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Abstract
We seek to describe the viscosity of the cytosol of a drosophila embryo. Specifically, we wish to
describe the viscosity experienced by an endogenous micron-sized lipid droplet diffusing through the
cytosol. Given that lipid droplets attach to microtubules, to image their free diffusion we needed to
remove the microtubules. This was done by depolymerizing the microtubules of a drosophila embryo
with the drug Colchicine, causing lipid droplets to float freely in the cytosol. We then tracked the
movement of the free floating droplets through video microscopy and analyzed the movement of the
particles. We find that the viscocity of the cytosol is on the order of η = 31 ± 1mP a · s.

Introduction
For an eukaryotic cell to function, it must be able to transport various cargos to different points within it. This is
done with so-called molecular motors, broadly defined as molecules which convert energy in some form into
mechanical work. One of these—and the focus of this study—is kinesin, a protein which moves along polymer
filaments called microtubules, carrying cellular cargo from the center of the cell to its periphery.
The structure of single kinesin molecules is well understood, however, how kinesin molecules operate within the
cells is not. To cite one point of recent interest, it is commonly accepted that more than one kinesin molecule is
involved with moving cargo[1] , but little is known as to why this is so, or how these molecules interact. Our
ignorance is due in some part to not understanding the forces these molecular motors must overcome in the cell,
in particular, the drag force experienced by cargo moving in the intracellular fluid cytosol.
Characterizing the viscosity of cytosol is difficult because of its complexity. While mostly water, cytosol is
crowded with, among other things, proteins, RNA, and polymer structures such as actin and microtubules. To
add to the complexity, the polymer structures within the cell are highly dynamic, constantly polymerizing and
depolymerizing. Previous studies of molecular motors done in vitro have not been able to simulate this complex
environment, and have therefore been unable to take into account the drag forces due to motion through cytosol.
While there have been studies done in vivo to characterize the viscosity of cytosol, these have depended on small
molecular tracers which, due to their size, have little trouble moving through the mesh of polymers and
molecules[2] . As a lipid droplet—a common cellular cargo—has diameter on the order of 1 µm, we expect the
crowding inn the cytosol to have an important effect on the drag experienced. To properly understand the drag
forces experienced by the cargo in the cell, we therefore avoid both of these difficulties by performing the
experiment in vivo, and with actual lipid droplets found within the living cell.
We performed the experiment on drosophila embryos: Drosophila, or fruit flies, are convenient organisms for
laboratory work due to being easy to breed, and having well understood genetics. We began by depolymerizing
the microtubules of such an embryo, therefore allowing the motor molecules and the attached lipid droplets to
diffuse through the cytosol. We then visually track the movement of several lipid droplets and calculate the mean
square displacement, averaged over all particles tracked.

Theory
Our main tool for characterizing the viscosity of cytosol is the mean square displacement of several particles,
averaged together, h∆x2 i. Were we able to assume that the conditions for Brownian motion are met, we could
assume the relationship
h∆x2 i = 4Dt
where t is the elapsed time, D is the diffusivity of the medium, and the factor of 4 originates from tracking in only
two dimensions. We could express the viscosity η in terms of the diffusivity D by the formula
D=

kB T
6πηr

where r is the radius of the object—in our case a lipid droplet with r = 500nm. However, we have no reason to
assume this relationship holds. Indeed, given our above discussion of the complexity of cytosol, we should expect
it to be subdiffusive,[3] that is, we expect
h∆x2 i ∼ tα
1

for 0 < α < 1.
We therefore limit ourselves to small t, taking a first-order approximation. We then apply the above formula to
determine the viscosity.

Procedure
The Shubeita lab keeps several cups containing about 100 adult drosophila each. These cups are capped with an
agar plate and a yeast paste to feed the insects. While in these cups the adult flies procreate and lay eggs on the
agar. Figure 1 shows an agar plate after about three hours with the adult drosophila.

Figure 1: Drosophila embryos on an agar plate. A small mound of yeast is visible in the center of the plate.
Before the motion of lipid droplets in cytosol can be observed, the drosophila embryos must be prepared. First,
the embryo to be studied must be chosen based on its age. The Shubeita lab studies molecular motors during
cellularization, which is the stage in the embryo’s development when some internal structure can be studied.
Before cellularization, the cell is largely isotropic. A table of the maturity stages for drosophila embryos is shown
below for reference[4] .

Figure 2: Stages of the drosophila embryo. Of particular relevance is stage 5, cellularization, which occurrs approximately three hours after the embryo has been laid.

2

When an embryo is found which is in stage 5, it must then be dechorionated. Dechorionation is a simple process
where the chorion, or the embryo’s outermost layer is removed from the egg. This process is necessary for the rest
of the experiment because the chorion has refractive properties and obscures the internal structure of the embryo.
If large numbers of dechorionated embryos are required, chemical methods may be used (a bleach bath is common)
but in this case we are only looking at a single embryo at one time. As such, the embryos were peeled by hand
using tweezers and double-sided tape. A piece of double sided tape is applied to one side of a glass microscope
slide, and an embryo is placed on the tape. The adhesive holds the embryo in place while the blastoderm is
extracted from the chorion. A before and after picture of the dechorionation process is shown in Figure 3.

Figure 3: The picture on the left shows an embryo taken directly from the agar plate and placed on a glass slide.
After dechorionation, 5 µL of heptane is applied to the peeled embryo which evaporates quite quickly (typically
less than a minute). Heptane permeabilizes the outermost membrane of the embryo, which allows small molecules
to permeate the membrane. Immediately following this, 5 µL of 1X colchicine is applied to the embryo for five
minutes. The amount of time the embryo was immersed in colchicine was not investigated, and five minutes may
be too much. It is possible that the colchicine binds to tubulin quickly and short immersion times are only
necessary. In further work this will be investigated, unfortunately time did not allow this.
Following the colchicine immersion, the embryo must be placed on a specialized glass slide with a groove in the
center, as shown in Figure 4, which is necesary for microscope light to permeate through the cell and illuminate
the lipid droplets. With the embryo on the slide, a drop of halocarbon 27 oil is applied to the embryo and a cover
slip is used to squash the embryo.

Figure 4: A properly squashed embryo. The area of observation is near the outer membrane of the embryo, where
light most easily permeates the embryo.
Lipid droplets were imaged using a Nikon TE2000-U differential interference contrast microscope, which records
images at a rate of 70 frames per second. The images are then analyzed using a LabView program which tracks the
position of a chosen lipid droplet using correlation tracking. An area in the video is chosen to be tracked, and the
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program advances a frame in the video. Centered on the selected position, the program searches for an area inside
a specified radius that correlates highest with the selected position and the center of the trajectory advances.

Results and Data Analysis
The procedure described in the previous section must be followed in a very short amount of time to make sure
that the cell is still acting as it would without the colchicine. In the sole video we recorded, it was observed that
the lipid droplets were forming thick groupings, not floating in the cytosol.
Using a video provided by Dr. Shubeita, Figure 5 shows the result of the tracking program after tracking six
particles. Red lines indicate trajectories followed by the droplets.

Figure 5: The output of the tracking program after six successful tracks. Red lines show the path taken by lipid
droplets.
Calculation of the mean square displacement of 18 total droplets over three movies was performed using LabView,
and the mean square displacement of particles in the cytosol as a function of time is shown in the following plot.

Figure 6: A linear regression performed with the constraint that y = 0 at x = 0. 95% confidence intervals give an
2
uncertainty of ±38 nm
s . KHC27 refers to the specific allele class studied in these videos. Flies were engineered such
that the embryos provide no kinesin to the lipid droplets, causing the lipid droplets to float freely in the embryo.
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Using the fit, a viscosity of η = 31 ± 1mP a · s was calculated for the cytosol. Until more data can be taken, we are
estimating one significant digit of precision.

Conclusion
The mean square displacement plotted above is subdiffusive, therefore confirming that the cytosol cannot be
modelled as a simple, aqueous solution, at least for objects on the order of 1 µm. A linear regression gives a
viscosity one order greater than water, that is, for small time intervals, we can model the lipid droplet as
experiencing viscous resistance that is significantly higher than that of water. This is in contrast to previous
results using small tracer molecules[2] , which are subdiffusive, but which have viscosities comparable to that of
water for small t. The interpretation for the tracer molecules is that, at short time scales, the tracer molecules do
not probe the dense mesh of polymers in the cytosol, and therefore experience drag forces comparable to that of
water[2][3] . Nevertheless, in the long term they are constrained by the structure in the cytosol, leading to a
subdiffusivity. Our results suggest that short range motion of the lipid droplets do indeed probe the cytosolic
structure, effectively increasing the viscosity of the cytosol.
While this study can only put an order of magnitude to the viscosity experienced by the lipid droplets, it is only
one in a series of ongoing studies by the Shubeita lab. These studies will then be used to determine the
consistency of our data.
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