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Methodology for determining incident angle and penetration depth 

We previously presented theoretical and experimental evidence for the 

application of TIRF and VAEM in plant cells in our work published in Plant Methods 

(Wan et al., 2011). Under TIRF conditions, all of the light is reflected back into the 

medium with the higher n value (refractive index) (Formula 1) (Fish, 2009). When 

TIR occurs, a nearfield light wave forms at the boundary; this “evanescent wave” 

(EW) can penetrate the surface of the medium to a depth (d) approximately equal to 

1/3 of the wavelength of the incident light (Formula 2) (Fish, 2009).  

Formula for calculating critical angle of incidence, in which θi stands for the 

incident angle and θc stands for the critical angle of incidence. 

θc = sin−1 (n1/n2)                     (1) 

Formula for calculating the depth of an EW field: 

d = λ0/4π(n2
2sin2θ-n1

2)-1/2              (2) 

In terms of VAEM, it allows light to penetrate the cell wall using a sub-critical 

angle, in which θi is slightly smaller than θc (Konopka and Bednarek, 2008). In our 

VAEM system, we coupled the TIRF module to a device with which the θi is 

continuously adjustable. The microscopic analysis on plant cells must accommodate 

five different peripheral layers between the incident light and the cytosol (n=1.38); 

these layers are the immersion oil (n=1.52), coverslip (n=1.52), aqueous medium 

(n=1.33), cell wall (n=1.42 to 1.48), and plasma membrane (d=7 nm) (Fish, 2009; 

Woolley, 1975).  

According to Formula 1, θc at the g/am interface is 61.0°. The angle of refraction 

(δ) inside the cytosol for a sub-critical angle of incidence (θi < θc) can be calculated 

using Snell’s law (Formulas 3 and 4). With the n values given above for cytosol and 

glass and θi set at 60.0° (slightly less than θc), then δ is 72.5° inside the cytosol. The 

depth of the illumination field from the refractive laser light can then be calculated by 

a trigonometric formula (Formula 5). 

Snell’s law describes the relationship between θi and δ as: 



sinθi / sinδ = n2/n1        (3) 

When incident light penetrates × different optical layers, δ in the last medium (δx) 

can be calculated as: 

sinθi / sinδx = nx/n1       (4) 

Variable depth of illumination (d) within an observation field (width = a) can be 

calculated as: 

d = a/ tanδx             (5) 

In our VAEM experiments, the visual field of the EM-CCD camera is 512×512 

pixels, corresponded to 81.9×81.9 μm (a=81.9 μm); according to formula 5, d varies 

from 0 to 25.9 μm in this field. Given that the width of a single cell is 20 μm, d may 

vary from 0 to 6.3 μm.  

Regarding the n values of the different peripheral layers in plant cell microscopy, 

TIR may occur at two different interfaces, the cell wall/cytoplasm (cw/c) interface and 

the glass/cell wall (g/cw) interface. Given that the average n of cell walls is 1.45 and 

that cell walls of epidermal cells are smooth and in uniform thickness (roughly 250 

nm), θc at the cw/c interface (θc(cw/c)) is 72.1°. According to Snell’s law (Formula 3), θi 

from the objective lens (θc1 in panels C and E) should be greater than 65.2° to create 

TIR at the cw/c interface. When θi is further increased by the variable angle device 

and reaches θc at the g/cw interface (θc(g/cw) = 72.5°), the light beam is completely 

reflected back (θc2 in panel D). Therefore, there are two critical requirements to obtain 

EW field illumination inside the cytosol in an intact plant cell: an incident angle 

between θc1 and θc2 (65.2° < θi < 72.5°) and a sufficiently thin aqueous film (d < 100 

nm). When the EW field occurs inside the cytosol of an intact plant cell, the depth of 

illumination is constant for a single observation (panel E). 
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observations on intracellular structures just beneath the PM. Judging from the curve 

incorporated in the cell TIRF software, the penetration depths corresponding to the 

two angles were 120 nm (66.64°) – 250-300 nm (63.03°) respectively, depending on 

the practical conditions for the adherence of seedlings. For CLC-GFP seedlings, the 

incident angles were between 65.69° and 67.73°, the penetration depths corresponding 

to the two angles were 100 nm (67.73°) and 130 nm (65.69°). 
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