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Abstract

Molecular gradients are important for various biological processes including the polarization of
tissues and cells during embryogenesis and chemotaxis. Investigations of these phenomena require
control over the chemical microenvironment of cells. We present a technique to set up molecular
concentration patterns that are chemically, spatially and temporally flexible. Our strategy uses
optically manipulated microsources, which steadily release molecules. Our technique enables the
control of molecular concentrations over length scales down to about 1 um and timescales from
fractions of a second to an hour. We demonstrate this technique by manipulating the motility of single
human neutrophils. We induced directed cell polarization and migration with microsources loaded
with the chemoattractant formyl-methionine-leucine-phenylalanine. Furthermore, we triggered
highly localized retraction of lamellipodia and redirection of polarization and migration with
microsources releasing cytochalasin D, an inhibitor of actin polymerization.

Gradients of molecules are important for cell differentiation during embryonic
development:2, for food gathering of single cellular organisms3~° and for the immune
response of higher organisms®. Chemotaxis, the directed migration of a cell along a chemical
gradient, is a key element of the mammalian immune system*>:7:8, Prokaryotes and eukaryotes
have different mechanisms of chemotaxis: whereas bacteria temporally sense gradients and
exhibit a biased random walk?3, eukaryotes can spatially sense gradients and regulate the actin
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cytoskeleton to migrate toward sources of chemoattractant4:>:7:8, Over the past decade,
mathematical models of eukaryotic chemotaxis have matured and incorporated various
biochemical reaction-diffusion schemes®19, Different models describe qualitatively different
modes of gradient sensing and show qualitatively different spatial and temporal dynamics. To
test predictions from competing models in experiments, precise control over chemical
microenvironments of cells is needed.

Established techniques to create linear or radial gradients of soluble molecules have used
diffusion chambers and micropipettes. Emerging techniques that incorporate microfluidic
devices!112 photoinduced uncaging'2:13 or photolysis of nanoparticles!# allow more control
over the geometry and the dynamics of the molecular concentration patterns. However, there
is so far no technique available that allows the creation of persistent gradient patterns that can
be flexibly shaped in three dimensions down to micrometer scales.

Here we present a strategy for cell stimulation that enables the control of concentrations of
soluble molecules over length scales from about 100 um to 1 um at timescales from hours to
a fraction of a second. This strategy is based on optically manipulated microsources (OMM:s),
microparticles that provide a controlled release of soluble molecules that act as
chemoattractants or perturb the actin cytoskeleton. We individually trapped multiple
microsources and independently manipulated them with holographic optical tweezers®~17.

Microsource fabrication and structure

We fabricated microsources releasing the chemoattractant formyl-methionine-leucine-
phenylalanine (fFMLP; 438 g mol~1) and microsources releasing the actin polymerization
inhibitor cytochalasin D (508 g mol~1)18:19 from polylactic-co-glycolic acid (PLGA) using a
solvent evaporation-spontaneous emulsion technique2C. Particles releasing fMLP stimulated
chemotactic responses in single neutrophil-differentiated HL-60 cells, and particles releasing
cytochalasin D perturbed the actin cytoskeleton of single HL-60 cells with high spatial
localization.

The nominal loading (mass of the loaded chemical divided by the total mass of the loaded
chemical and PLGA) was 0.01-0.17. We measured the structure of the PLGA particles by
scanning electron microscopy (SEM). The SEM image (Supplementary Fig. 1) revealed that
the particles were spherical. We measured the size distribution of the beads by SEM and by
dynamic light scattering. The particles had a mean diameter of 500-1,000 nm and an average
polydispersity (s.d. of diameter divided by mean diameter) of ~40%.

Controlled release of encapsulated agents

We determined the concentration profile of molecules released from a microsource close to a
coverslip by the release rate, the diffusion coefficient of the released molecule and the boundary
condition imposed by the impenetrable coverslip. The concentration profile around a particle
at a height h above a coverslip was approximated (derivation in Supplementary Note 1) by

1 1
c(p,7)=cp+co X a +

(P +@+?)t (o4 - ) "
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in which a is the particle radius, p and z are the cylindrical coordinates, cg is the concentration
on the surface of the bead and cy, is the homogeneous background concentration. The
concentration on the surface of the bead,

e a
co= —
05/ ©

was determined by the flux, jo, of molecules from the particle surface and the diffusion
coefficient, D, of the molecules. This equation is only exact when h >> a. An example for a
concentration profile around a particle is shown in Supplementary Figure 2.

To estimate the flux from individual beads, we measured the release of fMLP from ensembles
of PLGA beads (Supplementary Note 1). Beads at a concentration of 1 mg ml~2 released 60
MM of fMLP during the first hour after suspending the beads in buffer solution. Release
measurements on individual PLGA particles loaded with the fluorescent dye rhodamine B
showed that the release rate was proportional to the bead volume (Supplementary Note 2 and
Supplementary Fig. 3). Assuming the same particle size—dependence for fMLP yielded a flux
of jo = 5,000 molecules um=2 s~ (60,000 molecules per second) from a microsource with a
diameter of 2 pm. Using equation 2 and the diffusion coefficient of fMLP, D = ~1,000 um?
s71, the estimated concentration on the surface of the bead was therefore ¢y = 8 nM.

The concentration distribution of fMLP around a single microsource was sufficient to induce
chemotaxis. If a 2-um bead were placed near the membrane of a cell with a diameter of 20 yum,
the cell would be exposed to an fMLP concentration of about 8 nM at the side facing the bead
andaconcentration of 0.2 nM at the opposite side if no homogeneous background concentration
was present. If the background concentration is the dissociation constant (Kq) (~10 nM) for
fMLP binding to its receptorl, the front of the cell is exposed to an 80% larger concentration
than the back of the cell. Concentration differences on that order of magnitude at an ambient
concentration with a value of approximately the Ky value can induce chemotaxis in
neutrophilstl.

Cell response to microsources of chemoattractants

Differentiated HL-60 cells are a neutrophil-like cell line that is used as a model system for
studying neutrophil chemotaxis?L. In positive control experiments, we characterized the
migration of HL-60 cells in gradients of fMLP in a Zigmond diffusion chamber22. The potency
of fMLP to stimulate chemotaxis was not reduced when it was encapsulated and released from
PLGA beads (Supplementary Note 3 and Supplementary Fig. 4). By using HL-60 cells
transfected with YFP-actin plasmid, we found that freely diffusing fMLP-loaded PLGA beads
induced cell polarization and actin accumulation (Supplementary Fig. 5).

Individual optically trapped PLGA microparticles loaded with fMLP could induce a
chemotactic response in single neutrophils. We introduced the microparticles to samples of
HL-60 cells plated on coverslips and imaged the cells by differential interference contrast
microscopy. We assayed the interaction of a cell with a single fMLP-loaded particle
manipulated with holographic optical tweezers (Fig. 1 and Supplementary Video 1). We moved
an individual fMLP-loaded particle close to the membrane of a neutrophil (Fig. 1a). The cell
started to polarize and migrate in the direction of the particle (Fig. 1b). We then moved the
particle counter-clockwise around the cell, and the cell changed its polarization and migration
directions in response to the altered particle position (Fig. 1c—f). We estimated fMLP
concentration around the bead (Fig. 1). The influence of the motion of the bead on the
concentration pattern was negligible. In this and subsequent cell stimulation experiments, we
moved the particles at speeds not exceeding 1 pm s~1. At such low speeds, the steady-state
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solution (equation 1) was a good approximation for the concentration distribution at any time
(Supplementary Note 4). Furthermore, the presence of a cell changed the concentration pattern
around a bead only negligibly (Supplementary Note 5 and Supplementary Fig. 6).

We analyzed the time-dependent orientation and motion of the cell (Fig. 1g,h) to determine
whether it followed the bead motion: we extracted the cell position, the direction of the cell
orientation and the direction of the gradient of fMLP from each of the time-lapse images. The
angle that quantified the direction of the gradient increased continuously with time (Fig. 1i).
The cell orientation could not be defined at the earliest time points (time t < 25 s) because the
cell was lacking a leading edge. After the cell created a leading edge, the cell orientation
followed the gradient direction with a time delay of up to 60 s. The cell responded to the
stimulus created by the bead by polarizing and migrating in the direction of the stimulus. Upon
first exposure to the bead, the cell reached a peak velocity of more than 15 pm min~2, which
decreased to ~7—13 pm min~1 for the remainder of the experiment (Fig. 1j). An additional
movie of a single HL-60 cell stimulation with an individual optically trapped PLGA particle
loaded with fMLP is shown in Supplementary Video 2.

The capability to trap and manipulate multiple microsources simultaneously offers a high
degree of spatial flexibility for the creation of cell stimulus patterns that are not easily achieved
with micropipettes. We assayed the response of a single HL-60 cell to a highly localized bipolar
stimulus created with two optically trapped beads releasing fMLP (Fig. 2 and Supplementary
Video 3). Upon positioning of the beads close to the cell, the cell formed a lamellipodium,
which broadened as it advanced toward the well-separated beads.

Control experiments with optically manipulated unloaded PLGA beads showed no chemotactic
response of the cells (Supplementary Videos 4 and 5). Furthermore, we quantified the heating
of the trapped particles owing to the laser tweezers by using the temperature-dependent
fluorescent dye Rhodamine B. The intensity of the fluorescence emitted from Rhodamine B
decreases by 2.3% per 1 °C temperature increase23. For the trapping powers used in this study
(~5 mW) the particles heated up by less than 0.1 °C (Supplementary Note 6 and Supplementary
Fig. 7). As the plain PLGA beads did not affect the cell behavior, this temperature increase is
negligible.

Cell response to actin polymerization inhibitors

We manipulated the motility of neutrophils using beads releasing the actin polymerization
inhibitor cytochalasin D in the presence of a homogeneous background concentration of 100
nM fMLP. OMMs created highly localized stimuli, which induced strongly localized
cytoskeletal perturbations (Fig. 3 and Supplementary Video 6). We stimulated an HL-60 cell
with two optically trapped beads releasing cytochalasin D. We positioned the beads close to
each other and to the center of the lamellipodium. After about 45 s, the lamellipodium started
to retract at 10 um min~1 in a small region around the beads. As a result, the lamellipodium
was initially split into two parts. About 1 minute after the split, one of the two lamellipodia
retracted while the other one persisted.

Bipolar perturbations caused notable changes to cell motility. We positioned two beads,
separated by ~20 um, in front of a migrating cell (Fig. 4 and Supplementary Video 7). The cell
squeezed through the narrow gap created by the two microsources: the lamellipodium retracted
on the two sides closest to the beads while the central part of the lamellipodium continued to
progress. To analyze the response of an HL-60 cell to atemporally varying bipolar perturbation
with cytochalasin D, we first stopped cell migration with two microsources (Fig. 5a,b and
Supplementary Video 8). Then, we repositioned the two beads on two opposing ends of the
cell along the direction of cell polarization. Subsequently, the cell repolarized in a direction
perpendicular to the axis defined by the beads (Fig. 5¢—f).

Nat Methods. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kress et al.

Page 5

Holographic optical tweezers provide a high degree of spatial flexibility for the creation of
molecular concentration patterns through their ability to independently manipulate multiple
particles. We assayed this flexibility by stimulating single cells simultaneous with three or five
microsources (Supplementary Fig. 8). Furthermore, the dynamic reconfiguration of optical
traps provided a high degree of temporal flexibility. Our holographic optical tweezers!’ setup
allowed us to move individual microsources independently of each other at speeds up to 25
um s~1. Therefore it was possible to switch within about 1 s between well-defined spatial
stimulation patterns on length scales of tens of micrometers. One second was enough time for
the concentration distribution around a bead to reach steady state (Supplementary Note 4).

DISCUSSION

The length scale of the chemical concentration patterns that can be generated by our technique
depends on various factors. On the lower end, it is determined by the size of the particles that
are releasing the stimulus. On the upper end, it is determined by the size of the microscope
field of view in which particles can be optically manipulated and also by the number of particles
that can be trapped simultaneously. Here we used particles with radii of 1.5-4 um. Holographic
optical tweezers setups allow trapping of about 100 particles simultaneously. Packing particles
close together (particles with a diameter larger than about 1 um can be packed to contact)
allows mimicking large sources of chemoattractant with multiple small beads. The possibility
to vary the size of microsources allows investigation of the response of cells to stimuli that
vary in their degree of localization. For example, it has been found that localized release of
cytokines from microparticles can induce a response in T cells that is different from the
response to exogenous addition of cytokines?4. Therefore, OMMs could, for example, enable
further investigation into how paracrine delivery of agents may impact immune system cell
function.

In addition to using multiple beads to create flexible spatial stimulation, we applied flexible
temporal stimulation patterns to a cell by dynamically changing the distance of one or more
beads away from the cell. The maximal frequency of stimulation we can create by our current
implementation of holographic optical tweezers is about 30 Hz, which can be transmitted over
a range of about 10 um. However, if necessary, much larger stimulation frequencies could be
generated with devices such as acousto-optical deflectors that can be driven in the range of
kHz and above. Over larger distances, the maximal frequency that can be transmitted decreases
(Supplementary Note 4).

Finally, OMMs offer a high degree of chemical flexibility. The PLGA particles that we used
here trap the encapsulated molecules physically during the particle fabrication process. This
enables the encapsulation and controlled release of a large variety of molecules including
proteins, small peptides, fluorescent dyes, oligonucleotides and small-molecule drugs?%:25, In
contrast, caged molecules require the chemical development of a caged version for each type
of molecule. Furthermore, PLGA is a well-established material that has no adverse side effects
on cellular viability?6:27. However, PLGA microparticles had been designed for release over
long periods of time with large numbers of particles. Further optimization, including the use
of other materials such as colloidosomes?8 and mesoporous silica nanoparticles?%:30, could
potentially increase the concentration of released molecules by two orders of magnitude
(Supplementary Note 7).

The spatial, temporal and chemical flexibility of OMMSs make them applicable to a broad range
of research areas in cell and developmental biology, where it is of interest to stimulate single
cells or developing organisms locally with specific molecules.
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ethods and any associated references are available in the online version of the paper at

http://www.nature.com/naturemethods/.
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Figure 1.

Assingle optically manipulated bead loaded with chemoattractant induces directed polarization
and migration of a neutrophil. (a—f) Differential interference contrast (DIC) microscopy
images. PLGA particle loaded with fMLP was moved close to the membrane of an HL-60 cell
(a). Cell polarized and migrated in the direction of the particle (b). Particle was moved counter-
clockwise around the cell and the cell changed polarization and migration direction (c—f). The
dashed contour lines indicate the spatially varying concentration of fMLP around the bead.
The concentration on the surface of the bead (cg) was 2 nM above the background, ¢, =20 nM.
The contour lines show fMLP concentration levels of 50%, 25% and 10% of cq above cy,. Scale
bars, 10 um. (g,h) Sketches showing the cell contour and the bead contour from the images in

Nat Methods. Author manuscript; available in PMC 2010 June 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kress et al.

Page 9

a—f (splitinto two sketches for clarity). The different colors of the contours indicate the different
time points of the image series. (i,j) Direction of the gradient and cell orientation (direction
from the center of the cell to the center of the leading edge) (i) and cell velocity (j) as a function
of time. The directions were quantified as angles with respect to the dashed reference line.
Arrowheads mark the time points shown in a—f.
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Figure 2.

Bipolar stimulation with chemoattractant induced formation and broadening of a
lamellipodium. (a—d) Upon positioning of fMLP-loaded beads close to a HL-60 cell (a), the
cell formed alamellipodium in the direction of the beads (b) that broadened as the cell advanced
toward the beads (c,d). (e,f) Ultimately, the lamellipodium reached its maximal size and the
cell oriented toward the lower left bead. The contour lines in the DIC images show fMLP
concentration (80, 60, 40, 20 and 10% of ¢y = 1 nM above the background ¢, = 10 nM). Scale
bars, 10 um.
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Figure 3.

OMM s of cytochalasin D induced highly localized retraction in the center of a lamellipodium.
(a,b) Two beads releasing cytochalasin D close to the center of the lamellipodium of a
migrating HL-60 cell. (c—e) Lamellipodium retracted in a small region around the beads (c)
yielding a lamellipodium that was split into two parts (d,e). (f) Only one lamellipodium
remained. The contour lines in the DIC images show cytochalasin D concentration (80, 60, 40,
20 and 10% of cq above the background). Scale bars, 10 um. (g) The displacement of the
membrane along the dashed yellow line in e.
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Figure 4.

Migrating cell squeezes between two optically manipulated microsources of cytochalasin D.
(a) Two beads in front of a migrating HL-60 cell. (b—f) As the bead-to-bead distance increased
to about 20 pum, the lamellipodium of the cell migrating toward the two particles retracted on
the two sides closest to the beads while the central part of the leading edge continues to extend.
(g9,h) The cell rounded up and retracted its leading edge. The contour lines in the DIC images
show cytochalasin D concentration (80, 60, 40, 20 and 10% of ¢ above background). Scale
bars, 10 pm.
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Figure 5.

Response of HL-60 cells to time-varying bipolar stimulus of cytochalasin D. (a—c) The cell
stopped its migration and retracted its lamellipodium in response to two microsources of
cytochalasin D placed in the direction of cell migration. (d) The two beads positioned on two
opposing ends of the cell in the direction of cell polarization. (e,f) The cell repolarized in a
direction perpendicular to the axis defined by the beads. The contour lines in the DIC images
show cytochalasin D concentration (80, 60, 40, 20 and 10% of ¢ above background) Scale
bars, 10 pm.
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