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Abstract 
Systematic studies of pore formation mechanisms of toxins in mammalian cell 

membranes are critical for understanding infectious disease as well as the biomimetic 
design of artificial toxins to target cancer cells for lysis.  In this paper, dynamic studies 
of the pore formation mechanism of the bacterial toxin Streptolysin O (SLO) are 
accomplished by using a microfluidic single cell trapping array.  HeLa cells are 
maintained isolated in hydrodynamic traps while a step concentration of SLO 
monomers is introduced into the device.  Using fluorescent imaging analysis and 
computational modeling, we attempt to characterize the poration mechanism of the 
toxin by comparing the results to existing models.  We observe that the existing models 
cannot be completely supported by the experimental data and a hybrid model has been 
created, involving discrete stochastic reaction kinetics to better explain the variability in 
the single cell behavior. 
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1.  Introduction 
We utilized microfluidic single cell trap arrays to analyze and better understand 

the pore formation mechanism of SLO.  The use of a microfluidic single cell trap array 
is advantageous to other techniques because the dynamics of membrane permeability in 
a large quantity of individual cells can be determined for identical experimental 
conditions.  A comparable off-chip experiment could be done by isolating single cells 
with a micropipette and switching solutions around the cell but throughput would be 
much decreased and cells would not experience identical conditions necessary for 
quantitative analysis of pore formation. 

  
  

Figure 1. Experimental methods and question.  (A) Schematic and 
micrographs of the microfluidic device for single cell trapping. (B) 
Mechanism of intensity measurements and varied pore-formation models.  



We chose to study SLO, part of a large family of cholesterol dependent pore-
forming toxins that bacteria produce to assist pathogenesis, because of the unknown 
mechanism of pore formation.  There are conflicting models in the literature between 
pore formation occurring before the complete assembly of the oligomerized toxin ring 
or only after assembly has occurred [1].  We attempt to address this question using 
single cell analysis of permeability dynamics, and the modeling of diffusion of Calcein 
dye through porous membranes with varied pore sizes depending on the model. 

 

2.  Exper imental Methods 
The device was fabricated from PDMS and glass as described previously [2].  

Introduced reagents were supplied through a branching introduction channel to 
individual trapping arrays.  HeLa cells were dyed with Calcein AM and were flowed 
into the device.  The cells were maintained isolated in hydrodynamic traps while SLO 
monomers were quickly introduced (Fig. 1).  Then, the fluorescent intensity of the cells 
was monitored over time (Fig. 2).  Only one trapping array was observed during an 
experiment, and the speed of reagent introduction was characterized to be ~ 250 ms 
using a 40kD fluorescein conjugated dextran solution.  The experiment was carried out 
at concentrations of 100U/mL (.091 mg/mL) and 10kU/mL (9.1 mg/mL).  Later, 
computer simulations were used to compare the experimental data to the existing 
hypotheses and to further characterize the pore formation mechanism of SLO. 
 

3.  Models and Simulations 
 The two existing hypotheses concerning the pore formation mechanism of SLO 
were modeled and simulated using Matlab.  Due to the inadequacies of these models, 
we developed a hybrid discrete model involving probabilities and random variables to 
determine whether or not monomers oligomerized and whether or not they formed a 
transmembrane pore.  Taking into consideration the geometrical conflicts of calcein 
exiting through pores in the cell membrane, the effective pore area (Ap) was calculated 
as follows:         , 
 

where A0 is the actual pore area, rp is the radius of the pore, and a is the radius of a 
solvated calcein molecule, taken to be 8.0 � .  Then, we employed Fick’s first law of 
diffusion and the dependence of calcein intensity on the number of calcein molecules to 
model the decrease in intensity over time.   
   
4.  Results 

The experimental data from two different monomer concentrations give similar 
behaviors, in which there is first a delay between introduction and initial membrane 
permeation, and then only smooth transitions in slope while the intensity decreases (Fig. 
2).  However, both initial models fail to account for the initial delay from the time of 
toxin introduction to the time of the initial decrease in intensity.   

Hence, the hybrid model introduces four probability-dependent variables at each 
time step, which include the average number of monomers binding to the membrane, 
the probability that monomers and oligomers will oligomerize in a time step, the 
probability that monomers and oligomers form a transmembrane pore for a given 
oligomer size, and a measure of particle mobility in the membrane.  We used the same 
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Figure 2.  Experimental results 
of single cell pore-formation. 
(A) The intensity loss curves 
for calcein leakage from SLO-
porated single cells with 100 
U/mL SLO introduced in a 
stepwise fashion.  (B) Intensity 
curves for 10 kU/mL SLO with 
a step introduction.  For both 
cases notice a delay time before 
intensity loss.  Each curve 
represents one cell. 
Figure 3.  Simulation results of 
single cell pore-formation.  (A) 
Stochastic simulation of 
intensity loss due to pore-
formation with a hybrid model 
that allows pore insertion before 
complete assembly.  For 100 
U/mL SLO. (B) Stochastic 
simulation results are shown for 
10 kU/mL SLO.  10 simulations 
shown per concentration. 

parameters to find best fit curves for the experimental data at both concentrations, 
increasing only the average number of monomers bound for the higher concentration.  
However, noting that there exists a widespread variation in the intensity curves from 
cell to cell, it is evident that only a stochastic model could produce a variation to match 
the experimental results (Fig. 3).   

5.  Conclusions 
 From the experimental and simulation results of single cell pore formation, it is 
evident that neither the whole pore model nor the monomer insertion model adequately 
describes the pore formation mechanism of SLO.  As suggested by the initial delay, the 
pore formation mechanism of SLO must sometimes include a certain amount of 
oligomerization before creating a transmembrane pore; however it does not seem to be 
necessary for the entire pre-pore complex to be formed before poration, as shown by the 
smoothness of the intensity curves.  Furthermore, only discrete stochastic processes can 
account for the variation seen among all the cells in any given experiment.  The hybrid 
model thus is able to better match the initial delay time as well as the variation.   
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Note: definition of U (unit): one unit causes 50% lysis of 2% red blood cell suspensions in phosphate 
buffered saline, pH 7.4, after incubation at 37 °C for 30 min. 
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