chanical forces and bionano interactions (inside cells)**** of
magnetic particles after internalization by endocytosis or
microinjection into the cytoplasm.®* The control of a magnetic
sub-micrometre sized magnetic bead within a single cell using
multipole magnetic tweezers in real time using confocal
microscopy has recently been demonstrated,® and illustrates
the future potential for this toolset in the field of single vesicle
manipulation and separation: extremely rare endocytic events
could be isolated and analyzed individually.

3. Challenges associated with the
unravelling of bionano interactions
with magnetic nanoparticles

3.1 Maintaining the biomolecular integrity of isolated
samples

It is important to remember that the purpose of the magnetic
separation of the particles from the cell environment is not to
collect a material, but to isolate particles associated with indi-
vidual trafficking events whilst preserving the biomolecular
traces associated with their intracellular environment. Hence,
disturbances during extraction and isolation steps must be
minimized or, when unavoidable, taken into consideration in
the analysis of results. Apart from potential mechanical damage
incurred during the extraction, most of this interference comes
from the inevitable environmental changes happening during
the cell lysis or during the extraction itself. Cell lysis induces the
release of massive amounts of biomolecules, organelles and cell
debris that contained in separate
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compartments, all of which have the capacity to adsorb non-
specifically onto MNPs or MNP-vesicles of interest. Such inter-
ference can be minimized through a two-stage approach:
initially, by applying an appropriate cell-lysis technique prior to
magnetic extraction, and then following this by careful washing
and handling of the sample post-extraction.

Cell lysis procedures for magnetic extraction experiments
must reach a balance between incomplete lysis and excessive
lysis. Incomplete or partial lysis will leave some intact, whole
cells which will be potentially magnetically extracted with the
sample of interest. While harsh lysis conditions can induce
excessive damage to the lipid membranes of intracellular vesi-
cles, resulting in damage to samples and absorption from
surrounding cellular debris. Ideal cell lysis should break only
the plasma membrane, releasing the cellular contents
untouched and allowing for extraction of intact compartments
containing MNPs free from contaminating biomolecules. Time
is also an important factor as rapid lysis methods limit damage
caused by protease and phosphatase enzymes and changes to
the native state of vesicles. Although an old technique,
homogenization of osmotically swollen cells remains one of the
preferred methods of cell disruption for downstream vesicle
analysis as it is gentle, can lyse large volumes rapidly, and
requires often standard buffer components and equipment.
This technique also presents the strong advantage of avoiding
the use of detergents usually used in alternative lysis methods
in order to compensate for the need for large mechanical forces
to break cells. The use of detergent during the lysis would
damage the integrity of vesicle membranes and would also limit
downstream analysis.

Following magnetic extraction of nanoparticle-containing
compartments, careful washing of samples must be carried
out to remove contaminating biomolecules. However, even
when care is taken, any approach is liable to result in the loss of
weakly interacting partners. Both cell lysis and/or extraction
and washing induce a consequent dilution and equilibrium
displacement on objects of interest and their interacting part-
ners which can lead to their dissociation. A compromise
between sample purity and loss of information must be
accepted. Limiting sample damage and losses throughout the
steps has heightened importance once dealing with single
object analysis. Indeed, while bulk analysis of sample pop-
ulations can withstand losses and partial damage without
jeopardizing the results, with single event analysis even small
losses and damage to biomolecules from samples will critically
alter the result of the populations based on the result of omics
analysis.

Newer microfluidic and lysis-on-a-chip style approaches are
being investigated for cell lysis, but the methods employed are
often better suited for nucleic acid or protein extraction as they
are low throughput, expensive, and challenging to fabricate,
and can damage vesicular membranes in the lysis process. Any
application would require extensive optimization for subcel-
lular compartment analysis to be reliably achieved.®** There are
potential applications for these emerging techniques down-
stream of vesicle extraction, for the rupturing of the vesicle
membrane for MNP release and subsequent intracellular
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corona studies. If incorporated with additional functionalities
that could analyse or sort single NPs and vesicles at small
volumes, they could become crucial aspects in single NP corona
analysis.

3.2 Challenges associated with the complex population
heterogeneity of intracellular nanoparticles

As we have described in the introduction to this article, the
endolysosomal pathway is the dominant trafficking route for
MNPs in cells* but small subpopulations have been observed to
be sorted to other cellular compartments such as the Golgi,*
and endoplasmic reticulum (ER),*” or to undergo exocytosis
from the cell.®® The heterogeneity in behavior between indi-
vidual NPs begins at the plasma membrane, where even single
suspensions of NPs are internalized by different uptake
processes and at varying rates (Fig. 2a, top panel). This initial
disparity within the population is the result of the differences by
which the cell ‘sees’ individual coronas based not only on their
biomolecular composition, but also on how the NP is orientated
for interaction with cell surface rece