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Fig.S1 is a typical calibration analysis for converting the ring radius of a defocused image to z-position for 200 nm fluorescent bead. The piezoelectric stage displaces the sample in steps of 20 nm and the corresponding radius change is measured. The conversion factor of 249.0±0.7 nm/pixel is used in the rest of the analysis. 

Fig.S2 is a comparison of focused versus defocused tracking accuracy for in plane (x-y plane) particle motility. Fig.S2-a shows the variation of the data obtained from focused imaging around the optimal position determined by a T-Test analysis with p<0.05, and Fig.S2-b is the same analysis for the data obtained from defocused imaging. The data is accumulated as follows: The sample is displaced by a piezoelectric stage in steps of 10, 20, 30, and 40 nm, and 20 images are taken at every step. Then this data is fed into a T-Test program which finds the optimal positions of the steps in the data. The variation that is plotted in Fig.S2 is the difference between the data and the T-Test fit to the data, and each graph has over 1700 individual data points. The fact that the variation is centered around zero for both data sets shows that there are no systematic errors in our analysis. The standard deviation obtained from the Gaussian fit to the data is taken as the accuracy of tracking. The standard deviation of the defocused data is 3.7 nm and the standard deviation of the focused data is 2.7 nm. Taking into account the fact that the photons are split in a 30:70 ratio between the focused and defocused channels results in (3.7/2.7)*(7/3)1/2 =2.1 better accuracy for the focused channel.

Fig.S3 is two examples of the capability of defocused analysis, i.e. tracking the ring size in order to determine the z-position of a 40 nm fluorescent bead sample. In Fig. S3-a we show tracking of 20 nm steps, and in Fig. S3-b 40 nm steps taken by a piezoelectric stage along the z-axis.

In order to check the feasibility of z-axis tracking using defocused imaging on a non-fluorescent bead in vitro the following experiment was performed: polymer steps several micrometers high and a 100 (m apart were patterned on a glass coverslip using photolithography. This coverslip was used to make a sample chamber. Then axonemes were flowed into the chamber, some of which formed an inclined plane between the coverslip surface and the polymer steps, as shown in Fig. S4. Polystyrene beads of 1 (m diameter which were densely coated with kinesin were then added to the chamber. Some of these beads then bound to the inclined axonemes and moved up or down the inclined plane. Fig.S4-a shows an axoneme forming an inclined plane with one of the polymer steps, and Fig. S4-b shows two beads bound on such an axonemes at different heights and hence are defocused by different amounts. Fig.S4-c is a superimposed image of one of these beads at the beginning and at the end of its trajectory (see Supplementary Movie-1 for a movie of this trace). Fig.S4-d shows the 3D trajectory of one of these beads, which clearly reproduces the inclined plane shape of the axoneme. Interestingly, the kinesin coated bead moves down for about 7 seconds, stalls for 7 seconds, and moves down again for another 7 seconds. This stalling period is clearly visible in the trajectories all three directions, as shown in FigS4-e. 

Another experiment which we performed was to check whether the z-axis tracking could be performed on single fluorophores such as cyanine-3 (Cy-3) or quantum dots. Unlike other common fluorophores, quantum dots have an elongated shape which gives rise to a particular dipole orientation. This particular dipole orientation results in orientation dependant defocused images. Hence the defocused images of quantum dots can not be fit with a simple Gaussian at the center and a ring around it. Fortunately, smaller quantum dots are not as elongated and have a more spherical shape which results in more uniform defocused images. 

In the case of Cy-3, the limited time to collect photons before the dye photobleaches did not allow us to collect such long traces as was possible with fluorescent beads. Fig.S5 shows a trace of a single Cy-3 displaced with a piezoelectric stage with 40 nm steps. It was not possible to observe such clear steps with 20 nm or 30 nm displacements.

Fig.S6-a is an image of the Arpe19 cells with phagocytosed 200 nm fluorescent beads excited with a 532 nm wavelength laser. The bead concentration can be diluted enough to make single bead tracking possible. The trajectory of one of the beads is given in Fig.2a. For a movie of the trajectory in Fig. 2a see Supplementary Movie-2.

Fig. S6-b is an image of the melanophore trajectory that is shown in Fig. 2d in the manuscript. The left half of the CCD is the defocused view and the right half of the CCD is the focused view of the cell. Due to the large intensity difference between the focused and defocused channels, it was not possible to scale the intensity of the image 

such that both channels would be clearly visible. However, as in the inset of Fig. S6-b, with the proper intensity scale, the defocused image of a melanosome shows a ring pattern around the organelle. For a movie of the trajectory of this organelle, please see Supplementary Movie-3.

Fig.S6-c shows ±25% variation of the conversion factor between the ring radius and z-displacement for 28 different melanosomes which were stuck to the glass surface. This variation would be the dominant uncertainty in determining the z-position from the ring radius for an arbitrary melanosome in vivo, assuming a calibration such as that shown in Fig. 2b is not performed on that particular melanosome. This variation is most likely due to the size variation of melanosomes, which has been shown to exist via electron microscopy studies. 
Fig. S7 is a detailed drawing of the dual view appartus and the modifications for our application.  The drawing is adapted from Optical Insights,AZ.  

Useful tips for the bifocal imaging apparatus and the limitations of the technique:  In this work we propose a technique that can work with isotropic emitters (i.e. fluorescent beads) and spherical micron sized particles (i.e. polystyrene beads, silicon beads, round organelles).  The method does not work with tabulated organelles (i.e. mitochnondria) and anisotropic emitters (i.e. elongated quantum dots, polarized dyes).  The most important part of the setup is the choice of the imaging objective.  Most of the high N.A. water objectives work well, however high N.A. oil objectives are prone to serious spherical aberrations.  One should test any oil objective by defocusing the sample in both directions and make sure that the objective creates symmetric circular patterns as it is defocused.  In addition it is usually wise to keep the number of optics in the imaging pathway to a minimum. 
In our design, we preferred to set the path difference between the channels such that the focal shift between the focused and defocused images was ~1µm so there is only one defocused ring around the center.  Having only one ring around the center increases the accuracy in Z direction and we have at least a 500 nm imaging depth where we can do very accurate 3-D tracking.  It is always possible to split the image into 4 quadrants and cover more imaging volume with the cost of shrinking the imaging area.  
Finally, the choice of the lens to insert the focal difference between the channels has to be done carefully.  We never used any lens in the defocused channel since defocused imaging is more sensitive to spherical aberrations.  Instead, we used a spherical singlet lens with a focal length of 225 mm (1” diameter, Thorlabs) in the focused channel.  Note that the focal length may need to be changed as the magnification and the CCD pixel sizes change.  
