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The 2D-pCF analysis detects the particle at two different arbitrary but adjacent locations and 

measures the time it takes for the particle to move from one location to the other. This method 

allows us to detect barriers to diffusion based on the time it takes for the particle to be detected at 

the second location. If the time elapsed is longer than the expected average time, the 2D-pCF 

analysis implies that there is at least one barrier between those two locations (1).

The anisotropy of diffusion, describing the directional dependence of NP diffusion, is obtained 

from the long and short axes of the 2D-pCF (Fig. S1). The pair correlation function is defined by 

Equation S1(2):

                                                                 (S1)
𝑝𝐶𝐹 = 𝐺(𝜏,𝑟𝑜,𝑟1) =

⟨𝐹(𝑡,𝑟0) ∙ 𝐹(𝑡 + 𝜏,𝑟1)⟩

⟨𝐹(𝑡,𝑟0) ∙ 𝐹(𝑡,𝑟1)⟩
‒ 1

where,  is the time delay between acquisitions of F, the fluorescence intensity at points r0 and r1. 𝜏

The brackets indicate the temporal average. For a given point, r0, the pair correlation is measured 

for points surrounding r0 that are a given distance δr away. If motion is isotropic, the pCF does 

not depend on the angle between points r0 and r1 and all the pCF curves have the same shape. If 

motion is anisotropic, for example, if there is a barrier to diffusion in one direction, it will take 

longer to diffuse the same distance in one direction than in another and the pCF curves will be 

angle dependent. The angular dependence of the pCF results can be used to calculate anisotropy 

by Equation S2(1).

                                                                                                     (S2)
𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑦 =

𝜆1 ‒ 𝜆2

𝜆1 + 𝜆2

where,  is the long axis where the motion is relatively unhindered and  is the short axis where 𝜆1 𝜆2

motion is hindered. Figure S1 shows a diagram of the anisotropy definition.
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Figure S1 Anisotropy of diffusion definition diagram (Adapted from Malacrida et al. 2018)(1). 

Image Mean Square Displacement (iMSD) and diffusion modes: 

iMSD is an extension of the spatiotemporal image correlation spectroscopy (STICS) function 

and can be related to diffusion modes (Figure S2). The modes of diffusion are described by 

Equation S3(3): 

𝜎2(𝜏) = 𝜎2
0 + 4𝐷𝜏 +

𝐿2

3 (1 ‒ 𝑒
‒ 𝑘𝑚𝑖𝑐𝑟𝑜𝜏)                                                                            (𝑆3)  

where σ2 is the y-intercept of the MSD versus time curve and is related to the size of the particle, 

L is the confinement size, kmicro is the rate constant for confinement and D is the diffusion 

coefficient of the particle in the material under study. 

The iMSD analysis considers three diffusion modes. These diffusion modes describe particles 

that are linearly diffusing, confined, or partially confined (Fig. S2)(4). The iMSD method was 

used to identify and visualize the spatial distribution of diffusion modes and the diffusion 

coefficients (D) of NPs moving in t the biofilms. 
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Figure S2 Diffusion modes considered in the iMSD analysis. The iMSD curve shows a linear 
increase versus time for linear or isotropic diffusion (red curve). The higher the D value the higher 
the slope which means that the particle moved faster and was able to travel a larger distance in a 
specific time. For the confined mode of diffusion, the iMSD curve reaches a plateau in a short time 
indicating that the MSD of the particle does not change with time (blue curve). When particles are 
confined but finda way to get out of confinement and start moving freely, the iMSD curve starts 
with a lower slope, but when the particle escapes confinement, the slope suddenly increases (green 
curve). (Adapted from Moens et al. 2015) (4)
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Figure S3: Dynamic light scattering (DLS) Malvern Zetasizer NS (Worcestershire, U.K.) was used 
to measure the zeta potential and hydrodynamic diameter of the P. aeruginosa cells and the NPs 
individually and in NP-cells samples. In 1 mM HEPES at 37° C, PAO1 ΔwspF Δpsl PBADpel 
cells, the aminated polystyrene NPs and the carboxylated polystyrene NPs have zeta potential of -
26 ±1.7 mV, +25 ± 3.3 mV and -34 ± 3.1 mV respectively. The average size of the cells increased 
from 515 ± 147 nm to 1,113 ± 376 when exposed to the aminated polystyrene NPs which is likely 
a result of NP attachment to the cell wall.

Microscopy images:



S6

Figure S4: Microscopy images from one field of view for each condition considered in this 
study. The fluorescent areas (white areas) are the aminated and carboxylated nanoparticles 
excited with a 561 nm laser. A control sample, a biofilm without nanoparticles, (top) was 
observed to identify possible background fluorescence emitted from the biofilm components. 
The scale bar (red) in each image is 5 µm and the images were recorded at a depth of z = 4500 ± 
703 µm.
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Experiment 2 Results:

Analyses were performed for two independent biofilm samples and analyzed to evaluate the 

reproducibility of the obtained results. The results are presented in Figures S4, S5 and S6.

 

Figure S5: Connectivity maps for all three fields of view (28.2 µm x 28.2 µm) obtained by 2D-
pCF analysis for the aminated and carboxylated NPs at a depth of z = 4500 ± 703 µm for the 
samples for Experiment 2. Each row shows a field of view analyzed for the 48 hr biofilm samples 
(blue) and the 96 hr biofilms sample (red). The scale bar (red) in each map is 10 µm. Anisotropy 
determined from iMSD analysis for each condition carboxylated is 0.12 ± 0.08 for 48 hours and 
0.09 ± 0.01 for 96 hr and aminated NPs is 0.07 ± 0.07 for 48 hours and 0.08 ± 0.04 for 96 hr.
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Figure S6: Visual maps and diffusion coefficient histograms for the aminated and carboxylated 
polystyrene nanoparticles at diffusing at a depth of z = 4500 ± 703 µm. The diffusion coefficients 
were obtained from the iMSD analysis of images from Experiment 2. The bars are histograms 
with bins sizes of 0.1 µm2/s. The lines are kernel (Scott) probability density estimates of the 
diffusion coefficient (D) distributions.  Each row shows the maps from the 48 hr and 96 hr 
biofilm samples. The D heatmap color scale goes from black to red. The red areas are the areas 
with higher D values and the blackerareas are the ones with the lower D values. The color-coded 
values in the distribution graphs are average value of the D distributions taking into 
consideration all 3 fields of view analyzed. The scale bar (white) in each map is 10 µm.
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Figure S7: Maps of the distribution of diffusion modes, freely diffusive (blue), confined (yellow) 
and partially confined (red). Each row shows a field of view analyzed for the 48 hr biofilm and 
the 96 hr biofilmsamples in Experiment 2. The pie charts represent the average percentage (of 
the three field of views analyzed) of free diffusion (blue), confined (yellow) or partially confined 
(red) areas for each type of NP considered. The scale bar (black) in each map is 10 µm and the z 
depth was 4500 ± 703 µm.
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