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Highly sensitive fluorescence microscopy techniques allow single nanoparticles to be tracked during their
uptake into living cells with high temporal and spatial resolution. From analysis of the trajectories, random
motion can be discriminated from active transport and the average transport velocity and/or diffusion coef-
ficient determined. Such an analysis provides important information regarding the uptake pathway and loca-
tion of viruses and nanoparticles. In this review, we give an introduction into single-particle tracking (SPT)
and determination of the mean-squared displacement. We also give an overview of recent advances in SPT.
These include millisecond alternating-laser excitation for removal of spectral crosstalk, alternating wide-field
(WF), and total internal reflection fluorescence (TIRF) microscopy for sensitive experiments at the plasma
membrane and three-dimensional tracking strategies. Throughout the review, we highlight recent advances

regarding the entry (and egress) of natural and artificial viruses obtained via SPT.
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INTRODUCTION

Nanoparticles intended for pharmaceutical use as well as viruses
have to overcome several barriers in order to reach and enter their
destined target cell. Whereas viruses have developed their mecha-
nisms of cellular entry over millions of years, the entry of pharma-
ceutical nanoparticles is typically a limiting factor and still under
development. In both cases, the entry pathways in living cells are
partly unknown and understanding of the entry pathways will
provide a better understanding of cell biology and virology and is
essential for improving the design of pharmaceutical nanoparticles.
Highly sensitive fluorescence microscopy techniques combined
with live-cell imaging are powerful tools for elucidating the details
of natural and artificial viral-cell interactions on the single-cell level
with high temporal and spatial resolution in real time. They allow
direct observation of the pathway a nanoparticle or virus particle
takes on their way into and through the cell. Whereas bulk mea-
surements like gene expression studies and/or flow cytometry only
investigate the final outcome of cellular infection, high-resolution
live-cell imaging provides detailed kinetic information over the
entire pathway and directly spots bottlenecks in a chain of succeed-
ing events. Although single-cell measurements are not yet capable
of providing information about distribution of pharmaceuticals in
a full body or full-tissue scenario after systemic application, they
provide essential information with unprecedented detail on the
interaction of the particle of interest with the ultimate target, the

single cell. As such, they are an additional and very specific tool in
the researcher’s toolbox for unraveling the full pathway of viruses
and nanoparticles from contact with a living body after systemic
distribution down to the single cell.

In this review, we give an overview on the prospects of single-
cell microscopy techniques and their impact on unraveling the
interaction of nanoparticles and viruses with cells. We give a short
introduction to single-particle tracking (SPT), the instrumental
setups involved and trajectory analysis and discuss newly devel-
oped methodologies for improving and expanding the capabili-
ties of SPT. Throughout the review, we highlight examples from
the literature regarding recent advancements in understanding
the entry (and egress) of natural and artificial viruses obtained
via SPT.

INVESTIGATING THE INTERNALIZATION

OF VIRUSES AND NANOPARTICLES INTO CELLS
Besides their use as viral gene vectors, viruses are valuable tools for
investigating the possible entry pathways into cells. As viruses are
gene transfer particles per se, the discovery of virus entry pathways
provides basic knowledge for potential entry portals into cells and
contact points for improvements toward more efficient nonviral
gene vectors. The main optical technique used to study the entry
of viruses and nanoparticles into cells has been multicolor fluores-
cence microscopy on living or fixed cells.'> Compartments of the
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SPT for Elucidating Virus and Nanoparticle Entry

endocytic pathway in living cells can be visualized by fluorescently
labeled markers (e.g., dye-coupled transferrin, cholera toxin B, or
dextrans) or more specifically by cellular expression of marker pro-
teins fused to fluorescent proteins (e.g., clathrin-green fluorescent
protein, caveolin-green fluorescent protein).® The entry of viruses
or nonviral vectors labeled with a fluorescent dye of another color
can then be followed in the living cell and colocalization analysis
with cellular compartments used to analyze the entry route taken.
This method can be extended by using chemical inhibitors or small
interfering RNA to block-specific entry pathways and test for inter-
nalization of gene carriers. However, care should be taken as the use
of markers and inhibitors on the single-cell level has some caveats
and can give inconsistent results on the single-cell level.” Based on
studies of nanoparticle uptake, it was revealed that all tested gene
carriers enter cells by endocytosis,*® even the ones connected to
cell-penetrating peptides."* Although viruses have the ability to
penetrate the cellular membrane for productive infection—which
can happen either at the plasma membrane or the limiting mem-
brane of an intracellular organelle—the majority of viruses exploit
the cellular endocytotic machinery and need it for productive
infection. This may be due to the fact that endocytosis offers real
advantages for infectivity such as directed movement toward the
nucleus in vesicles by molecular motors,** circumvention of barri-
ers in the cell periphery," and the use of local cues such as low pH
for timed escape into the cytosol at specific locations.'* However,
there is no generalized internalization pathway for viruses as well
as gene carriers. The exact endocytic pathway used is strongly
dependent on the individual cell type and also the sort of virus
or gene carrier.>'”!8 Several endocytosis pathways are often used
simultaneously and inhibition of one pathway leads to an increase
in internalization by alternative routes. In addition, for gene carri-
ers, the pathway finally resulting in successful transgene expression
varies with cell line and also gene carrier type.”” Therefore, knowl-
edge of the exact internalization pathway of a specific gene car-
rier is required to improve its efficiency. One approach to increase
the transfection efficiency of gene carriers is to target a pathway
leading to successful gene expression by using a specific receptor.
This can concomitantly be connected to cell-specific targeting.'*->
However, the exact successful entry pathway has to be defined for
each target cell line and particle type individually. Such detailed
understanding of the entry process of natural and artificial viruses
on the single-cell level can be obtained using SPT. By following
individual viruses and nanoparticles in real-time with high spatial
and temporal resolution, the kinetics of transfection can be mea-
sured and the specific interactions can be visualized.

SPT MICROSCOPY

Experimental setup

Single-particle techniques are typically based upon highly sensi-
tive fluorescence wide-field (WF) microscopy. Internalization of
single gene carriers can be continuously followed from their ini-
tial attachment to the cell membrane through the various steps
of the uptake process and intracellular trafficking. The ability to
image single gene carriers, which can eventually be labeled with
only a few fluorophores, at high temporal resolution over several
minutes requires ultrasensitive detection. The setup we currently
use for SPT is shown in Figure 1. Excitation is performed by laser
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light which provides the necessary excitation intensity required
for strong photon emission by the fluorophores and whose nar-
row spectrum makes it easy to suppress scattered light without
blocking fluorescence signal. Typical laser lines for excitation of
common fluorophores are 488, 532, 561, and 635nm. The avail-
ability of several laser lines allows simultaneous imaging of two
to three fluorophores, depending on emission spectra of the labels
and filters available. An acousto-optical tunable filter is used to
select the appropriate excitation wavelength or wavelengths with-
out speed limitations or vibrational and mechanical constrains
related to mechanical shutters or rotating wheels. The laser light is
focused onto the back aperture of the objective for WF and total
internal reflection fluorescence (TIRF) illumination. The cells are
kept at 37°C throughout the experiment by a temperature con-
trolled stage (heating table). The objective is also heated to 39°C
(slightly higher than the temperature of the sample) as oil immer-
sion objectives are in direct thermal contact with the sample and
act as a strong heat sink for the cells. It is best to use objectives
that have been designed for use near 37°C. There are also micro-
scope stage incubator chambers available that allow control of
the CO, level, but with the exception for long-time experiments,
the use of CO,-independent medium is typically sufficient. Focal
instabilities in the microscope mechanics due to temperature
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Figure 1 Schematic drawing of a wide-field/objective-type total
internal reflection fluorescence (TIRF) microscope for single-particle
tracking (SPT). For excitation, several excitation wavelengths are avail-
able and can be switched in microseconds with an acousto-optical tun-
able filter (AOTF). Laser light is coupled into the objective either in wide
field (WF) or total Internal refection fluorescence microscopy (TIRFM)
mode, which is selectable using mechanical shutters and can be alter-
nated with each frame. A field aperture is used such that only the area
detectable on the camera is illuminated. The emission light is separated
from the excitation light by a dichroic mirror. For multicolor imaging,
the emission light is spectrally separated by a second dichroic mirror and
the two emission channels are detected on separate EMCCD cameras.
DC, dichroic mirror; F, filter; L, lens; M, mirror; S, slit. Courtesy of Dr
Sergey Ivanchenko and Jens Prescher.
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fluctuations in the surroundings after mounting the sample pro-
vide major difficulties for SPT. An auto-focus system keeps the
sample at a constant z-position and is very beneficial for inter-
mediate and long-term (1-2 hours) measurements. The emission
light is typically collected by a x60 or x100 oil immersion objec-
tive with high numerical aperture (up to 1.49 NA) and separated
from the excitation light with the appropriate dichroic mirror. The
fluorescence emission is then directed to and detected by a highly
sensitive (typically back illuminated) electron multiplied charge-
coupled device camera. For multicolor imaging, either multiple
regions can be imaged on different portions of a single camera or
separate cameras can be used. Multiple cameras have the advan-
tage of an increased field of view, but also increase the cost of the
setup. The exact configuration of the setup, mainly the choice of
lasers, dichroic mirrors and filters, depends on the combination of
fluorophores used and may have to be adapted for the individual
experiments by the user. Accessory optics for TIRF illumination
(see Figure 1) or confocal detection can be added to increase the
flexibility and variability of custom-built setups. TIRF illumina-
tion is especially interesting for fast tracking of cell surface associ-
ated events at the basal plasma membrane.

Trajectory analysis and MSD plots

In the acquired image sequences, individual fluorescent particles
can be identified as bright spots on a dark background. Each frame
in the movie is a representation of the position of the particles at a
certain time point. By extraction of the x- and y-coordinates of the
particles from the centroids of their diffraction limited spots in all
frames of the movie where the particle is detectible, the trajecto-
ries of the particles can be obtained. This is typically performed
by first reducing background noise and then selecting particles by
setting an intensity threshold on the filtered image. In a second
step, particles for tracking are selected based on their intensity,
size and shape. The x-and y-coordinates are obtained by fitting a
2D-Gaussian function to the particle’s intensity profile (Figure 2a).
In a final step, the particle coordinates are subsequently used for
calculating the corresponding trajectories based on a nearest-
neighbor algorithm.?* With this method, a positional accuracy
well beyond the optical diffraction limit is achieved. The centroid
position of a sufficiently bright fluorophore can be determined to
within nanometer precision.

The resulting trajectories are usually analyzed for their type
of motional behavior as the motion provides information on the
surroundings and interactions of the particle. The most common
analysis starts with calculation of the so called mean-square dis-
placement (MSD). From the MSD, their type of motional behav-
ior can be determined.” A simplified way to calculate the MSD is
depicted in Figure 2b. The MSD <r*> describes the average of the
squared distances between a particle’s start and end position for all
time-lags of certain length Af within one trajectory.

With increasing time-lag, however, less data points are avail-
able and the uncertainty of the MSD values increases.” To account
for this uncertainty, the MSD should always be calculated for time-
lags corresponding to less than ~% of the total number of points
in the trajectory.”® As a consequence, the time-axis of a MSD plot
can only represent a fraction of the time scale of the trajectory.
From evaluation of the MSD plot, information about the mode
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Figure 2 Tracking and mean-square displacement (MSD). (a) When
a single particle is present in the psf, the x-, y-coordinates of the particle
at a give time point are derived from the central position of its diffrac-
tion limited intensity profile by, for example, fitting it to a 2D-Gaussian
function. Hence, a positional accuracy far below the optical resolution is
obtainable. (b) MSD plots. Upper panel. A schematic trajectory showing
the distance traveled between consecutive frames (blue circles in trajec-
tory). The average of all steps within the trajectory for each time-lag At,
with At = 7 (red), At = 27 (dark green), and so on (where 7 = acquisition
time interval from frame to frame) gives a point in the MSD plot. (c)
The time dependence of the MSD allows the classification of the type of
diffusional behavior. A linear plot indicates normal diffusion and can be
described by <r*> = 4DAt (D, diffusion coefficient) for a two-dimensional
analysis and <r>> = 6DAt in three-dimensions. A quadratic dependence
of <r”> on At indicates directed motion and can be fitted by <> = v2A#
+ 4DAt (v, mean velocity). When the MSD asymptotically approaches a
maximum value for larger At, the system is undergoing confined or cor-
ralled diffusion with <> = < > [1 - A, exp (—4A,DAt/<r >)]. Anomalous
diffusion has the form <r?> = 4DAt* and o < 1 (subdiffusive).

of motion can be obtained (Figure 2c¢). This mode of motion can

then be interpreted in a biological context and conclusions on the

location and environment of the tracked particle can be drawn.
Normal and Anomalous diffusion is described by

<r’> =4D At*, (1)
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where D is the diffusion coefficient, At is the given time inter-
val and the exponent, «, that distinguishes between normal or
Brownian diffusion (« = 1) and anomalous diffusion (« < 1). The
factor 4 is specific for diffusion in two dimensions and is replaced
by 6 in all formulas for three-dimensional tracking. For Brownian
motion, the MSD increases linearly with At. Anomalous diffusion
is typically observed when the diffusive particle is hindered by
obstacles.

Confined or corralled diffusion is indicated by an asymptotic
behavior of <r*> for large At and implies a confinement for the dif-
fusive particle. The relation between <r*> and At is given by:

<r’>=<r’> [1- A, exp (—4A,DAt/<r’>)], (2)

where <r2> is an approximation of the size of the confinement
and the constants A, and A, are determined by the confinement
geometry. The asymptotic value of <r*> for large At can be used
to estimate of the size of the confinement <r>>. We note that
confinement within a certain region is only observable when the
observation time is long compared to the time between succes-
sive contacts of the particle with the barrier. For short observation
times, normal or anomalous diffusion within the confinement is
observed.

Active transport is described by a quadratic dependence of the
MSD <r*> on At:

<r’>=v’At’ + 4DAt, (3)

where v is the velocity of the directed motion which is also called
drift. Superimposed on this motion is normal diffusion with the
diffusion coefficient D. The whole process can be described using
the analogy of a conveyor belt, where particles are transported but
also diffuse along the belt. By fitting formula (3) to an MSD curve,
the mean velocity v of the directed motion and the diffusion coef-
ficient D are obtained.

In the above equations, the impact of uncertainties and sta-
tistical errors has been ignored. Often the information extracted
from the equations above is sufficient for the biological question
of interest. However, it is still possible to perform a more quan-
titative analysis by taking the static and dynamic errors into
account. Static errors, represented by o, arise from the uncertainty
in determining the position of the particle due to experimental
noise. When static uncertainties are not taken into account, freely
diffusing particles may be incorrectly categorized as undergoing
anomalous diffusion.?® The static contribution can be determined
by measuring immobilized particles at a signal-to-noise ratio sim-
ilar to the actual experiments.”” Dynamic errors arise from the fact
that the particle is diffusing within the integration time of each
frame, leading to motional blurring of the fluorescence intensity
on the camera. When the camera is constantly illuminated for
the entire frame, the modified MSD for a freely diffusing particle
including static and dynamic uncertainties is given by:*-!

<r’>=4DAt + 46° — 4DAt,/3, (4)

where At is the frame integration time of the camera. When
the illumination intensity is varied during the exposure time of
a single frame, such as for stroboscopic illumination, the correc-
tion term for dynamic errors will vary.* For tracking the entry of
viruses and nanoparticles, the static uncertainty can be significant
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due to the limited signal-to-noise ratio of experiments performed
in living cells and the lower illumination intensities used for mea-
surements over extended time periods. Whether dynamic errors
significantly contribute to the MSD depends on the mobility of
the tracked particles and details of the experimental protocol.

Subtrajectory analysis

MSD curves of diffusive motion can be very heterogeneous and
often change during the course of the trajectory. Therefore, it is
important to perform a MSD over subregions of the trajectory.
A careful description of the various modes of motion within one
trajectory requires the separation of the trajectory in several parts
e.g., manually according to morphological differences or by velocity
thresholds*>** as the shape of the MSD or effective diffusion coef-
ficient curves are not sufficient. For example, particles showing
hop diffusion may fulfill all analysis criteria for “diffusive” motion
whereas the hop diffusion pattern is only visible in the trajectory.®

As early as 1995, Jacobson and co-workers applied a subtra-
jectory analysis to identify transient confinement zones of mem-
brane proteins.** They calculated the maximum displacement
within multiple segments over the entire trajectory and calculated
the probability that a freely diffusing particle remains within a
confined region of the size of the maximum displacement for the
entire segment. When the probability was reasonable, normal dif-
fusion was assumed. However, when the log-likelihood that the
diffusional motion was not random exceeded a critical threshold
over a minimum critical duration, they would assign that region of
the trajectory to a confinement zone. The optimal critical thresh-
old and duration were determined from simulations.

A more sophisticated method for automated trajectory anal-
ysis and mode of motion detection utilizes a rolling-window
algorithm. The algorithm described by Arcizet et al.*>* reliably
separates the active and passive states of particle motion and
extracts the velocity during active states as well as the diffusion
coeflicients during passive states. It assumes that active transport,
for example on microtubules, is characteristically directional over
a certain time and measures the directional persistence of par-
ticle motion by the angular correlation of the following steps.*
The angle analysis provides an estimate of the probability of the
particle undergoing active motion within the analyzed subregion.
Of course, the higher the temporal resolution and the more data
points acquired, the better and more detailed the analysis can be.
As a consequence, for very fast transport events, the temporal
resolution has to be high enough to acquire sufficient data points
for analyzing the different modes of motion and for separating the
break points between them.

Other elegant approaches have also been taken to extract het-
erogeneous diffusion characteristics within a single trajectory.
Hang and co-workers developed a maximum likelihood approach
to automatically recognize when a system undergoes a transition
to a state with different diffusional properties and performs a sub-
trajectory analysis in the regions between transitions.” Matsuoka
and co-workers took a different approach and explicitly calculated
the displacement probability density function assuming a single,
freely diffusion species, two noninterconverting freely diffusing
species and a species that interconverts between two freely dif-
fusing states with different diffusion coeflicients.® Using their
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model, they could not only extract the diffusion coeflicients of
the different states but also the transition rate between the states.
Although subtrajectory analyses are powerful for investigating the
heterogeneous diffusional behavior of individual particles, other
means such as the probability distribution of square displace-
ment® can also be used to detect diffusional heterogeneities. For
example, Pinaud and co-workers have recently detected two diffu-
sion regimes for the glycosylphosphatidylinositol-anchored pro-
tein and found that the slower mobility population correlated with
glycosphingolipid-rich microdomains.*

Millisecond ALEX

Multicolor imaging is a powerful tool for extracting information
regarding the uptake of gene carriers and viruses in living cells
and can be used to visualize interactions or track multiple com-
ponents. For example, the uptake pathway can be investigated in
more detail by labeling different cellular components with fluo-
rescent proteins (e.g., early or late endosomes*') or cargo delivery
can be visualized by labeling the cargo and the carrier with differ-
ent colors and visualizing when the cargo separates from the car-
rier. However, one difficulty of multicolor experiments is spectral
overlap of the fluorophores, which can be especially troublesome
for experiments restricted to the use of fluorescent proteins and/
or where the labeling ratios of the different components vary dra-
matically. However, spectral overlap can be removed with the use
of pulsed interleaved excitation*** in confocal setups equipped
with such technologies or with millisecond alternating-laser exci-
tation (ALEX)* for camera-based imaging methods.

In millisecond ALEX, consecutive frames are collected using
alternating excitation wavelengths. In a two-color experiment
with DsRed and Cy5 (Figure 3), the odd frames will be recorded
with 532 nm excitation for DsRed and the even frames collected

Merged DsRED Cy5

images channel channel(s)
w
[
X
w
-
<
5
o
]
=

532nm 532nm 636nm
excitation excitation excitation

With ALEX/PIE

Figure 3 Removal of spectral crosstalk with alternating-laser exci-
tation (ALEX)/pulsed interleaved excitation (PIE). An image of a
live Hela cell transfected with DsRed labeled actin and infected with
Cy5-labeled polyplexes. The upper panels show the image as would be
measured using normal dual-color excitation with two-channel detec-
tion. The lower panes show the image using ALEX/PIE where spectral
crosstalk is separated from the Cy5 channel. A merged image (left pane),
and images of the DsRed channel (left-middle pane), and Cy5 chan-
nels (right panes) are shown. The merged image with ALEX/PIE and the
Cy5 channel with 636 nm excitation shows the improved contrast when
spectral crosstalk is removed.
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with 636 nm excitation for Cy5. With the appropriate choice of the
emission filter for the DsRed channel, no fluorescence from Cy5
will be visible in the DsRed channel. With the appropriate choice
of excitation wavelengths, the higher energy fluorophore will not
be excited with the lower energy wavelength. In the above exam-
ple, 636 nm light did not excite DsRed. Thus, the DsRed detection
channel with 532nm excitation had no overlap with Cy5 and the
Cy5 detection channel with 636 nm excitation has no contribu-
tion from DsRed. Even when the concentration of fluorophores
are different by orders of magnitude, these combinations are free
of spectral crosstalk.

In addition to removal of spectral crosstalk, millisecond
ALEX can be utilized to calculate stoichiometries or distinguish
different fluorophores based on both their excitation and emis-
sion properties. For example, one characteristic typical of cellu-
lar autofluorescence is a broad excitation and emission spectrum.
Autofluorescence will be detectible in multiple channels and
hence, be distinguishable from the other fluorescence signals. This
is particularly critical when exciting at wavelengths of 488 nm or
shorter as shorter wavelengths generally result in a stronger auto-
fluorescence signal.

FOLLOWING THE DYNAMICS OF SINGLE
NANOPARTICLES IN LIVING CELLS
To follow the internalization process of single polymeric gene carri-
ers (polyplexes) in living cells in real time, de Bruin and co-workers
combined sensitive fluorescence WF microscopy and SPT with a
temporal resolution of 300 ms.* They obtained trajectories showing
the full internalization process of epidermal growth factor receptor-
targeted polyplexes starting with attachment to the cell membrane
followed by uptake into the cell and finally active transport toward
the nucleus. Typically, three phases of motion were found (Figure 4,
the video corresponding to the trajectory can be found in the
supplementary material of ref. 32). Phase I showed slow directed
motion, phase II consisted either of normal, anomalous and con-
fined diffusion or a combination of them, and phase III showed
fast, active transport in the cytoplasm. Phase I occurred shortly
after attachment to the cell membrane where the polyplexes showed
slow directed transport with typical velocities of ~0.015um/s. This
transport was attributed to the movement of the underlying actin
cytoskeleton mediated by the EGF receptor and linker proteins as
revealed by dual-color microscopy. The polyplexes were thus trans-
ported by the retrograde actin flow within the cell. A similar behav-
ior was also observed for untargeted polyplexes by Bausinger et al.*
where the cell-surface attached polyplexes colocalized with actin
fibers of the underlying cortical actin network. In these experi-
ments, SPT of the membrane bound polyplexes revealed a variety of
motion behavior including 2D-free diffusion, anomalous diffusion
as well as complete immobilization. Also magnetic polyplexes dis-
play the three phases of internalization, independent of the applied
magnetic fleld.*” From these studies, it can be concluded that appli-
cation of a magnetic field only affected the extracellular distribution
of the magnetic polyplexes whereas the cellular processes of uptake
and trafficking were unaffected.

For untargeted cationic gene carriers, cell-surface proteogly-
cans such as heparan sulfate proteoglycans have been suggested as
a kind of “unspecific receptor” with binding characteristics based
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Figure 4 Internalization of epidermal growth factor receptor (EGFR)-targeted polyplexes. (a) Trajectory of a polyplex during uptake into a
HuH?7 cell. The particle was tracked for 4 minutes and 30 seconds at a temporal resolution of 300 ms/frame. Three phases are typically observed dur-
ing internalization. The trajectory starts immediately after the polyplex attaches to the cell membrane. Time information is given by the color of the
trajectory changing from red to blue-violet during the movie. The arrow indicates a spot of back-and-forward movement. The corresponding video
is available as supplementary information in ref. 28. The overlaying color boxes mark the phases: Yellow: phase I—slow active transport; blue: phase
Il—anomalous and confined diffusion; purple: phase lll—active transport. (b) A plot of the instantaneous velocity of the trajectory shown in a and
mean-square displacement (MSD) plots of the three phases analyzed from several trajectories. The plots corresponding to the trajectory presented in
panel (a) are drawn in red. Based on the MSD analysis, the particle is undergoing active transport with a mean drift velocity for all plots in phase | of
v,=0.015um/s and a corresponding diffusion coefficient of D, = 4 x 10~ um?/s. For phase ll, the plots could not be averaged due to heterogeneous
appearance showing anomalous, normal and confined diffusion. Phase Ill plots show again active transport by this time with a significantly higher

mean velocity of v,
Society of Gene Therapy.?

on electrostatic interactions.'®**** The results of the SPT from
Bausinger et al. support the model of receptor binding by the poly-
plexes and receptor clustering before endocytosis occurs. Recent
experiments using colocalization with fluorescent markers, inhibi-
tor, and small interfering RNA treatment by Payne et al.*’ provides
strong evidence for proteoglycans as the unspecific receptors for
polyplexes. Targeting gene carriers to specific cell surface recep-
tors can influence the internalization behavior. de Bruin®? and co-
workers demonstrated in their study that targeting of polyplexes
to the EGF receptor lead to increased and accelerated endocytosis
of the polyplexes. Instead of the unspecific proteoglycan mediated
endocytosis, the polyplexes were quickly internalized by the spe-
cific EGF receptor mediated endocytosis. The fast endocytosis was
represented in the trajectories by a significantly shortened dura-
tion of phase L.

The internalization event itself—namely the pinching off of an
endocytic vesicle from the plasma membrane—cannot be resolved
by light microscopy. However, by combining SPT with fluores-
cence quenching of extracellular polyplexes at different time
points, de Bruin et al.**> showed that the internalization into an
endocytic vesicle occurs during phase I. More interestingly, some
polyplexes defined as intracellular continued the slow directed
movement characteristic for phase I for a certain time before
switching to the movement characteristic for intracellular parti-
cles. This suggested that the newly formed endocytic vesicles close
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= 0.7um?/s with a corresponding mean diffusion coefficient of D, = 0.1 um?/s. Adapted with permission from the American

to the membrane may be trapped in the cortical actin cytoskeleton
and therefore show motion similar to the polyplexes bound to the
membrane and connected to the actin cytoskeleton by transmem-
brane proteins.

Typically, most internalized particles show anomalous or con-
fined diffusion followed by active transport at later time points.
The anomalous diffusion and confinement displayed by the MSD
analysis during phase II represent the local microenvironment
of the particles in the cytoplasm where the cytoskeleton, organ-
elles and large macromolecules are local obstacles for free diffu-
sion. Long-range active transport (phase III) occurs with motor
proteins (kinesins or dyneins) along microtubules with velocities
up to 4 um/s and is a signature of internalized particles. Typically,
this long-range active transport displays the so called stop-and-
go motion as a result from binding and unbinding of motor pro-
teins to the microtubules.?>*** Reversal of the transport direction
can frequently be observed (see arrow in Figure 4a). Motor pro-
tein driven transport of nanoparticles usually occurs as vesicu-
lar transport. This is in contrast to many viruses, where the virus
particles show active transport in the cytosol after fusion with the
plasma membrane or endosomal membrane.®-> This is due to the
ability of specific proteins from the virus particle to bind motor
proteins.

For murine polyoma virus-like particles (VLP), motional
behavior on the plasma membrane similar to the phase I observed
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Figure 5 Entry of influenza virus. (@) The trajectory of a DiD-labeled
virus inside a cell. The color of the trajectory codes time with the colored
bar indicating a uniform time axis from 0 s (black) to 500 s (yellow). The
red star indicates the fusion site. Bar = 10um. (b) The instantaneous
velocity (black) and DiD fluorescence intensity (blue) during the trajec-
tory of the virus. t1, t2, and t3 are the durations of stages I, Il, and lI,
respectively. Stage | starts with contact of the virus with the cell, stage
Il consists of a rapid unidirectional translocation from the cell periph-
ery to the perinuclear region, stage lll is the period between stage I
and fusion and shows intermittent and bidirectional movement in the
nuclear periphery. Fusion of the virus with the acidified endosome always
occurs after the rapid movement in stage Il. Copyright (2003) National
Academy of Science, USA.®

in polyplexes was found during entry.* After binding to the cell
surface, the VLP showed free lateral diffusion followed by con-
finement through an actin cytoskeleton-dependent mechanism as
well as confined movement in zones with a slow drift. The results
suggested that the multivalent VLPs bound to cell-surface gan-
gliosides, which clustered and induced transmembrane coupling
to the underlying actin cytoskeleton leading to confinement of the
VLP-ganglioside complex.

For the entry of influenza viruses, a three-stage entry process
was found, which is slightly different than that for the polyplexes.®
Shortly after addition of the viruses to the cells, virus particles
showed a slow actin-dependent movement in the cell periphery
in stage I. Stage II consists of a short unidirectional movement
toward the perinuclear region and is followed by intermittent
and bidirectional movement in the nuclear periphery in stage
III (Figure 5). Interestingly, the rapid stage II movement was
followed by the initial acidification of the endosomes. As a con-
sequence, virus fusion occurred at the end of stage III. To visual-
ize the fusion event by fluorescence microscopy, Lakadamyali et
al® took advantage of the self-quenching effect of the lipophilic
dye DiD. The viral membrane of influenza virus can be loaded
with DiD at sufficiently high concentrations for self-quenching
and viral fusion is then detected by a significant increase in dye
fluorescence intensity by dequenching due to lateral diffusion of
dye molecules in the cell membrane. By using multicolor fluo-
rescence microscopy, also mechanistic details of the internaliza-
tion process of influenza virus were resolved. Influenza virus
can enter cells by a clathrin-mediated as well as clathrin- and
caveolin-independent endocytic pathway. Using fluorescently
labeled influenza virus particles and EYFP-clathrin expressing
cells, Rust et al.* visualized the clathrin-mediated entry in great
detail. Binding of virus particles to the cell membrane induced
de novo formation of clathrin-coated pits at the virus binding
site. After internalization, clathrin uncoating of the vesicles was
characteristically followed by the rapid movement associated
with stage II.
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Using approaches similar to those outlined above, the exact
pathways of nanoparticle endocytosis and transfection can be
elucidated. Currently, how gene carries enter and transfect cells
is a black box. By tracking individual viruses and nanoparticles
throughout the entire transfection pathway, it is possible to define
different stages in the uptake and infection process. For example,
rapid directed transport visualized from a subtrajectory analysis
of individual particles is a clear indicator that the particles have
been internalized by the cell. By combining SPT with multichan-
nel detection, it becomes possible to investigate additional steps
in the internalization process such as separation of DNA from
polymer, to study the interaction of nanoparticles with the cel-
lular organelles and proteins, and determine where in the kinetic
scheme these additional processes and interactions occur. These
types of investigations promise to improve the functionality of
gene carriers by visualizing which steps occur efficiently and rec-
ognizing where adjustments need to be made in the design of the
nanoparticles.

ADVANCED MICROSCOPY METHODS

Alternating WF and TIRF microscopy

Many interactions during the uptake of gene carriers occur at the
plasma membrane of cells. TIRF microscopy (TIRFM) is an excel-
lent method for live-cell measurements at the plasma membrane,
particularly in the presence of a high cytosolic background. In
TIREM, the sample is illuminated through the evanescent wave
generated at the glass-medium interface when illuminated at angles
higher than the critical angle and penetrates ~100-250 nm into the
sample dependent on the wavelength and angle of excitation:

1

A- 2 22 2 2
d = _n(nmedium sin 0 - nglass) (5)

where 0 and 4 are the incident angle with respect to the normal
and wavelength of illumination, respectively and #, the index of
refraction of the corresponding substance. Due to the exponential
decay of the evanescent field in TIRFM, it is very sensitive to the
z-position of the fluorophore. To avoid misinterpretation of the
fluorescence intensity in the TIRE, it is beneficial to simultane-
ously measure the fluorescence intensity using WF microscopy.
A comparison of the fluorescence intensity in both modes allows
one to distinguish between real changes in fluorescence intensity
and axial moment of the tracked object.

Such an alternating TIRFM/WEF setup was constructed to
investigate the assembly of HIV-1 at the plasma membrane.*
Although this review focuses on the entry of viral and nanopar-
ticles, egress has many similarities to entry and profits from the
same technical approaches. During HIV egress, the individual
assembly sites showed motion at the plasma membrane, mak-
ing it necessary to track the individual particles during assembly
and release. For these experiments, HeLa cells were transfected
with the complete HIV-1 plasmid expressing all viral proteins
with the exception of NEF and the long-terminal repeat regions
were removed to render the virus noninfectious.” The structural
protein gag was fused with enhanced green fluorescent protein
inserted between the matrix and capsid moieties and mixed with
an equimolar mixture of nonlabeled constructs to guarantee wild-
type like properties.®
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Figure 6 Budding of HIV. (a) A wide-field (left) and total Internal refection fluorescence microscopy (TIRFM) (right) image of Hela cells during HIV-1
assembly. The individual fluorescent punctea are individual assembly sites. (b) The fluorescence intensity and instantaneous velocity for an individual
assembly site highlighting the three phases observed during assembly. The color code is red for phase |, yellow for phase Il, and cyan for phase llI.
(c) The trajectory of the assembly site shown in panel (b) superimposed upon an image of the assembly site. The trajectory is color-coded as in b.
(d) Mean-squared-displacements of phase | and Il (orange) and phase Ill (cyan) from the trajectory shown in panel (c).

The excitation modality was alternated frame-by-frame such
that the odd frames were collected with TIRFM excitation and the
even frames with WF excitation. The evanescent field was sensi-
tive to distances up to ~150nm from the coverslip whereas the
depth-of-field for WF is ~1-2 pum. Figure 6a shows a WF image
along with the corresponding TIRFM image collected during the
assembly of HIV-1-budding sites. HIV assembly was observed
to occur in three-phases as exemplified in the trace shown in
Figure 6b. Phase I involves the recruitment of gag proteins to the
assembly site. Typically, the increase in fluorescence intensity fol-
lows the form of a saturating exponential. The duration of phase
I from the start of assembly to 90% saturation was 8-9 minutes.
In phase II, gag delivery to the assembly site is complete as shown
in photobleaching experiments of Jouvenet et al.”” and interac-
tions with some of the cellular ESCRT machinery takes place.”®*
The average duration of phase II was ~12 minutes. In phase III, a
decrease in fluorescence signal is observed which, for at least some
cases, can be attributed to particle release. The average timescale
from assembly to release was measured to be on the order of 30
minutes.*

For the above experiments, the fluorescence intensity of the
individual budding sites and the surrounding background were
monitored in TIRFM and WF modes. When large fluctuations of
the plasma membrane were seen or the particle was moving axially
during the assembly process, the traces were not further analyzed.
However, when axial motion was observed after assembly, it can be
used as one possible indication of release. For example, Figure 6¢
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shows a decrease in TIRFM signal during phase III while the WF
signal remains constant, suggesting that the particle is moving in
and out of the evanescent field in a small pocket between the cov-
erslip and the plasma membrane of the cell. Release was verified
by analyzing the mean-squared displacement of the particle dur-
ing the different phases (Figure 6d). In phase III, the diffusion
coefficient increases ~100 fold over phase I and II to 1.6 x 107
pm?/s and shows random, nondirected motion. Such a large diffu-
sion coeflicient is not possible in the cytosol for HIV-1 particles,
which have a diameter of ~170 nm.® Therefore, it is clear that the
particle has been released.

The advantage of TIRFM is that only a thin sheet above the
interface is illuminated by the evanescent field providing high con-
trast image of interactions at and near the plasma membrane. This
can also be a limitation for experiments that investigate the entry
process of artificial viruses or gene carriers where very few particles
are able to reach the extracellular region illuminated by the evanes-
cent field between the coverslip and plasma membrane. However,
TIRFM/WF microscopy can still play an important role in inves-
tigating the uptake of particles by using innovative approaches to
get the nanoparticles between the coverslip and the cell plasma
membrane. One alterative is to use reverse transfection where the
particles are first attached to the coverslip and the cells are then
seeded on top of the particles.®® A second possible alternative is to
use nano- and/or micropatterning to functionalize the surface of
the coverslip such that there are pockets between the coverslip and
cellular membrane that are easily accessible for nanoparticles.
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Three-dimensional tracking

A comparison of the fluorescence intensity in TIRFM and WF exci-
tation makes it possible to distinguish axial motion. Particularly
during virus and artificial virus uptake, tracking in three-dimen-
sions is important. A multitude of methods for three-dimensional
tracking are emerging, but can be classified into two general
approaches. In the first approach, data from a particular region is
collected in three-dimensions and the particles are tracked manu-
ally or with automatic tracking programs afterwards. The second
approach is to track single particles in real time using a feedback
loop.

z-Stacks. The most straight-forward approach for three-dimen-
sional tracking is to collect data in three dimensions using one
type of scanning confocal microscopy. Often, a spinning disk
confocal microscope is used because of its speed, however, laser-
scanning confocal microscopes and two-photon microscopy can
also be used. Images in x-y are collected at different z-positions.
Hence, this technique is often referred to as z-stacks. Several z-
stacks are collected and the particle tracked ex post facto. In our
research group, we typically make a z-projection of each stack,
taking the maximum intensity for each x-y position in the z-stack
and use the software we have developed for two-dimensional im-
aging to extract the x-y coordinates from the projected image. To
determine the z-position, a z-slice is taken at the x-y coordinates
of the particle and fit with a one-dimensional Gaussian function.
The z-resolution depends on the signal-to-noise ratio, but resolu-
tions on the order of 60 nm can be easily achieved.

Spinning disk confocal microscopy was used to track the
assembly of individual HIV-1 particles on the dorsal cell sur-
face. Figure 7a shows a three-dimensional trajectory of a nascent
assembly site from the beginning of assembly through to release.
Below is a two-dimensional projection of the trajectory, the fluo-
rescence intensity during the assembly process and the instan-
taneous velocity (Figure 7b,c). The phases are color-coded with
phase I shown in red, phase II in yellow, and phase III in cyan. The
residual fluorescence of gag molecules in the plasma membrane
made it possible to reconstruct the cell membrane, shown as the
brown surface in Figure 7a. From the measurements using the
spinning disk confocal microscope, we could verify that the total
assembly time of HIV-1, ~ 30 minutes, is not influenced by the
presence of the coverslip in TIRFM measurements.

One disadvantage of collecting three-dimensional data via
z-stacks is the slower time resolution. This can be seen by compar-
ing the trajectories in Figures 6c and 7b. Although the individual
images were collected with similar rates, the overall time resolu-
tion in three-dimensions is decreased by at least the number of x-y
planes collected in the z-stack (when other hardware difficulties
with z-scanning do not arise). In the last years, several methods
have evolved to allow three-dimensional SPT on faster time scales.
One method collects two image planes, one above and one below
the depth of interest, and uses the shape of the psfin both images to
extract the z-position of the particle.®*** A second possibility uses a
weak cylindrical lens into the emission pathway and determines the
three-dimensional position of the particle from the axial astigma-
tism.**° Recently, Pavani and Piestun have developed an efficient
double-helix point-spread function using a phase mask generated
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Figure 7 Thee-dimensional tracking of HIV-1 assembly and release.
(a) The trajectory of an HIV-1 particle observed using a spinning disk
confocal microscope shown in three-dimensions. The plasma membrane
is shown in brown. The trajectory is color-coded as in Figure 6 (phase |,
red; phase Il, yellow; phase lll cyan). (b) A two-dimensional projection of
the trajectory superimposed on a single confocal image of the assembly
site. Bar = T um. (c) The fluorescence intensity (upper panel) and instan-
taneous velocity (low panel) during assembly and release of the HIV-1
particle tracked in panel (a).

by a spatial light modulator®” and used it for three-dimensional
SPT.*® This approach has been further championed by the group
of Moerner.®*”° One drawback of all the above methods is that they
are limited to z movement over a couple of micrometers.

Orbital tracking. An elegant alternative for three-dimensional
SPT is orbital tracking. Orbital tracking is an extension of scan-
ning-FCS and was proposed by Enderlein” in two-dimensions
and applied in two- and three-dimensions by Gratton”>”* and
further adapted in our group.”

In orbital tracking, the laser is orbited around the object of
interest with a radius roughly equivalent to the width of point-
spread-function of the laser beam using a specially equipped
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Figure 8 Three-dimensional orbital tracking of polyplex transport
along microtubules. (a) The three-dimensional trajectory (blue) of a
polyplex was tracked in HuH7 cells with enhanced green fluorescent
protein (EGFP) labeled tubulin (green structures in the image). Overlayed
onto the 3D trajectory are two wide-field images taken at different
z-positions during the measurement. Two-dimensional projections of
the three-dimensional trajectory are shown in grey on the respective
axes. (b) Two frames from the wide-field movie that was concomitantly
recorded during orbital tracking of the polyplex (red dots). The corre-
sponding video is available as supplementary information in ref. 75. The
wide-field information allows correlation of the changes in the environ-
ment with motion of the tracked particle. (c¢) Mean-square displacement
(MSD) plot (blue curve) of the trajectory presented in a. Fitting the MSD
to directed motion (<r*> = v?At? + 6DAt for three-dimensions) yielded
an average transport velocity of 0.25pum/s. Copyright Wiley-VCH Verlag
GmbH & Co. KGaA. Reproduced with the permission.”®

(homebuilt) laser-scanning confocal microscope. When the par-
ticle is located at the center of the orbit, the fluorescence intensity
will not change during the orbit. The measured intensity will be
less than when the particle was centered in the laser beam, but the
system is more sensitive to movement of the particle. Deviation of
the particle from the center of the orbit is detectable as a modula-
tion in the fluorescence signal. One or a few orbits are then aver-
aged together and a fast Fourier transformation routine is used to
determine the phase and amplitude of the modulation in micro-
seconds. The phase of the modulation determines in what direc-
tion the molecule has moved and the amplitude of the modulation
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provides information on how far the particle has moved. Using a
feedback loop, the orbit is then moved to the new location of the
particle and the coordinates written to disk. With such a routine,
it is possible to track particles with a time resolution of a few mil-
liseconds and the trajectory is written to disk in real-time with no
post processing necessary.

To track particles in three-dimensions, the detection pathway
is split between two confocal channels. The confocal pinholes (or
multimode fiber entrances, which act effectively as the confocal
pinholes) are adjusted to be in focus ~500 nm above and ~500 nm
below the tracked particle. The signals from the two channels are
added together for determination of the x- and y-coordinates of
the particle and the z-position determined from the difference of
the two channels. The objective is then moved using a piezo stage
to keep the particle focused between the two channels. With an
appropriate signal-to-noise ratio, an accuracy of better than 10 nm
is obtainable in all three dimensions at a time resolution of 32 ms.
The z-position of the particle is determined from a single orbit
and the position of the objective only changed when the tracked
particle moves in the axial dimension. Thus, the objective is always
focused in the plane of the tracked particle. Hence, a WF setup
was built to allow the simultaneous observation of the environ-
ment in the focal plane about the tracked particle.

Using orbital tracking, we followed the transport of DNA/
polyethylenimine polyplexes on microtubules. The polyplexes
were prepared as previously described in ref. 76. The DNA plas-
mids were labeled with Cy3 and Cy5 so that they could be simul-
taneously observed in the WF setup (using Cy3) and tracked
with orbital tracking (using Cy5). HuH7 cells were used where
the microtubules were labeled with enhanced green fluorescent
protein. After the polyplex has been taken up by the cell via endo-
cytosis, the endosome is transported along the microtubules.
Figure 8a displays a three-dimensional trajectory of a polyplex
moving along a microtubule. Figure 8b shows two frames from
the WF movie depicting the sideways movement of the polyplex
through rearrangement of the microtubules network before being
transported along a new microtubule filament. The MSD of the
overall movement is plotted in Figure 8c clearly indicating active
transport of the polyplex. The average transport velocity, in this
case, was ~ 0.25um/s.

Another feedback approach is tetrahedral tracking by Berg”
and Werner”® where four detectors are used to measure differ-
ent volumes arranged in a tetrahedral geometry about the focus
of a confocal microscope. When a particle moves away from the
focus, this motion is detected and the sample stage is then moved
to place the tracked particle back into the center of the confocal
volume.

PHOTOMANIPULATION OF CELLS

In addition to the development of advanced tracking methods that
allow multiple modalities to be measured quasi simultaneously or
three-dimensional tracking in real-time, tracking methods can be
combined with other optical methods for increased functional-
ity. One of the major bottlenecks in nonviral gene transfer is the
low efficiency of endosomal release.>”® One approach to increase
endosomal release is the use of membrane destabilizing polymers
and peptides.®** Here, we discuss two optical strategies for getting
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genetic material into the cytosol where it can eventually reach the
nucleus. Although these methods would only be applicable for
optically accessible tissues, they also provide an example of how
release can be followed using SPT.

Photoinduced release

One strategy to directly manipulate endosomal release is photo-
chemically.® In the work of de Bruin et al., endosomal membranes
were loaded with a photosensitizer that was activated by a 405nm
laser pulse to produce singlet oxygen resulting in the rupture of
endosomal membranes and release of the endosomal content.
Polyplexes with fluorescently labeled polymer (Alexa488) and
fluorescently labeled DNA (Cy5) were incubated for 12 hours with
live cells to allow uptake into endosomes before the cells were illu-
minated with 405 nm light. By imaging the release process of single
endosomes at high temporal resolution, de Bruin ef al. showed that
the release of the DNA is dependent on the polymer used for com-
plexation. In the case of polyplexes based on PEI and DNA, the
fluorescence signal of the labeled PEI vanished in less than a sec-
ond due to diffusion into the cytosol. The fluorescence signal of the
labeled DNA, in contrast, remained at the location of the ruptured
endosome. As DNA molecules larger than ~1,000 bp cannot diffuse
within the crowded cytoplasm,* released plasmid DNA is basically
immobile in contrast to the smaller sized polymer. However, the
DNA was protected from degradation until endosomal rupture
occurred and successfully released from the PEL For polyplexes
composed of PLL and DNA, the endosomal escape was different.
The DNA remained either tightly bound to the polymer or van-
ished quickly by diffusion simultaneously with the polymer due to
degradation within the endosome before its rupture.

Photothermally induced cell entry

A possibility to avoid entrapment in endosomes altogether is to fuse
with the plasma membrane. Viruses have devised various means of
getting into the cytosol. Single gold nanoparticles provide a possi-
bility for getting pharmaceutical nanoparticles into cells. Feldmann
and co-workers have used 80 nm large gold particles as local heat-
ers to induce phase transitions in membranes.*® Nanometer sized
gold particles have plasmon resonances at visible wavelengths.
The plasmon resonance efficiently absorbs light and converts a
significant fraction of light into heat. Thus, nanogold particles can
be used to effectively heat the local surroundings. Using artificial
membranes, phase transitions from gel phase to fluid phase were
induced locally about the nanoparticle.* Hence, one future strategy
for getting pharmaceutical nanoparticles into cells is building them
about metal particles. Absorption of light from the metal nanopar-
ticles will cause local heating, transiently melting the plasma mem-
brane and allowing controlled entry of the nanoparticles. This is just
one example of optical functionality and addressability that can be
added to the next generation of gene carriers.

CONCLUSIONS

Other methods for investigating particle motility

SPT provides a maximum amount of information when individual
particles are easily discernable and move slow enough that they can
be tracked. However, SPT is limited when the particles diffuse too
quickly (for example, small proteins and peptides) or the particle

Molecular Therapy vol. 19 no. 7 july 2011

SPT for Elucidating Virus and Nanoparticle Entry

density is so high that individual particles often cross paths, mak-
ing it difficult to follow an individual particle. Many other meth-
ods are available to gain information over the mobility of particles
when the particles are too quick or the concentrations too high for
SPT. Fluorescence Fluctuation Spectroscopy is one class of meth-
ods which analyzes the fluctuations in fluorescence intensity to
extract information regarding the number, mobility and brightness
of the fluorescence particles. These methods include Fluorescence
Correlation Spectroscopy,®* Image Correlation Spectroscopy,**
and Raster Image Correlation Spectroscopy.”** Another possibil-
ity is quantitative fluorescence speckle microscopy.”** Rather than
tracking individual particles, speckles from a small number of fluo-
rescent molecules are tracked and thereby the dynamics of mac-
romolecular structures elucidated. These alternative methods that
can be used at particle concentrations well beyond what is possible
with SPT are being further developed and have great potential in
the future of biophysical live-cell investigations.

Outlook

Highly sensitive single-cell fluorescence microscopy techniques
are powerful tools for investigating the uptake of pharmaceuti-
cal nanoparticles as well as viruses into cells with high resolution.
They can help elucidate the entry pathway of viruses or be used
to unravel the bottlenecks of specific nanoparticle applications on
the cellular level and provide feedback for improvements of nano-
particles. This is especially relevant for smart nanosystems with
programmed functionalities that are designed to act on defined
spots in the cell at the right time. By addition of functionalities like
specific targeting, redox- or pH-sensitivity, nanoparticles can be
rendered more “virus-like” and be made more effective. However,
to evaluate the functionality of those gained complexities, also
more complex techniques to observe them are required and novel
microscopy techniques as described here are valuable tools.
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