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Schematics of the combined optical tweezers and single molecule localization microscopy 1 

setup 2 

 3 

Supplementary Figure 1: Layout of the dSTORM setup equipped with holographic optical 4 

tweezers for immobilizing free-floating cells: Excitation light is emitted from an Ar-Kr-ion laser 5 

and selected by an AOTF. For the optical tweezers implementation, a 1064 nm wavelength laser 6 

beam is emitted from a Nd:YAG laser and expanded to fill the optically-active area of a spatial 7 

light modulator (SLM), which displays a phase pattern according to the arrangement of the 8 

optical traps within the software. Both the excitation and the trapping light are coupled into the 9 

same objective. dSTORM measurements are performed in HILO mode. For position detection of 10 

the sample, a white light source is used. The fluorescence emission and the white light 11 

illumination are spectrally filtered and imaged using an EM-CCD camera. Abbreviations: AOTF – 12 

acousto-optical tunable filter, FT – focusing telescope, TM – translatable mirror, DCM – dichroic 13 

mirror, NA – numerical aperture, TIR – total internal reflection, ND – neutral density filter wheel, 14 

PMF – polarization-maintaining fiber, 4f-T – 4f-telescope, M – mirror, BP – band-pass filter, SP – 15 

short-pass filter.  16 
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Single molecule localization precision of individual fluorophores attached to optically 17 

trapped microspheres 18 

 19 

Supplementary Figure 2: (a) Histogram of the individual single molecule localization 20 

precisions1 of Alexa 647 dyes attached to the surface of an 8.18 µm bead (b). The bead is held a 21 

few µm above the coverslip by optical traps with trap powers of about 42 mW (blue) and 5 mW 22 

(green), respectively. The mean single molecule localization precisions are (12 ± 2) nm (for 42 23 

mW trapping laser power) and (10 ± 2) nm (for 5 mW trapping laser power). The data for 42 24 

mW trapping laser power was recorded prior to the data for 5 mW trapping laser power. This 25 

explains the slightly better values for the single molecule localization precisions in the latter 26 

case which result from decreased background noise due to a lower number of remaining active 27 

fluorophores around the focal plane.  28 

Values for the mean single molecule localization precisions were determined by fitting a 29 

Gaussian function to the data and are given using the distances to the 95 % confidence bounds of 30 

the according fit parameter as the error interval. 31 

 32 

 33 
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 Effective localization precision along different axes of bacterial cells 34 

  35 

The average effective localization precision of the dSTORM experiments (Fig. 3) is estimated 36 

using the method proposed by Endesfelder et al.2. This approach determines the localization 37 

precision from the minimum distance between localized emitters in adjacent frames. It is 38 

therefore capable of considering both the influence of the finite single molecule emitter 39 

localization precision1,3 as well as the position fluctuations inside the optical trap. Accordingly, 40 

these values represent the effective, average localization precision of dSTORM images of 41 

optically trapped samples. The corresponding values are (27.8 ± 1.5) nm for the alignment 42 

parallel to the focal plane (a) and (30.8 ± 2.3) nm for the alignment orthogonal to the focal plane 43 

(b). Values for the effective localization precisions were determined by fitting the model of 44 

Endesfelder et al. to the data and are given using the distances to the 95 % confidence bounds of 45 

the according fit parameter as the error interval.  46 
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Comparison of dSTORM images of bacterial cells while trapped in suspension by optical 47 

tweezers and after pull-down onto a surface. 48 

 49 

Supplementary Figure 4: Super-resolution images of the same E. coli during optical trapping 50 

and after deposition on a substrate: (a) dSTORM image of the optically trapped bacterial cell, (b) 51 

deconvolved dSTORM image of the optically trapped cell, and (c) dSTORM image of the cell 52 

attached to a coverslip. Direct comparison shows that similar structures can be observed in the 53 

optically trapped E. coli cell in solution compared to the same cell stuck to the cover slip. Subtle 54 

differences are likely due to rotation of the cell during deposition onto the substrate and 55 

bleaching as the images were acquired subsequently. 56 

57 
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 Rotational Brownian motion 58 

 59 

Supplementary Figure 5: Rotational Brownian motion inside the optical traps is evaluated 60 

using a series of white light images (a) and dSTORM images (b). Image sequence (a) shows three 61 

8.18 µm sized polystyrene beads of which each is held by one optical trap with individual trap 62 

powers of (9.9 ± 1.6) mW. The two beads on the left are stuck together, whereas the bead on the 63 

right can move independently. The red arrow marks a structure on a bead in the middle. This 64 

structure changes its position over time and shows a rotation of the two beads inside the traps 65 

around their common axis. This is possible as the beads possess an almost homogeneous inner 66 

structure and present a rotation symmetric formation, such that the optical traps do not restrict 67 

rotational motion. In contrast to the trapped beads, no obvious structure is visible in the 68 

whitelight images of the trapped E. coli bacteria. Hence, we use a series of dSTORM images to 69 

evaluate the rotational motion of a bacterial cell held by two optical tweezers at its end caps (b). 70 

20,395 localizations in 15,224 raw images are split up into 4 quarters with an equal amount of 71 

localizations in each (four images on the left). Their sum results in the complete dSTORM 72 

reconstruction (right image). Comparing the quarters with the complete reconstruction shows 73 

that similar structures are observed in each image while subtle differences presumably result 74 

from the stochastic nature of the dSTORM data acquisition. Hence, we conclude that in contrast 75 

to the beads, the E. coli cells do not exhibit rotational Brownian motion inside the optical traps 76 

during the dSTORM imaging process which in this case took about 90 s. We assume that 77 

rotational motion is frustrated by the interaction of the elliptically shaped trap focus with the 78 

inner structure of the cells that features small refractive index gradients throughout parts of the 79 

cellular volume. From these observations we conclude that rotational Brownian motion does not 80 

significantly affect the dSTORM images of the optically trapped bacteria. 81 

 82 

 83 
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Estimation of the imaged z-range 84 

 85 

Supplementary Figure 6: As the 2D dSTORM images show a projection of the emitter 86 

distribution in a volume around the focal plane, we use information from the detected PSF 87 

widths to estimate the range in z-direction that contributes to the reconstructed image. For a 88 

reference measurement, fluorescent Tetraspeck beads with a diameter well below the 89 

diffraction limit (100 nm diameter (Invitrogen)) are immobilized in double distilled water to the 90 

bottom of a Nunc Lab-Tek II Chamber Slide System (ThermoFisher). Using a z-piezo stage, the 91 

sample is moved in steps of 100 nm through the focal plane. We use rapidSTORM to detect the 92 

FWHM of the PSF in one direction (measurement points in the plot) and fit the depth dependent 93 

PSF model of Huang et al.4 (solid black curve). The z-position was corrected for the focal shift5 94 

induced by the refractive index mismatch of the water/glass interface (nwater/nglass = 1.33/1.518). 95 

The raw data of the dSTORM image shown in Fig. 2c was again analyzed with rapidSTORM using 96 

identical settings except for one modification: a fixed setting for the PSF width was used for the 97 

reconstruction shown in Fig. 2c, while we allow rapidSTORM to consider the PSF width as a free 98 

fitting parameter for the depth analysis. Consequently, more localizations are found because less 99 

restrictions are imposed on the fitting routine (38,828 instead of 22,438 localizations). To filter 100 

physically reasonable values, all localizations with a PSF FWHM below 200 nm are rejected. The 101 

upper bound is chosen such that the same number of 22,438 localizations as contributing to the 102 

reconstruction of Fig. 2c is kept. The according upper bound for the PSF FWHM is 620 nm. We 103 

conclude that emitters with PSF FWHM values of up to approximately 620 nm (dotted gray line) 104 

contribute to the reconstruction of the E. coli cell shown in Fig. 2c. The plot shows that this 105 

corresponds to emitter z-positions ranging from about -500 nm to 470 nm, i.e. covering an 106 

interval of approximately 970 nm. The diameter of the E. coli cells is on the order of 950 nm as 107 

measured from the transmitted light images. It follows that the entire E. coli chromosome can 108 

contribute to the 2D projection constituting the dSTORM reconstruction if the focal plane is 109 

placed in the center of the bacterial cell.  110 
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Distribution of chromosomal DNA in several different E. coli cells 111 

 112 

Supplementary Figure 7: dSTORM images of Alexa 647-labeled nucleoids in optically trapped 113 

E. coli cells, imaged using parallel alignment (large images) and orthogonal alignment (insets) to 114 

the imaging plane. For orthogonal alignment, the marked tips are pulled onto the coverslip. The 115 

different numbers of distinct nucleoid structures represent different stages within the cell cycle, 116 

as also indicated by the cell length6. In either case, the density of the chromosomal DNA 117 

(determined from single molecule localizations) decreases towards the center of the bacterium 118 

(plots) in radial direction. Curves show the radial density distribution, averaged over all angles. 119 

Note that a radius of 0 nm corresponds to the center of the bacterium and the averaging step 120 

was chosen in order to obtain a more objective measure of the radial distribution in comparison 121 

to selecting one specific radial profile. 122 

  123 
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Observed widths of the chromosomal DNA structures in E. coli cells 124 

 125 

Supplementary Figure 8: Box plot of the structure widths of the chromosomal DNA for the 126 

bacterial cells shown in Supplementary Fig. 7. Following the approach of Wegel et al7, we 127 

measured the apparent DNA structure widths. Using Fiji8, five line-profiles of 50 nm line width 128 

were measured for each cell at different locations on the chromosomal DNA filaments, both for 129 

the parallel and orthogonal alignment to the focal plane. The full width at half maximum 130 

(FWHM) was determined by fitting a Gaussian function to each line profile. The median 131 

chromosomal DNA filament width measured is 84.5 nm for the parallel alignments (n = 30) and 132 

85.5 nm for the orthogonal alignments (n = 30) relative to the image plane. 133 

  134 



 

9 

Distribution of chromosomal DNA in E. coli cells as measured by super-resolution 3D 135 

structured illumination microscopy for a complementary labeling approach 136 

 137 

Supplementary Figure 9: Three-dimensional structured illumination microscopy (3D-SIM) 138 

shows that similar structures of chromosomal DNA are observed from E. coli cells on substrate 139 

as compared to optically trapped cells (Fig. 3). This holds both for the lateral (a) and axial (b,c) 140 

distribution of the observed chromosomal DNA. Also, the radial intensity profile (d) reveals a 141 

similar radial distribution as found using the dSTORM approach (Fig. 3e). 142 

3D-SIM images show the fluorescent signal of Sytox Green, which was used to post-label 143 

identically prepared bacterial cells (Methods). These images indicate that the observed tube-144 

like structures do not originate from the click-chemistry labeling approach as they are also 145 

observed using this alternative strategy. (a) shows a maximum intensity projection (excluding 146 

the slices with strong signal from the coverslip to avoid masking of the chromosomal structure) 147 

of the bacterial cell with the long axis lying in the focal plane, while (c) shows a maximum 148 

intensity projection with the long axis orthogonal to the image plane. (b) shows single slices 149 

orthogonal to the long axis.  150 
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Displacement of an optically trapped polymer bead by highly inclined laminated sheet 151 

illumination 152 

 153 

 154 

Supplementary Figure 10: Displacement of an optically trapped object by additional oblique 155 

laser illumination: (a) A bead is trapped with a mean lateral trap stiffness of κ = (1.5 ± 0.2) 156 

pN/µm, as determined by the power spectrum of its trajectory in 2,162 white light frames9, 157 

while the HILO-beam for fluorescence excitation and photoswitching is turned off. By switching 158 

the HILO beam on (b), the lateral equilibrium position is shifted by (750 ± 28) nm. Furthermore, 159 

an axial shift occurs, clearly indicated by the defocused view. This fact emphasizes the need for 160 

carefully setting all parameters influencing the object position inside the optical traps (and, if 161 

necessary, adjusting these parameters, e.g. in the case of defocusing due to the HILO beam) 162 

before the measurement data is recorded. The trap stiffness was determined from fitting the 163 

according model to the power spectrum, using the distances to the 95 % confidence bounds of 164 

the according fit parameter as the error interval. The shift of the lateral equilibrium position is 165 

given as the shift of the center-of-mass determined from the white light images and the error is 166 

calculated by Gaussian error propagation. 167 

168 
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 Fit of the position distribution function (PDF) 169 

 170 

 171 

Supplementary Figure 11: A white light image stack of the sample shown in Fig 2, 172 

Supplementary Fig. 4, consisting of 10,146 frames, is used to evaluate how many measured 173 

frames are necessary to generate a PDF with sufficient accuracy. Therefore, only a certain 174 

number of frames starting from the first frame are used for fitting the 2D elliptical Gaussian, and 175 

the result from the fit is compared to the 2D histogram, which is directly obtained from the 176 

position measurements of all 10,146 frames. Using a pixel size (according to a bin size) of 25 nm 177 

× 25 nm, the mean deviation from the fit (d) to the measured values (b) of all 10,146 frames 178 

drops below 1.4 % (within the central region of 400 nm × 400 nm) if data from more than 500 179 

frames is used for the fit (a). The PDF accuracy is even further increased by using a smaller pixel 180 

size of 10 nm × 10 nm (c,e). This leads to the presumption that the deviation results in large part 181 

from undersampling: in the case of the measured data, the value of a bin effectively reflects the 182 

mean of the deviation of all points inside the bin, while in case of the fit, the value of the bin is 183 

computed only from the point at its center, neglecting the shape of the distribution inside the 184 
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residual bin. Using relatively large pixels, the accuracy might be increased by introducing an 185 

oversampling step, i.e. computing the function values on a finer grid, and averaging them 186 

afterwards. Most importantly, it has to be considered that the resulting PDF exhibits the same 187 

pixel size as the dSTORM image for which it is used during the deconvolution. The excellent 188 

agreement between the directly measured values (b,c) and the PDF obtained from the fit to all 189 

available frames (d,e) shows that an elliptical 2D Gaussian is a valid model to describe the 190 

position distribution of optically trapped objects. This is also valid for non-spherical samples 191 

and multiple trap foci as both are present in case of the E. coli held by two traps. 192 

  193 
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Supplementary Note 1: Position fluctuations inside an optical trap. 194 

The position distribution of an optically trapped particle can be approximated by the function 195 

   ( )       {
  ( )

   
 }  

where kBT is the thermal energy, V(x) is the trapping potential, and A is a normalization 196 

factor10,11. The trapping potential can be approximated by a harmonic potential in the vicinity of 197 

a stable equilibrium position, which is usually assumed for optical traps12. Hence, the restoring 198 

force is 199 

 ( )     (    ), 200 

and the trapping potential is given by 201 

 ( )   (    )
 , 202 

where κ denotes the (scalar) trap stiffness and x-x0 the displacement from the particle’s mean 203 

position x0. By explicitly considering the harmonic potential, the position distribution function 204 

PDF(x) becomes a Gaussian distribution with a standard deviation of 205 

   √
   

  
 . 206 

As the trap stiffness κ is directly proportional to the trap power Ptrap13, it follows for the full 207 

width at half maximum (FWHM) of the PDF that  208 

      √        √     . 209 

For explicit consideration of the three-dimensional trap properties, the restoring force of the 210 

optical trap can be written in the form of 211 

 ( )      (    ), 212 

where   is the stiffness matrix in the coordinate system of the microscope. By an appropriate 213 

coordinate transformation, it is possible to approximate the stiffness matrix by a diagonal 214 

matrix, where the diagonal entries correspond to three (distinct) trap stiffness values in 215 

orthogonal spatial directions. By using a single, "perfect" trap focus the diagonal matrix   216 

consists of two equal elements indicating the lateral trap stiffness and one element indicating 217 

the axial trap stiffness. The axial stiffness is usually significantly lower than the lateral trap 218 

stiffness14, causing position fluctuations of greater extent in the axial direction. If the effective 219 

trapping potential does not possess lateral rotational symmetry, e.g. caused by the shape of the 220 
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trapped object or the simultaneous use of multiple traps, the projection of the PDF to the lateral 221 

plane becomes an elliptical Gaussian distribution, i.e. 222 

PDF(x,y) =     { (
(    )     ( )   (    )     ( )

√    
)
 
 (

 (    )     ( )   (    )     ( )

√    
)
 

}, 223 

where (x,y) is the object’s position with the center position (x0,y0), α is the rotational angle of the 224 

ellipsoid axes relative to the coordinate system of the microscope, σ1 and σ2 are the independent 225 

standard deviations for orthogonal directions, and A is a normalization factor. 226 

  227 
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Supplementary Note 2: Validity of deconvolution approach 228 

For the presented deconvolution approach to be valid, the measured dSTORM localization 229 

distribution has to represent an image of the labelled structure convolved with the PDF. This 230 

will be given if either (i) each label is localized several times during the dSTORM imaging 231 

process, or (ii) a high labeling density of the structure is achieved, thus, the distance between the 232 

labels is sufficiently small, i.e. on the order of the effective localization precision. 233 

Though the first condition is difficult to measure for an individual experiment, Dempsey et al.15 234 

have found that each Alexa 647 fluorophore (the dye used in our experiments) could be 235 

localized during a mean number of 14 switching cycles under comparable buffer conditions 236 

(enzymatic oxygen removal using glucose oxidase and catalase plus using MEA as the reducing 237 

agent, though the MEA concentration was 10 mM instead of 100 mM). If single frame exposure 238 

times are shorter than the timespan of the fluorescence emission during a switching cycle, a 239 

fluorophore can be detected multiple times per switching cycle. This allows for an even higher 240 

number of localizations per fluorophore contributing to the reconstructed image. Additionally, 241 

one label, e.g. an antibody, might possibly be tagged by multiple fluorophores, further increasing 242 

the possible number of localizations per label. The number of localizations per label does, 243 

however, also depend on other experiment specific parameters, e.g. the number of frames 244 

recorded, and might therefore differ from the reported values. In any case, the condition of many 245 

localizations per label can in principle be met using Alexa 647. 246 

From these considerations, we estimate the localization density to find the distance between the 247 

labels: The reconstruction of the bacterial cell shown in Fig 3b comprises 21,516 localizations 248 

detected in 15,285 raw images. The upper bound for the localization density is found by 249 

assuming exactly 1 localization for each fluorophore. The localizations cover an area of approx. 4 250 

µm2. Hence, the labeling density is at most 21516/4 µm-2 = 5,379 µm-2 which results in a lower 251 

bound for the mean distance between two fluorophores of about √(1⁄(5,379 µm-2)) = 13.6 nm. 252 

Assuming 14 localizations for each fluorophore results in an overestimation as a second 253 

sequence of raw data could be recorded for this bacterium (Fig. 3d). Hence, the respective 254 

labeling density is at least 21,516/(4 14) µm-2 = 384 µm-2, resulting in an upper bound for the 255 

mean distance between two fluorophores of about √(1⁄(384 µm-2)) = 51.0 nm. The real mean 256 

distance between the detected labels will presumably lie somewhere in this interval between 257 

13.6 nm and 51.0 nm. The comparison to the effective localization precision of 27.8 nm 258 

(Supplementary Fig. 8a) shows that it is on the order of the mean distance between the labels 259 

and, thus, the deconvolution approach is valid. Even if the real mean distance was close to the 260 

upper boundary of the interval and thus relatively high, this would indicate that individual 261 
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fluorophores had been localized multiple times. In this case, the first condition would be fulfilled 262 

and, again, the deconvolution approach is valid. 263 

The labeling density of the bead edge can be estimated in a similar way. The reconstruction 264 

shown in Fig. 1a for a trap power of 5 mW consists of 15,236 localizations detected in 7,056 raw 265 

images recorded in approximately 220 s. As the diameter of the bead is 8.18 µm, its perimeter is 266 

25.7 µm, and from the line profile shown in Fig 1c we estimate the localizations to be spread 267 

over a length of 0.5 µm orthogonal to the bead edge. Consequently, the localizations cover an 268 

area of 12.85 µm2. As the bead presumably shows rotational Brownian motion during the 269 

imaging procedure (Supplementary Fig 5), the labels move and each position on the edge is 270 

detected just once rather than 14 times. These numbers yield an approximate labeling density of 271 

the bead edge of at most 15236/12.85 µm-2 = 1186 µm-2, giving a mean distance between two 272 

labels of about √(1⁄(1186 µm-2)) = 29 nm. Again, this value is on the order of the effective 273 

localization precision of (41.3 ± 1.3) nm as determined by the approach of Endesfelder et al.16 274 

and confirms that the deconvolution approach is valid. 275 

It is important to note that in our labeling strategy for the bacterial samples, the thymidine 276 

analogue EdU provides a relatively high concentration of binding sites for the fluorophores in 277 

the target nascent DNA that might be more difficult to achieve for other scenarios, e.g. antibody 278 

labeling approaches. Furthermore, organic dyes such as Alexa 647 are more favorable as they 279 

allow for multiple switching cycles in contrast to many types of photoactivatable proteins that 280 

might enable PALM imaging of optically trapped samples. 281 

  282 
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Supplementary Note 3: Experimental PDF generation  283 

For PDF generation, a transmitted light image stack (Fig. 1b) is recorded prior or subsequent to 284 

the dSTORM data acquisition. Compared to the microsphere experiment (Fig. 1b), where a 285 

single optical trap was used to hold each bead, the bacterium shows a strongly elliptical PDF 286 

(Fig. 1b and Fig. 2d), yielding standard deviations for the 2D Gaussian of σ1 = (43.6 ± 0.4) nm 287 

and σ2 = (19.5 ± 0.2) nm. During displacements orthogonal to the long axis of the E. coli cell, a 288 

similarly high restoring force from both traps acts on the cell, while during displacements 289 

parallel to the long axis, the restoring force from one trap is significantly lower due to cell's rod-290 

like shape (Fig 1d). This assumption is confirmed by the fact that the long axis of the PDF ellipse 291 

is co-located with the long axis of the bacterial cell. Moreover, these data show that the PDF not 292 

only depends on the optical trap properties, but also on the shape and alignment of the trapped 293 

object. That is why the PDF is not a property only of the setup, but has to be determined for each 294 

experiment separately. The beam used for fluorescence excitation and photoswitching also has 295 

an effect on the PDF. Usually, high intensities on the order of 0.5 to 5 mW/cm2 are used17, 296 

leading to non-negligible radiation pressure that may significantly displace the trapped object. 297 

As highly inclined and laminated optical sheet (HILO) excitation18 is often used to obtain such 298 

high intensities, the specimen is displaced both in axial and lateral directions (Supplementary 299 

Fig. 10). Hence, the HILO beam is also switched on during the data acquisition for determination 300 

of the PDF, which leads to yet another issue: the bleaching of the fluorophores during this time. 301 

Accordingly, it is recommended to acquire the raw dSTORM data first and record the 302 

transmitted light image stack in a second step. Regardless, it has emerged that the use of 303 

approximately 500 transmitted light image frames is sufficient to generate a PDF by 2D Gaussian 304 

fitting, which in this experiment resulted in a mean deviation of less than 1.4 % from the directly 305 

measured position distribution after acquiring 10,146 frames (Supplementary Fig. 11). By 306 

taking an effective acquisition time of 6 to 31 ms per frame into account, the measurements for 307 

the PDF can be conducted within 3 to 16 s, and could also be collected prior to the dSTORM 308 

acquisition due to this relatively short time. 309 

  310 
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