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Abstract

Complex biological environments, such as the cell cytoplasm or the mucus lining the airways of the lungs, can pose
significant barriers to efficient therapeutic drug and gene delivery. Biological barriers are particularly important in controlled
drug delivery applications that utilize a large carrier particle, such as a liposome or a polymer micro- or nanosphere. The
dynamic transport of particulate drug and gene delivery vehicles through these barriers is poorly understood, having been
primarily studied with static methods in the past. Recently, the transport of synthetic drug and gene carriers has been
investigated quantitatively with real-time particle tracking technology, providing new insight into particle behavior in complex
biological environments that is guiding rational improvements in particle design. This review briefly highlights basic principles
of particle tracking and its application to elucidate important phenomena that limit effective particulate drug and gene delivery.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Effective drug and gene delivery to target cells is
often limited by inefficient particle transport through
complex extra- and intracellular biological environ-
ments [1]. For example, drug/gene particulate
carriers delivered to the gastrointestinal (GI) tract
or to the lungs via inhalation must be capable of
traversing mucus barriers designed to trap foreign
particulates and prevent their transport to underlying
cell surfaces [2,3]. Mucus depletion of cell mono-
layers typically dramatically improves gene trans-
fection of cells with nonviral vectors [4],
underscoring the importance of the mucus barrier.
Once in cells, gene vectors must traverse the highly
crowded cytoplasm, congested with macromolecules
and organelles, to reach the nucleus [5]. The sparse
quantitative investigations of these barriers have
focused largely on bulk particle transport properties.

In these studies, individual particle interactions with
their biological environment remain a black box.
Additionally, the dynamic interaction of drug/gene
delivery vectors with components in the extra- and
intracellular environments have often been over-
looked. Limited understanding of barriers to effi-
cient delivery hampers the rational design of
improved vectors.

To address these issues, real-time multiple-particle
tracking (MPT) technology has recently been applied
to the study of drug and gene carrier delivery
through biological environments [2,3,5,6]. As the
name implies, multiple-particle tracking involves
tracking the microscopic motion of tens of individual
particles simultaneously in real-time using video
microscopy. Particle tracking technology is valuable
in obtaining information on how, and how fast,
particles move in various environments. Data
obtained at the individual particle level can be
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critical in revealing particle-environment interactions
and cellular processes that control overall bulk
transport properties. This information may then be
used to deduce important properties of the environ-
ment itself, such as its viscoelasticity [7] or pore
sizes [8]. Using time-resolved trajectories of par-
ticles, quantitative information (such as diffusivity
and velocity) and qualitative information (such as
directionality and transport mode) can be obtained.
Furthermore, the data from hundreds of individual
particles provides important statistical insights of the
population as a whole. Thus, MPT allows the
analysis of particle transport from the single-particle
level, to the transport of subclasses of particles, and
finally, to the ensemble-averaged transport properties
of the bulk population.

By investigating the interactions and transport
rates of vectors quantitatively at the microscopic
scale, new insights have emerged that are guiding the
development of more effective delivery systems. For
example, tracking individual drug carriers in mucus
revealed a large percentage of nanoparticles are
immobile, thereby driving the design of new carriers
that are smaller (to avoid entropic caging by mucus
components) and/or less adhesive to mucus (by
altering particle surface chemistry) [3].

Intracellular particle tracking studies of polyethy-
lenimine (PEI)/DNA nanocomplexes revealed these
gene vectors achieve rapid perinuclear accumulation
due to their active transport along microtubules [5],
thereby eliminating slow cytoplasmic transport from
the cell periphery to the perinuclear region as a
critical bottleneck to gene delivery for this system.
An increasingly large fraction of gene vectors,
however, became immobile over time in the
perinuclear region of the cell, suggesting that the
vectors may still face a formidable challenge in
entering the nucleus. Particle tracking technology
provides quantitative biophysical insights that are
expected to guide the rational evolution of drug and
gene vectors into more efficient systems.

In this review, results obtained with real-time
MPT related to the transport of particulate drug
carriers within intra- and extracellular barriers are
summarized. Next, a brief synopsis of other bio-
logical applications of particle tracking is provided.
Finally, key aspects of particle tracking technology
are briefly reviewed. The reader is directed to other

publications for further details on particle tracking
[9,10].

2. Intracellular barriers

Inefficient intracellular trafficking/transport of
relatively large nonviral gene vectors has been
suggested to be a critical barrier to efficient gene
delivery [11-14]. Indeed, the molecularly crowded
nature of the cytoplasm is known to hinder the
transport of some macromolecules [15]. Investiga-
tions of the intracellular transport of nonviral gene
vectors have mainly involved static methods, such as
electron microscopy (EM) and fixed-cell confocal
microscopy. Cytoplasmic transport, however, is a
highly dynamic process which warrants the use of
real-time, live-cell techniques. Real-time particle
tracking has been recently used to quantify the
transport of nonviral [5,6] and viral [16] gene vectors
in live cells to reveal new insights into their
intracellular transport.

2.1. Properties of cell cytoplasm

The cell cytoplasm is highly crowded by
membrane-bounded compartments (organelles such
as the endoplasmic reticulum (ER) and Golgi) and
macromolecules (mostly proteins) [17,18]. Up to
half of the cellular volume has been estimated to be
comprised of membrane-bounded compartments [18]
and the viscosity of the cytoplasm surrounding the
organelles has been estimated to be similar to 12—
13% Ficoll [19]. Actin microfilaments [20], inter-
mediate filaments, and microtubules comprising the
cytoskeleton also contribute to the heterogeneous
intracellular milieu, posing steric obstacles to
particle transport as well as binding surfaces for
particles. Endogenous organelles exhibit sub-diffu-
sive behavior (see Section 5.3 for discussion on
transport modes) [18], relying on active transport
mechanisms for efficient movement in cells. Active
transport is mediated by cytoskeleton-dependent
motor proteins such as myosin (actin-based), kinesin
(microtubule-based), and dynein (microtubule-based).
Dynein-mediated active transport, estimated to reach
velocities of 0.7 um/s in vitro [21], would allow
vesicles (or particles) to transport 10 pm in 14 s. More
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comprehensive reviews of the cytoplasm [18] and
active transport mechanism [22,23] can be found
elsewhere.

2.2. Active transport of nonviral vectors

The intracellular transport of nonviral gene vectors
was thought to be a potential bottleneck in gene
delivery due to the highly crowded nature of the
cytoplasm [11-14]. Live-cell MPT experiments, how-
ever, revealed that polyethylenimine (PEI)/DNA
nanocomplexes are actively transported by motor
proteins along microtubules [5] (Fig. 1A and B), a
transport mechanism used by endogenous organelles
[24], as well as by invading pathogens such as
adenoviruses [25].

Actively transported gene vectors displayed trans-
port rates much greater than nonactively transported
vectors. At the short time scale of 33 ms, actively
transported gene vectors displayed effective diffusiv-
ities (D.g) similar to those not actively transported
(see Section 5 for definitions of D g and time scale)
[6]. At a longer time scale of 3 s, however, actively
transported vectors exhibited a higher persistence of
movement, with an average D¢ 30-fold greater than
nonactively transported vectors. The average velocity
of actively transported gene vectors was 0.2 pum/s
(Fig. 1C), a value including periods of saltatory
motion, therefore underestimating the maximum
achievable velocity. The trajectories of actively trans-
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ported particles were along a linear/curvilinear path
that often intersected the nucleus. Microtubule depo-
lymerization with nocodazole decreased the percent-
age of actively transported nanocomplexes from 16%
to 0% at 2 h posttransfection, suggesting the active
transport of gene vectors occurs along microtubules.

2.3. Subdiffusive and immobile vectors

The majority (over 80%) of PEI/DNA nanocom-
plexes within cells displayed subdiffusive or immo-
bile transport characteristics (see Section 5.3 for
discussion on transport modes) and were primarily
located in regions closest to the nucleus [5,6].
Interestingly, subdiffusive and immobile gene vectors
exhibited two types of trajectories (Fig. 2), an
apparently random motion (left of Fig. 2) and a
“pearls-on-a-string” trajectory (right of Fig. 2). The
“pearls-on-a-string” trajectory may be due to repeated
binding and unbinding of gene vectors to micro-
tubules or other intracellular structures. It is unclear,
however, whether these gene vectors are inside
(preescape) or outside (postescape) of endocytic
vesicles.

Endosomes are known to have on—off kinetics with
microtubules [26,27]; thus, it is likely that gene
vectors within endosomes reflect the endosome trans-
port properties. PEI/DNA nanocomplexes alone,
however, displayed strong attraction to purified
microtubules in an in vitro motility assay (unpub-

(g)

10

4
2
)
S
©
o
LU
o
S
@
2
£
5
4

.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Velocity (um/s)

Fig. 1. Transport of intracellular PEI/DNA nanocomplexes. (A) Twenty-second trajectories (obtained at 33-ms intervals) of PEI/DNA
complexes in a COS-7 cell 4 h posttransfection. Phase contrast image of the cell (obtained with a CCD camera) was overlaid with the trajectories
of complexes. Three of six complexes shown displayed active transport with linear or curvilinear trajectories. Their detailed trajectories are
shown in panel B. (C) Distribution of velocities of actively transported PEI nanocomplexes in COS-7 cells. For panel A, bar indicates 10 pm and
N is nucleus. Bar in panel B is 2 um. (Figures are from Refs. [5,6] with permission of the publishers.)
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Fig. 2. Example trajectories of subdiffusive or immobile gene
carriers. Each type of trajectory was seen for both immobile and
subdiffusive transport modes. The gene carriers were tracked for 20
s at 33 ms intervals. (Figures are from Ref. [6] with permission of
the publishers.)

lished observations), suggesting that gene vectors that
have escaped endosomes may also associate with
cytoskeletal elements to display the “pearls-on-a-
string” trajectories. Therefore, an attraction of gene
carriers, either inside or outside of endocytic vesicles,
to cytoskeletal structures may account for subdiffusive
and immobile transport modes being dominant near
the cell nucleus. These results also suggest that gene
vectors that have actively transported to the perinu-
clear region and have successfully escaped vesicles

may still face a formidable task in delivering their
cargo into the nucleus.

2.4. Rapid perinuclear accumulation of gene vectors

The intracellular spatial distribution of PEI/DNA
nanocomplexes was investigated by dividing the
cytoplasm of each cell into four quadrants (Q1-Q4;
Fig. 3A) [5]. PEI/DNA nanocomplexes accumulated
in the perinuclear region (Q1) within 30 min (Fig.
3B). Approximately 40% of the gene vectors were
found in the perinuclear quadrant Q1 at all time points
(Fig. 3C shows 2 h posttransfection time point) [5].
Microtubule depolymerization with nocodazole
inhibited the perinuclear accumulation of PEI/DNA
nanocomplexes (Fig. 3C), suggesting that active
transport along microtubules is required for rapid
perinuclear accumulation of PEI/DNA gene vectors.

The physical transport of PEI/DNA nanocom-
plexes through the cell cytoplasm to the perinuclear
region is not rate-limiting because the vectors are able
to exploit the microtubule-based active transport
mechanism, a strategy used by some of nature’s
efficient DNA viruses [25]. Other bottlenecks to gene
delivery in COS-7 cells must be considered, including
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Fig. 3. Intracellular distribution of gene carriers. (A) The cytoplasm was divided into four quadrants (Q1-Q4). N indicates nucleus. Inset shows
the cell without quadrants and with complexes in blue. Bar is 10 um. (B) A cell with gene vectors (green) accumulated in the perinuclear region.
Inset shows the cross-section of the cell to demonstrate the complexes were intracellular. Bar is 10 um. For panels A and B, fluorescence images
of the gene carriers are overlaid onto phase-contrast images obtained with a CCD camera. (C) Locations of complexes at 2 h posttransfection in
cells with intact microtubules (solid black) and in nocodazole-treated cells (hatched). Note the lack of perinuclear accumulation in cells without
intact microtubules. (Figures are from Ref. [5] with permission of the publishers.)
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endosomal escape [28-30], nuclear import [31], and
vector unpacking [32]. Our group is currently using
MPT to investigate these other barriers.

3. Extracellular barriers

The mucus layer protecting epithelial surfaces of
tissues is a critical extracellular barrier in drug and
gene delivery, including the lungs (aerosol delivery)
and the gastrointestinal tract (oral delivery). Multiple-
particle tracking has recently been used to quantify
particle transport rates in mucus and to gain insight
into particle properties that can reduce adhesive
interactions preventing rapid transport [2].

3.1. Particle transport in human cystic fibrosis (CF)
mucus

Development of therapeutic gene delivery systems
for cystic fibrosis (CF) has been difficult [1]. One
cause of low transfection efficiency in vivo is
inefficient transport rates of gene vectors in CF
mucus, which acts as the primary extracellular barrier
in the CF lung [33,34].

3.1.1. Properties of CF mucus

Mucin fibers in CF mucus, held together by
disulfide bonds between mucin subunits and hydrogen
bonds between the fibers, form a dense mesh that is
intertwined by macromolecules such as filamentous
actin and DNA [1]. The reduced liquid content and
increased branching of mucus glycoproteins, along
with the presence of neutrophil-derived DNA and
cellular debris in CF mucus, leads to an increase in its
viscoelasticity [35]. Mucus permeability is reduced as
viscosity increases owing to increased viscous drag
and steric obstruction from multiple mucus—particle
interactions [36]. Small particles that avoid adhering
to mucus should diffuse relatively rapidly, impeded
only by viscous drag forces and the porous network of
the mucus mesh [2,37].

3.1.2. Heterogeneous particle transport through CF
mucus

The effect of drug/gene carrier size on transport
rates through mucus obtained from patients with CF
was investigated by tracking the motion of uniform

polystyrene particles of various diameters (100, 200,
and 500 nm). Transport rates of the model drug
carriers were heterogeneous to varying degrees in CF
sputum (Fig. 4). The smallest particles (100 nm)
exhibited the greatest range of transport rates, as
quantified by mean-square displacement (MSD; Fig.
4A), which may be a reflection of their ability to
access and move within pores formed by sputum
components more readily than larger particles.
Increasing the particle size led to more uniform
transport properties (Fig. 4B and C), suggesting that
larger particles are unable to transport through the vast
majority of pores available to the smaller particles and
are, thus, less affected by the microheterogeneity of
CF sputum.

Interestingly, a small fraction of particles exhibited
significantly greater transport rates than the majority.
At a time scale of 100 ms, the fastest 10% of 100 nm
particles contributed to ~80% of the ensemble MSD,
whereas the fastest 10% of 200 nm particles con-
tributed to ~60% of the ensemble (Fig. 4D). For 500
nm particles, the fastest 10% contributed to a little less
than 40% of the ensemble value. In comparison, the
fastest 10% of particles moving in a homogenous
medium, such as glycerol, contribute to roughly 10%
of the ensemble MSD. Therefore, larger particles (500
nm) displayed more homogeneous transport than
smaller particles (100 and 200 nm). These results
indicate that fast-moving “outlier” particles signifi-
cantly affect ensemble average transport rates, an
effect that was amplified as particle size decreased.
Fast-moving “outlier” particles may be key for
effective gene therapy for cystic fibrosis because it
is estimated only 2—-5% of lung epithelial cells must be
transfected [38].

3.1.3. Micro- and macrorheology of CF mucus

The microviscosity of CF sputum was measured by
particle tracking microrheology (see Section 5.4) and
compared to the macroviscosity obtained with a
strain-controlled cone and plate rheometer [2].
Smaller particles (100 nm) moved faster on average
than slightly larger (200 nm) particles in CF sputum
(Fig. 5A). At a time scale of 10s, the ensemble
effective diffusivities of 100 and 200 nm particles in
CF sputum were 1.5x107% and 4.5x10 >um?%s,
respectively. These diffusivity values show that the
microviscosities, calculated from the Stokes—Einstein
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Fig. 4. Heterogeneities in particle transport rates in human CF sputum are reduced with increasing particle size. Individual MSDs of (A) 100, (B)
200, and (C) 500 nm particles. (D) The percentage contributions of the fastest 10%, 25%, and 50% particles to the ensemble mean-squared
displacement ((MSD)) is reduced with increasing particle size, confirming that the heterogeneity is reduced with increasing particle size. (Panels

A-C are from Ref. [2] with permission of the publishers.)

equation (see Section 5.3.1), are 15- and 7- fold lower
than the macroviscosity determined with the rheom-
eter (Fig. 5B). In light of the observation that a small
number of fast-moving particles strongly influence the
average transport rates, this result indicates there may
exist a small subpopulation of particles capable of

10"
Time Scale (1) (s)

10°

accessing pores in CF sputum filled with fluid that is
significantly less viscous than the bulk viscosity of
sputum. The microviscosity obtained with smaller 100
nm particles was lower than that of 200 nm particles,
further evidence that smaller particles have greater
access to pores in the CF sputum.

B
108 : :

Viscosity (P)
2

100 nm
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Fig. 5. Micro- and macrorheological properties of CF sputum. (A) Ensemble mean-squared displacements ((MSD)) for 100- and 200-nm-
diameter carboxylated polystyrene particles (n=>100 particles of each diameter) in CF sputum (»=3 mucus samples). (B) CF mucus
microviscosities determined with particle tracking (calculated from (MSD) at =10 s, equivalent to shear rate of 0.1 s~ !, for 100 or 200 nm
particles), and macroviscosity determined with cone and plate rheometer (shear rate of 0.1 s™'). (Figures are adapted from Ref. [2] with

permission of the publishers.)
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3.1.4. Effects of mucolytic agents

An improved understanding of the relationship
between CF mucus properties, which can be manip-
ulated by mucolytic agents currently used to reduce
the viscosity of CF mucus [39], and particle transport
is critical to the design of DNA carriers for delivery in
the nondistal airways of the lungs [40]. Treatment of
CF sputum with rhDNase (Pulmozyme®) reduces
mucus viscosity by hydrolyzing chromosomal DNA
released from dead neutrophils [41].

Interestingly, treatment with rhDNase did not
change the ensemble MSD of 200 nm particles in
human CF mucus (Fig. 6A). Treatment with the
mucolytic agent did, however, decrease the hetero-
geneity of particle transport rates through CF sputum
(Fig. 6B and C). Consistent with these observations is
the hypothesis that the fastest moving particles present
in the no treatment case may be slowed upon DNase
treatment due to the increased microviscosity of the
medium in the pores (caused by the diffusion of
cleaved DNA fragments into the fluid-filled pores).
The slowest moving particles present prior to DNase
treatment may, upon treatment, be released from
highly constricting environments and, therefore, dis-
play increased transport rates.

3.2. Particle transport in gastrointestinal mucus

The gastrointestinal (GI) tract is also lined with a
protective mucus barrier that may limit effective
particulate-based drug/gene delivery. The transport
of cationic nanoparticles through gastric mucus was
quantified with particle tracking and compared to

101E ——
—— PLGA-DDAB/DNA

100 = Polystyrene 4
& F E
IS
=
A 107 3
) E
n
=
A"

107 ) 3

10'3 -------- L Lol Lol Lo

102 107 10° 10" 102

Time Scale (At) (s)

Fig. 7. Ensemble MSD of similarly sized PLGA-DDAB/DNA and
200 nm carboxylated polystyrene nanoparticles in pig gastric
mucus. (From Ref. [3].)

similarly sized polystyrene particles [3]. The cationic
nanoparticles were composed of poly(lactic-co-gly-
colic) acid (PLGA) and the cationic surfactant,
dimethyldioctadecyl ammonium bromide (DDAB),
to which DNA was condensed on the particle surface.

Remarkably, PLGA-DDAB/DNA nanoparticles
displayed 10-fold greater ensemble MSD than poly-
styrene particles of similar size (Fig. 7), making them
promising drug/gene carriers for delivery through
mucus. By analyzing the transport behavior of
hundreds of individual particles with multiple particle
tracking, it was determined that 93% of polystyrene
particles experienced restricted subdiffusive transport
in GI mucus, whereas only 78% of PLGA-DDAB/
DNA nanoparticles were restricted. This difference
may be due to reduced PLGA-DDAB/DNA particle
adhesion to mucus compared to polystyrene particles.
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Fig. 6. Transport of nanoparticles in human CF sputum treated with rhDNase. (A) Effect of rhDNase treatment (7 pg/ml, 30 min) on the
ensemble MSD of 200 nm polystyrene particles in CF sputum. Individual MSDs of particles in CF mucus with (B) no treatment and (C) after
rhDNase treatment. The heterogeneities in particle MSD are reduced with rhDNase treatment of CF mucus. (Figures are from Ref. [2] with
permission of the publishers.)
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Investigations are underway to understand the phys-
icochemical properties responsible for the enhanced
particle transport and to further reduce particle
interactions with mucus.

4. Other applications

Particle tracking is a useful method to characterize
the transport of proteins and colloids (e.g., drug/gene
carriers) in complex fluids with high spatio-temporal
resolution. Other biological applications include
characterizing the viscoelasticity of the cell cyto-
plasm, quantifying the motion of plasma membrane
components, and investigating the infection pathway
of viruses.

4.1. Viral gene delivery vectors

Adeno-associated viruses (AAV), often used for
gene therapy applications, were labeled with single-
dye molecules and tracked in real time to reveal
biophysical insights into their infection pathway [42].
AAV free of endosomes displayed average diffusiv-
ities twofold greater than those still inside vesicles.
Actively transported AAV exhibited velocities
between 1.8 and 3.7 pum/s, which are on the same
order of magnitude as dynein-mediated active trans-
port [24]. Active transport of AAV was dependent on
the presence of intact microtubules.

4.2. Characterizing cell cytoplasm

As models of the cell cytoplasm, viscoelastic
properties of actin solutions have been characterized
by tracking the motion of beads embedded in the gel
[8,43]. Actin gels were found to be highly heteroge-
neous, especially in the presence of actin-bundling
proteins such as fascin [43]. Such descriptions of the
cell cytoplasm have important consequences in bio-
chemistry [18] where intracellular enzymes were once
thought to be in homogeneous environments. Hetero-
geneity in the cytoplasm may cause enzymes to be
segregated and concentrated in certain regions,
thereby making intracellular reactions spatially
dependent.

Recently, the motion of beads microinjected
directly into the cytoplasm were tracked to ascertain

the viscoelastic properties of the cytoplasm in intact
cells [7]. The compliance of the cell cytoarchitecture
appears to depend on the relative distance to the cell
nucleus, with the region closest to the nucleus being
mechanically the softest.

4.3. Motion of plasma membrane components

An active area of research involving particle
tracking technology is the study of the motion of
plasma membrane components [10,44-48]. Using
gold-labeled antibodies specific for the components,
or fluorescently tagged components themselves,
researchers have quantitatively characterized the
motion of phospholipids [44,45] and transmembrane
proteins [10,46,47]. Fujiwara et al. [45] showed
phospholipids in the cell membrane undergo hop
diffusion between compartments formed by trans-
membrane proteins anchored to the underlying actin
cytoskeleton. Class I major histocompatibility com-
plex molecules (MHC 1) also experienced confined
diffusion on the surface of cells, and a deficiency in
a-spectrin (a protein involved in the formation of the
underlying cytoskeleton along with actin) almost
doubled the confined area from 330 to 650 nm [47],
further defining the role of the cytoskeleton in the
mobility of plasma membrane components. Such
particle tracking studies are helping to revise our
understanding of plasma membrane structure, and
how it contributes to important cellular functions
such as cell signaling.

5. Particle tracking technology: a brief tutorial

Single-particle tracking (SPT) has been used in
the field of membrane dynamics to uncover the
transport behavior of proteins and lipids associated
with the plasma membrane [10,44-47]. MPT was
subsequently developed as a high throughput ver-
sion of SPT and has been used to deduce the
viscoelastic properties of complex fluids such as
actin solutions [8,43] and the intracellular environ-
ment [7]. This section briefly discusses the basics of
high-resolution particle tracking. Readers are
referred to Table 1 for a list of symbols and
abbreviations used in the equations and text in the
following sections.
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Table 1

Listing of symbols and abbreviations used in the equations in this review

Symbol Parameter Definition

T time scale unit of time over which particle displacement is calculated
Ax, Ay or Az displacement particle displacement in the x, y or z direction

MSD or (Ar?(1))
(MSD) or <Ar’(t) >

mean-square displacement
ensemble mean-square displacement

Dy time-independent diffusivity

D.gr or D(7) effective diffusivity or time-dependent
diffusivity

(Degr) ensemble effective diffusivity

v velocity

o anomalous exponent (value less than 1)

time-dependent displacement of a particle, squared

average of individual particle MSDs

diffusivity of a particle undergoing simple diffusion
diffusivity of a particle without regard to mode of transport

average of individual particle effective diffusivities

mean velocity of a particle undergoing active or
convective motion

characterizes anomalous, or sub-diffusive, particle transport

5.1. Time scale

The concept of time scale may not be intuitive at
first, but its importance to particle tracking necessi-
tates its discussion. The shortest time scale achievable
for a given experimental setup is determined by the
maximum speed of the camera and the necessary
acquisition hardware. Assuming a camera is able to
capture images at video rate, or 30 frames/s, the
shortest time scale is 33 ms. The longest time scale, of
course, depends on the length of the movie.

To illustrate the use of time scale, assume a 20-s
movie was captured at 30 frames/s, resulting in a total
of 600 frames recording the movement of a particle.
The time interval between each frame is 33 ms (Fig.
8); therefore, the change in particle displacement from
frame-to-frame can be calculated. A movie of 600
frames results in 599 displacement values. Squaring
the 599 displacements and determining the mean value
results in the mean-square displacement (MSD) at the
time scale of 33 ms. The next shortest time scale is 66
ms (Fig. 8), and there are 598 displacement values for
this time scale. At the other extreme, the largest time
scale for this example is 19,967 ms (20 s minus 33
ms), with one displacement value. Thus, time scale is
the time over which a particle is allowed to move
before calculating its displacement from an initial
point. Because the particle is given more time to move
for longer time scales, it is logical to expect that the
MSD value will increase with increasing time scale.

By examining MSD values over time scale,
insightful information on particle transport can be
obtained. For example, changes in the slope of the
MSD with respect to time scale can be used to

characterize the local dynamics of the microenviron-
ment surrounding each probe particle. In gels or
porous networks with small mesh sizes, micron-
sized particles may undergo subdiffusive transport at
short time scales; however, at larger time scales,
particle motion may appear more diffusive (see
Section 5.3 for discussion on transport modes). The
switch from subdiffusive to diffusive transport may
indicate (a) transient binding of the particles to
molecular partners or (b) the presence of soft dynamic
obstacles created by the gel microstructure, which
promote entropic caging of the particles and prevent
their “free” viscous diffusion. The apparent free
viscous diffusion at longer time scales suggests
untrapping of the particle due to desorption and/or
relaxation of polymer structures (e.g., mucus fibers,
actin filaments) surrounding the particle. These two
different time-scale regimes can be intuitively under-
stood as follows. When tracked with a fast camera
(i.e., short time scales, high frequencies), particles in a
partially elastic medium may appear trapped in local
cages, and the fluid behaves like an elastic solid.
When tracked with a slow camera (i.e., long time

Frame #: 1 2 3 4 5

N V'

33ms 33ms 33ms

\/

66 ms

\/

66 ms

Fig. 8. Illustration of time scale for a movie obtained at 30 frames/s.
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scales, low frequencies), the particles move from
“cage to cage” because the fluid has had sufficient
time to relax, and the fluid behaves as a viscous
liquid. This characteristic switch from subdiffusive to
diffusive transport, or the uncaging effect, has been
observed in colloidal suspensions near the glass
transition temperature [49] and in CF sputum [2].

5.2. Individual vs. ensemble transport properties

Given x and y positional data of the transporting
particles over time, the mean-square displacement,
MSD or (Ar%(t)) , in two dimensions, x and y, of each
particle (Fig. 9A) is

(Ar (1)) = (A + A7), (1)

See Section 5.5 for discussion on tracking in two
versus three dimensions. Effective diffusivities (Dg);
(Fig. 9B) can then be obtained by
Detr = (Ar*(1))/ (41). (2)

The ability to capture the transport behavior of
hundreds of carriers at the single-particle level is an
advantage over purely ensemble techniques such as
fluorescence recovery after photobleaching (FRAP).
With particle tracking, particles can be classified into
subpopulations to yield insightful information such
as transport mode (active, diffusive, subdiffusive),
trajectory, and directionality [5]. MSD or D values
for individual particles can then be averaged to
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obtain ensemble values, as indicated by (MSD) or
(Degr) (Fig. 9C). Therefore, particle tracking allows
the investigation of particle transport on the level of
large populations and as individual entities.

5.3. Transport modes

Particle transport rates in complex environments,
such as the cell cytoplasm, are heterogeneous. For
example, following cell entry, nonviral gene vectors
were transported in COS-7 cells at various rates [5],
with some vectors moving several orders of magni-
tude faster than others. In contrast, transport of
polystyrene beads in glycerol is homogeneous (all
particles moving by simple diffusion). Heterogeneity
of particle transport has also been observed in
extracellular environments, such as mucus (see
Section 3.1.2).

Because particle tracking allows single-particle
resolution, similarly transporting particles can be
grouped into useful classes, such as transport modes,
that provide important insights into particle transport
mechanisms and limitations. Graphing the effective
diffusivity (D.g) of individual particles versus 7 (Fig.
10) is one way to determine the mode of particle
transport [47,50]. A particle displaying a constant
D with respect to 7 suggests it is undergoing
simple diffusion (thermally driven Brownian
motion). Actively transported particles display a D
that increases with t and subdiffusive particles
display a D¢ that decreases with 7. MSD versus ©
curves representing the three transport modes can be
found in Ref. [5]. More in depth discussion on
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Fig. 9. Particle tracking allows characterization of (A, B) individual particle transport rates and (C) ensemble-averaged bulk properties.
Transport rates of 200 nm polystyrene particles in human cystic fibrosis (CF) sputum treated with 65 pg/ml N-acetylcysteine. (A) Individual
MSDs of 20 randomly selected particles and (B) of individual time-dependent effective diffusivities (D.g). Each line in panels A and B represent
the data for a single particle. (C) Ensemble MSD ((MSD)) (solid) and ensemble Dog ((Defr)) (dashed).



74 J. Suh et al. / Advanced Drug Delivery Reviews 57 (2005) 6378

10°
-1
210
E
2107
£
Cl
(=] 1073
104 N N | M AN
0.01 0.1 1 10

Time scale (s)

Fig. 10. Different transport modes of drug and gene carriers.
Transport modes of gene carriers are classified into three groups
based on their characteristic D curves: diffusive (O), subdiffusive
(@), and active (A). The markers of only ten data points per gene
carrier are shown to distinguish the curves. The PEI/DNA
nanocomplexes previously classified as diffusive are now more
usefully classified as the immobile fraction (see Section 5.3.5).
(Figures are from Ref. [6] with permission of the publishers.)

transport mode characterization can be found else-
where [9,10].

5.3.1. Simple diffusion
The MSD, or (Ar?(t)), of particles undergoing
simple diffusion is given by

(A% (7)) = 4Dy, (3)

where D, is the diffusion coefficient independent of
time scale (7). D, can be obtained by fitting the MSD
vs. T curve to a linear function. In this case, the
Stokes—FEinstein relation,

D, = kgT /6mna (4)

(where kg is Boltzmann’s constant, 7 is temperature
in Kelvin, n is fluid viscosity and a is particle
radius), applies to the transporting particles. The
experimental diffusivity obtained through particle
tracking can be used to determine the viscosity of
the medium through which particles are transporting
(see Section 3.1.3) [2].

To categorize particles as undergoing simple
diffusion, they should fit the mathematical criteria
(see above) as well as other appropriate criteria
relevant to the system under study, such as character-
istic trajectory and the relative diffusivity values (see
Section 5.3.5 for discussion on these criteria).
Particles not meeting these criteria may more usefully
be classified into a different transport mode, such as
the immobile fraction (see Section 5.3.5).

5.3.2. Anomalous subdiffusive transport
Subdiffusive transport, or anomalous diffusion
[9,50], can be described by

(A (1)) = 4D7* (5)

where D is the diffusion coefficient and o is the
anomalous exponent equal to less than 1. This
transport mode can be due to the motion of particles
impeded by obstacles [50], or by particle binding to
physical structures in the environment [51].

5.3.3. Corralled motion

Researchers investigating lipid membrane domains
are interested in a type of nonnormal diffusion termed
corralled motion, where particle transport is confined
to corals for periods of time before jumping to the
next coral [9,45]. Given the particle size, and by
calculating particle displacements within transient
confinement zones (TCZ) [52], the radius of pores
or confinement areas through which particles are
transporting can be determined.

5.3.4. Active transport
The motion of actively transported particles is
described by

(Ar2(1)> = 4Dt + V12 (6)

where v is the mean nanocomplex velocity. The
values of D, and v can be obtained by fitting the MSD
vs. T curve to a polynomial. In systems without active
transport mechanisms, the added term characterizes
convection, perhaps due to fluid flow.

5.3.5. Immobile

Using the purely mathematical criteria set forth in
previous sections, particles may be classified as
moving by simple diffusion, but may be more usefully
classified as immobile [6,10]. For example, polyethy-
lenimine (PEI)/DNA nanocomplexes classified as
moving by simple diffusion within cells [5] displayed
average diffusivity values equal to or less than that of
subdiffusive complexes at most time scales (Fig. 11).
This is counterintuitive because subdiffusive particles
are expected to move at rates less than particles moving
by simple diffusion in cells. Additionally, many of the
“diffusive” particles exhibited “pearls-on-a-string” tra-
jectories (see Section 2.3) that are not characteristic of
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Fig. 11. Effective diffusivity (Dg) of diffusive and subdiffusive
gene carriers in live cells at short (33 ms) and long (3s) time scales.
Kruskal-Wallis test determined the D¢ values for diffusive carriers
are similar at the two time scales, whereas the difference between
D.sr values for subdiffusive carriers are statistically significant
(p<1077) at the two different time scales. These “diffusive” carriers
are now more accurately referred to as “immobile”. The difference
between diffusive and subdiffusive carriers at the longer time scale
of 3 s is not statistically significant. (Figures are from Ref. [6] with
permission of the publishers.)

simple diffusion, thereby making transport mode
categorization dependent not only on mathematical
criteria, but also on qualitative observations. Immobile
gene vectors may be adhered to cytoskeletal elements
(thus their movements may appear Brownian, but may
merely reflect the thermal vibration of the cytoskele-
ton), or may be trapped in tight cages formed by
cellular components, including the cytoskeleton.

5.4. Diffusivities

Particle transport in complex environments may be
described with three different diffusivities: microscopic,
mesoscopic, and macroscopic diffusion coefficients.

5.4.1. Microscopic diffusion

Nanoparticles diffusing in complex biological fluids
may move in microdomains or pores that contain a
lower viscosity fluid than measured by bulk-fluid

A B

rheological characterization [2]. Multiple-particle
tracking can be used to probe the viscosity in these
microdomains provided that particles are nonadhesive
and small enough to move freely in the interstitial fluid
(Fig. 12A). In these cases, the Stokes—Einstein
equation (see Section 5.3.1) is used to calculate the
microviscosity [2]. Because this equation assumes that
particles are moving by simple diffusion, the micro-
scopic diffusivity is calculated from the MSD at early
time scales when particles undergo unhindered short
range Brownian motion [10]. The validity of this
assumption depends on the combination of experi-
mental system (e.g., proteins v. larger colloids; fluid
properties) and the experimental setup (e.g., speed of
camera). For example, a colloid similar in size to the
pore within which it is moving may require a very fast
camera to capture purely diffusive transport since the
colloid comes into contact with the pore boundaries
quickly, whereas a smaller protein in the same pore
may appear purely diffusive even without the faster
camera. The microscopic diffusivity of the particle can
also be extrapolated to longer time scales, and this
“theoretical” curve can then be used to pose criteria on
assigning transport modes [10].

5.4.2. Mesoscopic diffusion

When the diameter of tracked particles approaches
the size of the fluid pores in complex environments,
particle transport is greatly affected by dynamics of
the fluid microstructure (Fig. 12B). In this region of
mesoscopic transport, the particle motion at early time
scales may appear hindered (caged motion); however,
at longer time scales changes in the microstructure of
the fluid can lead to the appearance of diffusive
motion. Particles undergoing this anomalous diffusion
often display biphasic behavior, where D decreases
with t at short time scales and approaches a constant

‘]

:; o

Fig. 12. Three important length scales of transport in complex environments: (A) microscopic, (B) mesoscopic, and (C) macroscopic.
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value at long time scales [50]. This constant lower
value reflects the mesoscopic diffusion coefficient. A
viscosity calculated from the mesoscopic diffusivity
(termed microviscosity in Ref. [2]) may be lower than
the viscosity measured by traditional rheological
techniques (termed macroviscosity) because the par-
ticles have access to the lower viscosity pores and,
therefore, have greater freedom in motion. By track-
ing particles undergoing mesoscopic transport, the
local environments in heterogeneous solutions (such
as mucus) can be probed and information such as pore
size can be obtained [2,8,53].

5.4.3. Macroscopic diffusion

Multiple-particle tracking can be used to determine
the bulk-fluid rheological properties with the accuracy
of traditional techniques, such as strain-controlled cone
and plate rheometry [7,54]. To accurately probe the
bulk fluid properties, the diameter of particles should
be significantly larger than the fluid pore sizes (thus the
fluid appears as a homogeneous solution to the
particles; Fig. 12C). The key advantage of particle
tracking over traditional methods is the requirement of
substantially less sample volume. For example, a cone
and plate rheometer typically requires >1 ml of sample,
whereas particle tracking in our lab has been accom-
plished reproducibly with ~10 pul of mucus sample.

5.5. 2D v. 3D tracking

As stated previously, the mean-square displace-
ment (MSD) in two dimensions, x and y, is given by

MSD = (A2(2)),, = (AP + A)2). (1)

By assuming the medium through which the particles
transport is locally isotropic, particle displacements in
the x, y, and z axes can be assumed to be uncorrelated.
In another words,

(Ar%(1))p = (A7) + (&)
= (2/3)[(A%) + (&)%) +(A2%)]

= (2/3)(Ar*(0)sp.

The end result is that the two-dimensional (2D) diffusion
coefficient is equal to the three-dimensional (3D) diffu-
sion coefficient (as well as equal to the one-dimensional
(1D) diffusion coefficient) in isotropic environments.

This assumption may not be valid in environments
characterized by structures highly ordered in one
direction and depends on the length scales involved.
To illustrate the importance of length scales, Fig. 13
shows two differently sized particles moving by
diffusion in two dimensions in an environment
characterized by filaments highly ordered in the x-
direction. When particle diameter is much less than the
pore diameter, particle transport in the x and y
directions will be similar, or (Ax*)=(Ay?). In this
example, however, when particle diameter is on the
same order of magnitude as the pore diameter, transport
in the y direction will clearly be less than transport in
the x direction, or (Ax*)#(Ay?). Thus, environments
with ordered structures can be locally isotropic depend-
ing on the length scales involved.

Ifthe isotropic assumption fails for a specific system
under study, three-dimensional transport properties can
be experimentally determined by using changes in
fluorescence intensity as a measure of movement in the
axial z-direction [55]. Microscopes equipped with a
motorized z-drive can be used to track the motion of
particles in all three axes (x, y, and z); however, particle
movements may be too rapid in certain systems to
accurately capture their three-dimensional motion.

5.6. Tracking resolution
With particle tracking, the transport of individual

particles can be obtained with resolutions smaller than
the wavelength of light [56]. Tracking resolution (the

Filament Pore

diameter

o

Fig. 13. The size of particle relative to the pore diameter, created by
highly ordered filaments in one direction, is an important parameter
in assessing the validity of the isotropic assumption. If filaments are
randomly or equally ordered in all directions, the isotropic
assumption will hold even if particle size approaches that of the
pore diameter.
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ability to track the light-intensity-weighted centroid of
diffraction-limited images) is different from spatial
resolution (the ability to resolve two separate entities)
and can be obtained by two methods. The first method
involves tracking the motion of particles firmly
adhered to a coverslip, and has been reported to be
around 5 nm [43]. Thus, the tracking resolution is
better than the spatial resolution of a system. Alter-
natively, the particle tracking resolution can be
determined by fitting the MSD of particles moving
by simple diffusion (e.g., polystyrene beads moving in
glycerol) to

<Ar2(‘c)> = 467 + 4Dyt (7)

where ¢ is the resolution [57].

6. Conclusions

Real-time multiple particle tracking is a high-
resolution technology useful for quantifying the
transport of individual drug and gene carriers in
complex biological barriers, such as the cell cyto-
plasm or mucus lining the GI tract or the airways of
the lungs. Studies with particle tracking provide novel
insights into the interactions and processes involved in
the transport of drug and gene vectors through these
important barriers and promises to aid in the rational
evolution of therapeutic colloids.
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