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Current models of diffusion are, at best, approximations of what happens in vivo. Fick’s Law and Stokes-Einstein approximate dilute solution behavior, but they do not account for in vivo environmental factors that 
modulate particle motion such as electrostatic forces, hydrophobic interactions, and excluded volume. Such factors represent the contributions from macromolecular crowding that lead to diffusional anomalies seen 
in living cells. In the past, separation of excluded volume effects from the quinary interactions created by weak electrostatic and hydrophobic forces has been challenging. We are using a combination of fluorescence 
correlation spectroscopy (FCS) and microfluidic devices to tease apart these contributions such that they may be differentially quantified. FCS allows precise measurement of single molecule fluorescence thereby 
permitting assessment of local mobility in the presence and absence of crowders. By modulating the crowder surface area under conditions of constant excluded volume, quinary forces may be assessed and 
compared to the diffusional impact of excluded volume alone. Our long-term goal is to derive a more precise mathematical model for how a particle will diffuse in an intracellular environment. 
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Molecular Diffusion Theory

Stokes-Einstein Equation

D = Diffusion Coefficient 
K = Boltzmann Constant 
T = Temperature
η = Viscosity of Solvent
R = Hydrodynamic Radius of 
Particle
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Τ = Time
L = Distance to Target Site 
D = Diffusion Coefficient 

Anomalous Diffusion

Fluorescence Correlation Spectroscopy 

Autocorrelation Fit Curve

Stokes-Einstein is a great 
model for diffusing 
particles in solution. 
However, it falls apart in 
the cellular environment 
because the diffusion 
constant is no longer 
linearly related to time and 
mean-square 
displacement. The cellular 
environment is densely 
packed with binding 
partners, crowding 
molecules, and organelles. 
These interactions are not 
accounted for in the 
Stokes-Einstein model. 
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Objective

FCS will be utilized to find the effective diffusion 
constant of macromolecules within a controlled 
simulated environment. The extent of the effects of 
hydrodynamic and quinary interactions on anomalous 
diffusion within a crowded space are to be analyzed. We 
aim to create a diffusion model that includes excluded 
volume, HI, and EI that will extract the underlying 
causes of anomalous diffusion and more accurately 
predict particle behavior. We will implement 
macromolecules which vary in sizes to replicate the 
possible interaction intracellularly. This with FCS will 
allow to measure the crowding effects on diffusion in 
the presence of concentration gradients and in 
non-equilibrium systems.

Future Directions
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The Cellular Environment

Excluded Volume (EV)

A 532 nm laser is used to excite a fluorescent probe. The laser is 
attenuated and band-pass filtered before being collimated through the 
apochromat. Once excited, the fluorescent photons follow the same 
path as the laser and are allowed to pass through a dichroic filter and 
into a photomultiplier tube (PMT). The setup records and amplifies 
intensity over time to monitor fluorophores moving in and out of the 
confocal volume. These intensity-over-time signals are then converted 
to CMOS logic signals and processed through an autocorrelator card. 

Experimental Design

Instrument Setup 

Hydrodynamic Interactions (HI)

Quinary Interactions (QI)

Electron micrograph of the 
cellular interior[6]

Illustration of cytoplasm[9]

Hydrodynamic interactions should 
scale with the volume of crowding 
molecules while quinary 
interactions should scale with the 
surface area of crowders. By 
comparing excluded volume 
conditions created using crowders 
with different sizes and surface 
chemistries, we aim to measure the 
relative importance of 
hydrodynamic interactions and 
quinary interactions in diffusion of 
molecules under crowded 
conditions. 

Deviations of diffusion that are not explained by 
excluded volume alone may come from 
hydrodynamic effects. Hydrodynamic interactions 
come from the collisions between macromolecules 
and solvent molecules. While Stokes-Einstein 
accounts for this effect on the diffusing molecules, 
it does not account for the crowding molecules that 
are also displaced by the diffusing particles. 

When mobility of molecules is 
measured in cells, excluded 
volume alone does not explain 
the observed diffusion. 
Quinary interactions are weak, 
non-specific electrostatic and 
hydrophobic interactions that 
can also  alter diffusion but 
are difficult to measure.  

The intracellular environment is 
highly crowded. This can alter the 
dimensionality of the translational 
and rotational diffusive motion. 
This results in anomalous 
diffusion which is from the 
excluded volume. Although this 
excluded volume is 
well-characterized, there are 
additional contribution due to 
non-specific interactions and 
hydrodynamic interactions.

The problem of anomalous diffusion results mostly from the issue of 
macromolecules taking up space in the cellular environment. In the 
figure above, the larger crowder molecules take up space reducing the 
available volume for molecules to undergo Brownian motion. 

Binding Under Crowding 
Conditions Model

D0 = Classical approximations of diffusion
ω  = Volume of given unit cell 
ω1  = Free space within the unit cell
w1  = Function that describes the shape of 
the available space
e1 = Boundary conditions

A hypothetical schematic of 
binding interaction between a 
protein and a ligand. This 
formation happens after they 
undergoing a diffusive search in a 
solution(middle). The rate of 
diffusion is dominated by the 
ligand which has a more rapid 
diffusion. Under crowded 
conditions, the fast diffusive search 
of the ligand may be affected and 
become slower while the 
short-range search may be 
enhanced due to trapping.
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Using a spectrophotometer to find the absorbance of both PEG 
8000 and PEG 2000, Beer’s Law was then utilized to calculate 
how much of the volume was excluded by the crowders. PEG 
2000 was able to occupy more space in the test sample than 
PEG 8000 on upwards of 59% as the sample approached 
maximum solubility.  

Autocorrelation plots were created from different concentrations 
of Texas Red. A five-fold dilution series was created to be tested 
with the setup. Using the autocorrelation data of Texas Red, a 
comparison can be made of the once PEG is added to Texas Red. 
After PEG is added to Texas Red, it’s expected for there to be a 
horizontal shift in the lag time τ value which points to the change 
in the rate of diffusion of Texas Red in the solution.  
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