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Abstract. We show that applying the Laplace operator to a speckle-free quantitative phase image reveals an
unprecedented level of detail in cell structure, without the gradient artifacts associated with differential interference
contrast microscopy, or photobleaching and phototoxicity limitations common in fluorescence microscopy. This
method, referred to as Laplace phase microscopy, is an efficient tool for tracking vesicles and organelles in
living cells. The principle is demonstrated by tracking organelles in cardiomyocytes and vesicles in neurites of
hippocampal neurons, which to our knowledge are the first label-free diffusion measurements of the organelles
in such cells. ©2011 Society of Photo-Optical Instrumentation Engineers (SPIE). [DOI: 10.1117/1.3549204]
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1 Introduction

Particle tracking has drawn a lot of attention as a useful tool for
rheology and micro-rheology studies.? It is a popular way to
evaluate the viscoelastic properties of micro-environments such
as the cell cytoplasm, cell membrane, polymer solutions, etc.
For cellular studies the probing beads are inserted into the cells
or attached to the membrane, under the general assumption that
they do not alter the normal physiology of the cell. Alterna-
tively, fluorescence markers can be used for particle tracking.
However, the fluorescence signal is usually weak, suffers from
photobleaching, and may produce phototoxicity under long term
observation. Therefore, it is valuable to develop label-free meth-
ods for tracking intrinsic particles within cells. Since the cells
are usually transparent, or termed as phase object, a method
based on phase information is required for imaging.
Quantitative phase imaging (QPI) of cells and tissues has re-
cently become a dynamic area of study (for a recent review, see
Ref. 3). Compared to other qualitative phase imaging methods
such as phase contrast and differential interference contrast, QPI
has the ability to quantify the optical path-length map of a light
field passing through the specimen. Due to its ability to ren-
der label-free, quantitative, and nanoscale information from live
cells, a rapidly increasing number of QPI methods have been
developed within the past decade or so.*!” Despite all these de-
velopments, the range of QPI applications in biology has been
largely limited to red blood cell imaging'®-?!' or assessment of
global cell parameters such as dry mass,'>2>2> average refrac-
tive index,?®?” and statistical parameters of tissue slices.'* In
our opinion, this current limitation is due to two main reasons.
First, because of the speckle generated by the high coherence
of the illuminating light (typically lasers), the contrast to noise
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ratio in QPI images has never matched that exhibited in white
light techniques such as phase contrast microscopy. Second, like
all interferometric methods, the experimental arrangements tend
to be rather complex, of high maintenance, which limits their in-
depth biological applicability. A number of QPI-based tracking
methods were reported recently.?-3° However, in these previous
reports, large beads or the cells themselves were tracked.

On the other hand, qualitative methods such as phase contrast
or differential interference contrast (DIC) provide better contrast
to noise ratio, but their application to intrinsic particle tracking
is limited as well.

Toward this end, we have recently developed spatial light in-
terference microscopy (SLIM) as a novel, highly sensitive QPI
method, which is advantageous for enabling quantitative assess-
ment of specimen structure and cell dynamics.>! SLIM com-
bines Zernike’s white light phase contrast microscopy which
reveals the intrinsic contrast of transparent samples®> with Ga-
bor’s holography,** by rendering quantitative phase maps across
the specimen.

In this paper, we exploit the exquisite spatial sensitivity of
SLIM and demonstrate that the Laplace operator can be used to
reveal a high-detail quantitative phase image without gradient
artifacts common to DIC microscopy. In particular, this imaging
approach, termed Laplace phase microscopy (LPM), allows us
to quantify intracellular transport without the typical need for
exogenous contrast agents. This opens up new avenues for par-
ticle tracking, which has been largely limited to fluorescently
labeled tracers.! We show that LPM can study transport in live
cells over very broad time scales, unlimited by photobleach-
ing or photoxicity, as demonstrated by tracking organelles in
hippocampal neurons and cardiomyocytes. Our measurements
indicate a diffusive regime for the particle motion, from which
the diffusion coefficient can be extracted quantitatively.
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Fig. 1 Schematic setup for SLIM. The black dots on the LCPM show
the cross section through the ring along which the unscattered light is
distributed.

2 Experimental Setup

The experimental setup is described in detail elsewhere.’* Here
we briefly review its principle of operation (Fig. 1). The SLIM
module is attached to a commercial phase contrast microscope
(Axio Observer Z1, Zeiss, in this case). The image outputted
by the microscope is Fourier transformed by lens L;, which
essentially images the objective phase contrast ring onto the
surface of a liquid crystal phase modulator (LCPM). This device

can modulate the phase difference A between the scattered and
unscattered light in increments of /2, i.e., A9 =0, w/2, =, and
37/2. The Fourier lens L, completes a (folded) 4f system, such
that the conjugate image plane is reconstructed at the CCD plane.
By recording one intensity image for each of the four phase
shifts introduced by LCPM, we render the final, quantitative
phase image associated with the sample.

SLIM provides several advantages over existing techniques,
including speckle-free images, which allows for spatially sen-
sitive optical path-length measurement (0.3 nm), common path
geometry that enables temporally sensitive optical path-length
measurement (0.03 nm), and 3D tomographic rendering of trans-
parent structures.3! Further, due to the broadband illumination
spectrum, SLIM grants immediate potential for spectroscopic
(i.e., phase dispersion) imaging. SLIM is likely to make a
broad impact by implementation with existing phase contrast
microscopes and overlaying with fluorescence imaging for mul-
timodal, in-depth biological studies.

3 Data Analysis

Figure 2(a) (Video 1) shows an example of a quantitative phase
image, ¢(x, y), of cardiomyocytes, which were obtained from
2-day old neonatal Sprague-Dawley rats (Harlan Laboratories,
Inc.) using an approved protocol by the Institutional Animal

Fig. 2 (a) SLIM image of two cardiac myocytes in culture; color bar indicates phase shift in radians (Video 1). The dashed circles show the cell
nuclei. The objective is ZEISS Plan-Neofluar 40X/0.75. (b) Laplacian of (a) Video 1. (c) Simulated DIC, as gradient in X direction of (a). (d) Phase

contrast image. (e) Laplacian of (d). (f) Gradient in X direction of (d).
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Video 1 SLIM and LPM imaging of cardiomyocytes in culture. Cells are beating simultaneously. Particles are revealed and traced by LPM (QuickTime,

7.6 MB). [URL: http://dx.doi.org/10.1117/1.3549204.1]

Care and Use Committee. Briefly, whole hearts were excised®
in ice-cold Hanks balanced salt solution (HBSS) buffer, the atria
were removed, and the remaining ventricles were quartered and
digested in 0.05% (w/v) trypsin (Worthington Biochemicals)
with gentle rotation (4°C, 16 h). To inhibit trypsin digestion,
growth media (DMEM with 10% fetal bovine serum) was
added for 5 min at 37°C. After discarding the supernatant, 0.1%
(w/v) purified type II collagenase (Worthington Biochemicals)
was added for 45 min while rotating at 37°C. The cardiac tissue
was gently triturated to mechanically loosen the cells, filtered
through a cell strainer, and centrifuged at 150xg for 10 min.
The cell pellet was resuspended in 37°C growth media and
pre-plated for 1 h to enrich the suspension for cardiac myocytes.

We computed the LPM image [Fig. 2(b) and Video 1] via the
Laplace operator

In order to filter out the high-frequency noise, which is am-
plified by the Laplace operator, we first convolved the images
with a Gaussian kernel that is narrower than the diffraction spot
(1.22 A/NA = 0.86 um). Since the Laplacian is a linear oper-
ator, this is equivalent to a convolution of the image with the
Laplacian of a Gaussian.3® Here, the input image is represented
in discrete pixels, a discrete kernel that can approximate second
order derivatives needs to be used. One possible convolution
kernel is a 3 x3 matrix:3¢

0 -1 0
-1 4 -1
0 -1 0

As evident from this image, the Laplace operator is able to
clearly define the organelle structures within the cell. It is known
that heart cells are very active, i.e., energy-consuming; therefore

V2 _ ¢ %9 ] this type of cell is rich in mitochondria, which are responsi-
¢x, y) = 9x2 + y?’ @) ble for the energy supply of the cell metabolism.>” Mitochon-
Journal of Biomedical Optics 026019-3 February 2011 * Vol. 16(2)
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Video 2 Particle tracking of organelles in cardiomyocytes using LPM (QuickTime, 7.7 MB). [URL: http://dx.doi.org/10.1117/1.3549204.2]
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Fig. 3 MSD measurement for particles within the cardiac myocytes in Fig. 2. (a) Zoom into the selected area shown in (d); (b) Displacement in
Y direction; (c) Displacement in X direction. (d) Laplacian of the phase map [same as Fig. 2(b)]; () MSD for the particle shown in (a). (f) MSD
ensemble-averaged over 15 particles in (d). The respective movie can be found in the supplemental material (Video 2).
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0.00 sec

Video 3 DPM imaging of the cardiomyocytes in culture. No particles can be resolved. (a) Phase map, (b) Laplacian of phase map, (c) gradient in vertical
direction, (d) gradient in horizontal direction. The field of view is 32 um x 32 um (QuickTime, 5.9 MB). [URL: http://dx.doi.org/10.1117/1.3549204.3]

dria are most likely the predominant type of visible organelles,
especially in the area surrounding the cell nucleus [indicated by
the circular region in Fig. 2(a)]. For comparison, we also com-
puted a “synthetic” differential interference contrast (DIC or
Nomarski) image [Fig. 2(c)], via the gradient of the quantitative
phase image,

a9

Vo(x,y) = I X+ Rl 2

where x and y are the unit vectors along the two coordinates.
While DIC can reveal intracellular particles, artifacts (“shadow”
effects) are typically introduced due to the rapid change in sign
of the first order derivatives, as visible in Fig. 2(c). By contrast,
the LPM image is free of such artifacts, because it is based on
a second order derivative [Eq. (1)]. Figure 2(d) shows the phase
contrast image of the same cell, which reveals the difficulties
associated with particle tracking due to the reduced contrast for
small particles. Because phase contrast mixes the intensity and
phase information suffers from phase ambiguity and is qualita-
tive, the Laplacian of a phase contrast image is of much lower
quality compared to LPM, as shown in Fig. 2(e). Thus, LPM
offers valuable opportunities for tracking these particles inside
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live cells, which in turn reports on the statistics of the organelle
transport and on their diffusion coefficients. The measured
irradiance at the sample plane is about 1 nW/m?. The exposure
time is usually 10 to 50 ms. Thus, this irradiance is 6 to 7 orders
of magnitude below that of typical confocal microscopy.®
Unlike imaging fluorescently tagged organelles, in LPM the
imaging can be performed over arbitrarily long time scales
without limitations due to photobleaching or phototoxicity.

Figure 3 demonstrates the procedure of quantifying intracel-
lular diffusion via LPM. LPM images of a pair of beating car-
diomyocytes in culture were recorded for more than a minute
at a rate of 2.6 frames/s. The speed is currently limited by our
acquisition camera which has a frame limit of 11 frames/s at full
resolution. The organelle diffusion coefficient D is extracted
from the measured mean squared displacement (MSD) of the
particles, and is defined as?

AP =[xt + 1) —xOF + [yt + 1) — yOF). ()

In Eq. (3), the angular bracket stands for temporal and ensemble
average. For a diffusion process, the mean squared displacement
grows linearly in time, Ar?(t) = 2nDt, where 1 indicates the

February 2011 * Vol. 16(2)
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dimensionality, i.e., n = 1, 2, and 3 for diffusion in 1, 2, and
3 dimensions, respectively.? Thus, the slope of A7 reveals the
diffusion coefficient.

Figures 3(a)-3(d) illustrate the tracking of a single parti-
cle within the cell. Figure 3(a) shows the magnified particle
in the selected area of Fig. 3(d). Particles are traced using an
automatic algorithm implemented in Java. The tracking algo-
rithm may lose the particle at certain frames (e.g., due to the
particle going out of focus) and find the particle again in later
frames. If the algorithm identifies the same particles and re-
links the traces, the link (an indication of skipped frames) is
in red and the trace is in yellow [e.g., red in Fig. 3(a) and
Video 3]. This will not cause any problem in the calculation
of MSD because it is a time and ensemble average and is not
sensitive to the individual frame loss. Figures 3(b) and 3(c)
show the displacement of the particle in the Y and X direc-
tions, respectively. The MSD for the specific particle shown in
Fig. 3(e) shows no specific trend at all, as expected. It can be
seen that the high frequency component of the signal is due to
the cell beating. However, if we analyze all 15 particles in Fig.
3(d) and perform an ensemble average, the MSD is linear which
clearly shows a diffusive movement, as summarized in Fig. 3(f).
The results demonstrate that the high-frequency beating signal
is averaged out and that a linear dependence is obtained. The
resulting diffusion along y is slightly smaller than along x, which
might be explained by the beating signal propagation between
the two cells, almost parallel to the x-axis. Note that the overall
value, D = 0.14 um?/min, obtained for the diffusion coefficient,
D = (D + D,)/2, is approximately 188 times smaller than that
predicted by the Stokes—Einstein equation for a 1-um particle
diffusing in water at room temperature. This reduced diffusion
of organelles within the cells can be understood by realizing that
organelles occupy a crowded space, populated by cytoskeletal
network and macromolecules, which makes the effective vis-
cosity significantly higher than that of water.*® For comparison,
we also captured the cardiomyocytes in culture with diffraction
phase microscopy (DPM),*!' an established laser technique for
quantitative phase imaging (Video 3). As evident in the movie,
although the acquisition rate is faster, no particles can be re-
solved at all. It is clear that by simply applying a Laplacian
operator to a laser-based quantitative phase image is not useful
for tracking intrinsic particles.

Further, we applied the LPM method to vesicles in hippocam-
pal neurites. Recently, tracking of synaptic vesicles with far-field
optical nanoscopy has been demonstrated.*> Primary neuronal
cultures from the postnatal rat were generated on glass bottomed
dishes for imaging analysis based on the previously defined
protocol. Briefly, postnatal hippocampal neurons were isolated
from postnatal rats through enzymatic digestion, tissue rinse,
dissociation, and centrifugation, followed by resuspension and
plating in supplemented neurobasal media until imaging. Prior
to imaging, neuron media was replaced with supplemented, CO,
independent media Hibernate-A %3

With the high sensitivity of SLIM, the vesicles in neurites
can be resolved, as seen from Fig. 4 (Video 4). In our samples,
SLIM images were acquired at 4 frames/min. The phase map
shown [Fig. 4] for the dashed line includes five temporal traces
[Figs. 4(a) and 4(b) ], trace 1 is the background, 2 and 4 are two
large processes, and 3 and 5 are two small processes. The optical
path length changes for individual traces are shown in Fig. 4(b),
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Fig. 4 Particle transport in neurites of a hippocampal neuron processor
network. The objective is ZEISS Plan-Neofluar 40X/0.75. (a) Phase map
of the neuron network. The arrows 1 to 5 show the time-traces of the
corresponding points along the dashed line. The whole field of view is
100 umx75 um. The objective used is Zeiss Plan-Neofluar 40x/0.75.
(b) Optical path length change in time for the five points indicated in
(a). Peaks in the point traces correspond to phase shifts associated with
(fast) organelle traffic. (c) Laplacian of the selected area in (a). The scale
baris 5 um. (d) Phase map of the same area as in (c), with some particle
traces shown in fine lines. (e) Log—log plot of the MSD for 70 individual
particles in (d). Since the particles are confined in the Y direction, the
diffusion coefficient for this direction is 2 orders of magnitude smaller
than for the other direction. The inset shows the same MSD curves in
linear representation and two Y axes. See Video 4 for details.

where the background stays very stable, and the peaks in the
figure correspond to the particles in transport. Since the optical
path length change corresponds to the dry mass, the heights of
the bumps are indicators of the protein mass under transport.
Evident from Fig. 4(b) (Video 4), SLIM is sensitive enough to
display the optical 10 to 20 nm path-length changes associated
with particles in transport. Figure 4(c) is the Laplacian of the se-
lected area in Fig. 4(a). The particles with the traces are shown in
Fig. 4(d).

Neuronal processes demonstrate bidirectional transport of
cargo (i.e., synaptic vesicle precursors, mitochondria, piccolo-
bassoon transport vesicles, signaling endosomal organelles, and
translation machinery) to and from the soma and distal tips.*¢
As seen in the movie, a subset of particles exhibit a fast,
directed (nondiffusive) motion. However, for our mean squared
displacement analysis, we retain only particle trajectories that
survive throughout the entire measurement window of 18 min.
These long-time trajectories exhibit again diffusive motion,
as indicated by the very strong linear dependence shown in
the inset of Fig. 4(e). To our knowledge, these are the first
label-free diffusion measurements in neurons. As expected, the
displacements parallel to the y-axis are approximately 2 orders
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Video 4 SLIM and LPM imaging of live hippocampal neuron. Neurons and putative glia in primary cell culture. Vesicle transports in hip-
pocampal neurites are emphasized and traced using LPM. The contrast of LPM is inverted for better viewing purpose (QuickTime, 3.0 MB).

[URL: http://dx.doi.org/10.1117/1.3549204.4]

of magnitude smaller than the x-axis displacements because the
neurites are largely parallel to the x-axis. Because neurons have
numerous long neurites, the surface area of a neuron far exceeds
that of other cells by as much as 10 to 1000 times.*’ Thus,
the structure and function of the neuron has high demands on
cellular resources, and the active transport of cellular resources
is needed to maintain these demands. Most axonal transport
velocities range between 0.5 to 5.0 um/s.* From our data, the
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directional transport velocity is about 0.5 pm/s and the diffusion
coefficients Dy = 6.50 um*/min and D, = 0.046 um*/min. Thus,
the diffusion process in dendrites is largely one-dimensional,
as obvious from the movie. Note that the diffusion coefficient
in neurons is significantly larger than that in the heart cells,
D = 0.14 um?/min, which indicates that the transport in neu-
rons is more active. This result is consistent with the neuronal
function that involves mass transport over large distances.
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4 Conclusion

In summary, we demonstrated LPM as an efficient method for
revealing and tracking organelles within unstained cells such
as cardiomyocytes and neurons. To our knowledge, these are
the first label-free diffusion measurements in such cells. Based
on the advance of spatial light interference microscopy,®' this
approach may help unravel important open questions regarding
intracellular transport, which modulates cell development and
cell signaling. It will also facilitate the study of the viscoelastic
properties of the cells. In principle, the Laplacian operator can
be applied to any quantitative phase image. However, we note
that this operation enhances the high-frequency noise, e.g., noise
due to speckles, which may reduce the overall utility of this op-
eration (see Video 3). Laplace phase microscopy, Fourier phase
microscopy,’ Hilbert phase microscopy,'® and Fresnel particle
tracking?® are examples of optical techniques that exploit the
ability of mathematical operators (from which they borrow their
names) to enhance optical imaging.
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