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Abstract

Particle tracking is an invaluable technique to extract quantitative and qualitative information
regarding the transport of nanomaterials through complex biological environments. This technique
can be used to probe the dynamic behavior of nanoparticles as they interact with and navigate
through intra- and extra-cellular barriers. In this article, we focus on the recent developments in
the application of particle-tracking technology to nanomedicine, including the study of synthetic
and virus-based materials designed for gene and drug delivery. Specifically, we cover research
where mean square displacements of nanomaterial transport were explicitly determined in order to
quantitatively assess the transport of nanoparticles through biological environments. Particle-
tracking experiments can provide important insights that may help guide the design of more
intelligent and effective diagnostic and therapeutic nanoparticles.
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The ability to navigate intra- and extra-cellular barriers successfully is critical if
nanoparticles (NPs) are to achieve diagnostic and/or therapeutic goals. This is no trivial task.
The complex biological environments NPs must travel through are full of steric and
adhesive obstacles that can severely limit effective targeting and delivery. NPs do not
always behave as expected, owing to nanoscopic interactions that are not detected at the
macroscopic level. Investigative tools to probe the behavior of NPs at the length scale of the
particles may unveil important information that can be used to improve the design of
engineered nanomaterials.

Quantitative particle tracking is one such technique. With particle tracking, transport
properties of individual particles (or aggregates of particles depending on the colloidal
status) can be extracted with high resolution. Quantitative parameters, such as diffusivity
and velocity, and qualitative parameters, such as mode and directionality of transport, can be
obtained for each NP. From such information, much insight can be attained regarding the
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biophysics characterizing the transport of nanomaterials through the complex intra- and
extra-cellular environments. The dynamics of NP transport and their interaction with cellular
or tissue components can be quantified in a simple, direct manner.

The experiment workflow for particle tracking is shown in Figure 1. Some nanomaterials,
such as single-walled carbon nanotubes (SWNTS), exhibit intrinsic fluorescence that can be
used for imaging. NPs lacking intrinsic fluorescence are first labeled and then added to
either cells or extracellular models. A fluorescence/confocal microscope is used to capture
high-resolution movies documenting the transport of NPs through the respective biological
environments. Using commercially available, free or custom software, the movies are
analyzed to extract x and y positional data over time. The obtained trajectories can be
visually inspected for qualitative information regarding NP transport, and the positional data
is used to calculate mean square displacement (MSD). In most cases, the optical slice of an
image is much smaller than its x-y dimensions; therefore, the tracked particle movement can
be simplified as 2D. MSD in two dimensions of a given trajectory of x,y coordinates is
defined as [1]:

N-n
1 2
MSD(r):MSD(nAt):EZ[(.xi+,, — %)+ ien — yi)’]

where x; and y; are the positions for each time point indicated by i, N is the total number of
frames (or points of a trajectory), At is time between frames, and n is number of time
intervals. Based on MSD versus t relationships, particle motion can be classified into four
transport modes [2-4]:

e Normal diffusion (diffusion mode):

MSD=4Dt

» Anomalous diffusion (hindered mode):

MSD=4Dt"

» Directed motion with diffusion (active transport mode):

MSD=4Dt+v*

»  Corralled diffusion (confined diffusion mode):

MSD = C[1 — Ajexp(—4A2Dt/C))

where D is the microscopic diffusion coefficient (o < 1), v is the velocity, C is the
corral size, and A; and A, are constants determined by the corral geometry. Readers
are directed to reviews elsewhere for a more in-depth description of particle-
tracking technology [3-7].

In this article, we present contemporary research that applies particle-tracking technology to
the study of synthetic and virus-based materials specifically designed for nanomedicine
(Tables 1 & 2). We focus on primary reports that have quantified NP transport through the
determination of MSD - the basic requirement for particle-tracking technology. The studies
presented in this article help the nanomedicine community understand the behavior and
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transport mechanisms of engineered NPs, and provide a quantitative means for investigating
the effects of NP physicochemical properties on transport through biological environments.
Such insights can profoundly impact the way nanomaterials are designed for biomedical
applications.

Intracellular transport of synthetic NPs

Investigation of NP intracellular transport encompasses identifying endocytic pathways,
quantifying transport rates and recognizing transport modes. This information can be used to
pinpoint rate-limiting steps to intracellular NP delivery, which in turn will highlight ways to
improve delivery efficiency. Towards this goal, the intracellular transport of a number of
nanomaterials, including polyethylenimine (PEI), polystyrene (PS), carbon nanotubes, lipid/
quantum dot polyplexes, magnetic NPs and nanodiamonds has been investigated with
particle tracking.

Particle tracking has revealed important quantitative information regarding the cellular
bottlenecks to gene delivery with synthetic vectors. The first nanomaterial to be studied with
particle tracking was PEI, a cationic polymer used for its ability to condense negatively
charged DNA [8] and mediate gene delivery [9-12]. In the study by Suh et al., the
subcellular transport of PEI NPs was studied in live cells. The average size of the PEI NPs
in this study was 156 nm [13,14]. Using real-time particle tracking, PEI/DNA
nanocomplexes were shown to efficiently transport to the perinuclear region in a
microtubule-dependent manner, suggesting that cytoplasmic transport of these NPs is not
rate limiting. Therefore, efforts to improve cytoplasmic transport are not necessary for PEI/
DNA complexes. Bausinger et al. investigated the transport of PEI NPs from surface
binding to cell division [15]. They concluded that PEI/DNA complexes are engulfed by the
cell membrane, and molecular motors then facilitate the active transport of PEl NP-
containing vesicles along microtubules. During mitosis, polyplexes are associated with
movement along microtublues of the spindle apparatus with a speed corresponding to motor
proteins. de Bruin showed that targeting PEI NPs via attachment of EGF ligands speeds up
their internalization compared with unmodified controls [16]. The uptake of NPs was
classified into three phases, and phase 1 — involving particle internalization — was shortened,
based on the fraction of particles that were able to move into the cell before all outside
particles were quenched. Thus, conjugation of bioactive ligands may improve the rate of
endocytosis in addition to benefits regarding target specificity.

Nanoparticles internalized by endocytosis can also undergo exocytosis as a mechanism by
which a cell clears these exogenous materials. Particle tracking offers the capability of
measuring rates of NP exocytosis in combination with endocytosis. A potential drug and
gene delivery vector, SWNTSs, have been investigated on this subject by Jin et al. [2].
SWNTSs have a high aspect ratio and may potentially be able to deliver multiple genes to
cells more efficiently. The average size of the SWNTSs in this study was 1.6 nm in diameter.
Over 10,000 trajectories of DNA-wrapped SWNTs were captured and endocytosis,
intracellular trafficking and exocytosis of SWNTSs were identified in NIH-3T3 cells. The
authors concluded that the rates of endocytosis and exocytosis were regulated by the cell to
keep the intracellular concentration of NPs below cytotoxic levels.

Not all types of NPs exhibit active transport behavior in cells; some are immobilized or
slowed down in certain cellular compartments. Furthermore, endosomal escape of NPs has
been observed to be a difficult barrier for intracellular delivery. Nanodiamonds with a
doped-color center and with low cytotoxicity are being investigated as an alternative NP for
live-cell imaging owing to their luminescent properties. Neugart et al. studied the dynamic
behavior of 50-nm nanodiamonds in living cells [17]. When incubated with HeLa cells for 3
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h, 60% of nanodiamonds interact with the cells, but only 10% are internalized. The
nanodiamonds are seen distributed uniformly inside cells and are immobilized in the
endosomal pathway. By attaching subcellular targeting ligands to the nanodiamonds, the
intracellular distribution of the particles can potentially be altered allowing for the imaging
of other subcellular structures. Other nanomaterials investigated with particle tracking
include magnetic NPs [18] and quantum dots. Tetramethylrhodamine-labeled iron oxide
magnetic particles complexed with Cy5-labeled DNA and cationic lipid were found to have
similar internalization dynamics and intracellular behavior as PEI [16]. The endosomal
release of complexes takes as long as 24 h, suggesting this barrier is rate-limiting. In
Gopalakrishnan et al., researchers performed particle tracking on quantum dots that were
embedded in the membranes of lipid vesicles and showed that the NPs are successfully
immobilized within the lipid bilayers [19].

By comparing transport rates of different NP designs with particle tracking, the validity of
design improvements can be determined quantitatively. For example, once NPs escape
endosomes into the cytoplasm, they may need to move around to reach target organelles,
proteins or biomolecules, for example, to carry out their function. Conjugation of
polyethylene glycol (PEG) to NP surfaces, or PEGylation, can prevent nonspecific adhesion
to intracellular structures and endow NPs with sufficient mobility. Suh et al. microinjected
PEGylated PS or unmodified PS into live cells, and used particle tracking to quantify and
compare their transport rates [20]. Notably, the diffusivities of NPs increase by 100% upon
PEGylation. Analysis of transport modes indicates that 80% of the unmodified NPs
experience hindered movement in the crowded cytoplasmic microenvironment. In
comparison, only 50% of PEGylated NPs are hindered. Thus, PEGylation can substantially
improve the cytoplasmic transport of PS NPs.

Effect of NP size on intracellular transport can also be assessed with particle tracking.
Investigating different-sized carboxylated PS (COOH-PS) NPs has revealed a
nondegradative trafficking pathway for nanomaterials, resulting in accumulation around the
Golgi and endoplasmic reticulum (ER). Specifically, Lai et al. discovered a privileged
nondegradative intracellular pathway for 24-nm NPs that is clathrin and caveolae
independent [21,22]. By comparison, 43-nm NPs take the classic degradative pathway. The
nonacidic vesicles in this pathway display hindered, diffusive and active transport modes, as
well as the pearls-on-a-string motion on micro-tubules (possibly motor protein facilitated).
The difference in dynamics is characterized by a lower amount of budding and fusion events
for vesicles carrying 24-nm NPs than those carrying 43-nm NPs. The result of the alternative
transport pathway is the accumulation of NPs around the Golgi and ER in nondegradative
vesicles. This prolonged retention time of NPs near the nucleus can be advantageous when
delivering therapeutic agents to this target organelle.

Intracellular transport of viral NPs

In contrast to synthetic gene-delivery vectors, viral vectors have been developed by nature
over millions of years. Virus-based gene-delivery vectors, despite some intrinsic
disadvantages, including immunogenicity, are currently the most popular platforms for gene
therapy. Investigating their transport through intracellular barriers using high-resolution
particle tracking can be highly useful in elucidating the infectious pathway quantitatively.
This provides invaluable information for the improvement of viral vectors, as well as
inspiring new ways to create non-viral vectors. One of the first viruses to be studied with
particle tracking is the adeno-associated virus (AAV) [23]. AAV particles were labeled with
a single Cy5 dye molecule and their transport within live cells was documented. MSD
calculations were used to draw conclusions about the different modes of virus transport as
the viruses moved through the cell cytoplasm and into the nucleus. This study yielded the
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first clues on the short-range dynamics of intracellular AAV transport. In Lakadamyali et
al., the authors overcame previous difficulties in labeling the influenza virus to be able to
perform quantitative single-virus particle tracking and investigate the transport and fusion of
viruses [24]. The results indicate that there are three stages of virus transport dependent on
actin filaments and microtubules. In Babcock et al., the authors studied influenza
ribonucleoproteins and found that they diffuse through the cytoplasm and the nucleus [25].
Collectively, particle-tracking studies of AAV and influenza have further verified the
important role of cytoskeletal elements in the effective infection process of viruses. Ability
of synthetic NPs to harness these same intracellular highways may be an important design
criterion.

Particle tracking is a useful technique to compare the quantitative transport of viruses and
synthetic NPs side-by-side. Adenovirus is a popular viral gene-delivery vector exploited for
its ability to efficiently deliver relatively large amounts of DNA to both dividing and
nondividing cells. In Suk et al., the intracellular transport of adenoviruses was compared
with that of nonviral PEI NPs using particle tracking [26]. Results indicate that adenoviruses
escape endosomes more efficiently than PEI NPs, potentially explaining why these viral
vectors are more effective at delivering genes compared with the nonviral vectors. In Akita
et al., the authors compared the cytoplasmic transport of octaarginine-modified liposome
(R8-lip) to that of adenovirus [27]. R8-lipo was directionally transported within vesicular
compartments at a rate slower than that of adenoviruses that underwent fast directional
transport on micro-tubules. By comparing the transport properties of efficient virus vectors
to less efficient nonviral vectors, clues to how nonviral vector designs can be improved may
be unveiled.

Extracellular transport of NPs

The effective transport of NPs through extracellular barriers, such as mucus and interstitium,
may be critically important in order to achieve the desired therapeutic and/or diagnostic
goals. Particle tracking can be an invaluable tool to probe the quantitative transport
properties of engineered nanomaterials as they move through these complex barriers.
Information gathered from particle-tracking experiments can feedback into the design
process to improve NP physicochemical properties and reach design aims.

Mucus is composed of mucin fibers in a low viscosity interstitial fluid, and protects the body
against toxic particles and pathogens by steric exclusion and adhesive trapping. Pathogens
immobilized in mucus are then cleared rapidly. These same functions, however, also make
mucus a potentially critical barrier to the transport of NPs if the target cells are underneath
the mucus layer. NPs need to evade mucoadhesive trapping, navigate the lower viscosity
pores of the gel and transport through to the other side rapidly before clearance can occur.

The transport behavior of NPs through mucus may be difficult to predict at the nanoscale.
This is where particle-tracking technology can prove to be invaluable. In Lai et al., the
authors tracked the transport of COOH-PS NPs of various physicochemical properties in
mucus to determine which properties allowed the NPs to diffuse fastest through mucus.
Surprisingly, they found that 200-500-nm particles are able to move faster in mucus than
100-nm particles [28]. This study exemplifies this nonintuitive behavior, so particles must
be studied carefully using quantitative tools, such as particle tracking. In cystic fibrosis (CF)
sputum, 100-, 200- and 500-nm COOH-PS NPs have large variant transport rates, with
smaller NPs having few but fast-moving populations [29]. Furthermore, COOH-PS NPs may
be more adhesive to CF sputum than amine-modified particles.

To improve the mucus transport of NPs, the effect of an antiadhesive coating provided by
PEGylation was investigated with particle tracking. In Wang et al., the authors looked at
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different levels of PEGylation of COOH-PS NPs and their ability to speed-up travel through
mucus [30]. Results indicate high coverage provided by the smaller 2-kDa molecular weight
PEG is best for this purpose and produces a 1000-fold increase in MSD. InCu et al., a
diffusion model based on Fickian mass transport was used to solve the effective diffusion
coefficients of various PEGylated and unmodified NPs in cervical mucus [31]. NPs of 170
nm and coated with PEG to neutralize surface charge move unhindered in the mucosal gel,
suggesting PEGylated vectors can deliver greater drug doses to the underlying epithelium.
PEGylation of a NP made from a different material, polysebacic acid, increases MSD two-
to ten-fold through mucus [32].

Using a different material itself can impact transport rates as sub-200-nm poly (D,L-lactic-
coglycolic) acid NP can travel through mucus ten-times faster than similarly sized PS NPs
[33]. The authors suggest that differences in particle surface hydrophilicity and aggregate—
mucus interaction may have been responsible for the difference in transport between the two
particles. Lai et al. went on to develop different-sized nonadhesive PEGylated COOH-PS
NPs, and quantified their transport through cervicovaginal mucus using particle tracking
[34]. Results indicate mucus becomes highly permeable to NPs smaller than 500 nm, which
makes small non-adhesive delivery systems ideal for mucosal delivery. In fact, the
engineered NPs display greater transport rates than herpes simplex viruses that are even
slightly smaller in size [35]. Remarkably, effective diffusivities of the NPs in cervicovaginal
mucus are just slightly lower than in water. In Suk et al., the authors were interested in
developing a delivery vector that would be able to penetrate CF mucus [36]. They
discovered that PEGylated COOH-PS NPs up to 200 nm were able to travel through this
mucus without sticking.

Delivering NPs to the tumor interstitium is an important goal for many NP-based
technologies. Studying this process in a quantitative fashion will unveil ways to improve NP
design. Notably, Kawai et al. quantitatively characterized the transport of model drug
delivery vectors in vivo through tumor vessels and the interstitium after intravascular
injection [1]. This study uncovered the behavior of different-sized NPs within different
interstitial spaces. NP trajectories were constructed from confocal images taken at the
perivascular, interstitia and intercellular areas of the xenograft tumor. Experiments show
MSD, velocity and diffusion coefficients of the NPs are inversely related to their size. The
findings provide guidelines for designing therapeutic NPs that can effectively transport
through interstitium to reach tumor cells.

Future perspective

Quantitative particle tracking has proven to be invaluable for studying the transport of
biomedical nanomaterials within live cells and through extracellular environments. A
number of quantitative and qualitative transport parameters can be determined to provide a
comprehensive picture of NP transport. Continued investigation of NP transport in a
quantitative fashion should reveal more ways to improve the design of current vectors.
Correlations between NP physiochemical properties and transport behavior obtained with
particle-tracking experiments can be powerful design paradigms for creating the next
generation of sophisticated materials for nanomedicine. For example, by choosing the right
combination of NP size and surface properties, transport through extracellular environments
can be controlled. All of the examples presented in this article are focused on developing
NPs with faster transport through the extracellular space. Future work in this area may
involve generation of NPs with more sophisticated transport behaviors, such as those that
can switch between different modes of transport depending on the local conditions.
Furthermore, by quantitatively characterizing how viruses transport within live cells, ideas
of how to improve the efficiency of nonviral vectors can be obtained. Using nature as
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inspiration may yield the next generation of biomimetic artificial viruses that can effectively
and intelligently transport to target subcellular sites and mediate desired diagnostic and/or
therapeutic functions.
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Figure 1. Workflow for particle-tracking experiments

Nanomaterials lacking intrinsic fluorescence are labeled with fluorophores. After adding
nanoparticles to live cells or extracellular models, a confocal or epifluorescence microscope
equipped with a charge-coupled device camera or photomultiplier tube is used to capture
time series images at the desired temporal resolution. The movies are processed with
commercial, free or custom software to generate x,y coordinate datasets to reconstruct
trajectories of particles. Data are analyzed to calculate transport parameters, such as mean

square displacement, diffusion coefficient and velocity.
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