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Abstract—Three-dimensional single-molecule localization is a 
fundamental problem in biological and biophysical experiments 
such as super-resolution microscopy. Point spread function 
engineering accompanied by corresponding reconstruction 
procedures provides a unique approach to increase localization 
precision. Joint optical/digital design and image reconstruction 
are investigated. 
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I.  INTRODUCTION 
Current super-resolution microscopy techniques are 

creating opportunities to explore sub-cellular structure and 
function or to visualize materials at the nanoscale [1-8]. 
Recently, single-molecule photo-activation and photo-
switching localization based microscopy has been proposed 
for far-field super-resolution imaging [1-4]. Techniques such 
as PALM (Photo-Activated Localization Microscopy) and 
STORM (Stochastic Optical Reconstruction Microscopy) 
achieve super-resolution by allowing only a sparse, random set 
of molecules to emit light at any given time and then 
localizing each molecule with great precision. The latest 
extension to three dimensions has opened up unprecedented 
possibilities to investigate the organization of cells [9-13].   

 

In this presentation we show that proper engineering of the 
three-dimensional (3D) point spread function (PSF) via 
specially designed optics improves 3D position estimation and 
hence resolution. Therefore, we introduce several PSF designs 
shaped in the form of a double helix and investigate the 
fundamental tradeoffs. We compare prevalent methods for 3D 
wide field localization in terms of the Cramer-Rao lower 
bounds and present an optimal 3D localization estimator in a 
general framework for noisy, aberrated and/or engineered PSF 
imaging. A Phase Retrieval (PR) enabled Maximum 
Likelihood Estimator (MLE) shows to be efficient by reaching 
the fundamental lower bound for localization precision along 
x, y and z. Experimental application of the double–helix PSF 
in conjunction with the PR-MLE reveals low-photon-count 3D 
wide-field single-molecule localization over an extended depth 
of field with exceptional precision [14].  

II. 3D LOCALIZATION WITH DOUBLE-HELIX POINT SPREAD 
FUNCTIONS 

The Double-helix point spread function (DH-PSF) [15] is 
an engineered PSF that displays two lobes in the transverse 
plane that rotate with defocus. The 3D PSF thus generates a 
double-helix shape (see Fig. 1). The axial position of the 
imaged point source is encoded in the rotation of the two 
lobes. The DH-PSF increases the axial and 3D Fisher 
information transfer of the imaging system [16,17] and can be 
used for 3D localization of multiple sparse particles. In 
addition, the DH-PSF provides a long depth-of-field, making it 
desirable for tracking [15,18,19] and super-resolution imaging 
[10,13,14].  

The localization precision of a system is determined by the 
number of photons detected, the noise, the optics and the 
estimator used for localization. Simple estimators are fast but 
may not reach the limit of precision determined by the number 
of detected photons, numerical aperture, and noise parameters 
[13,15,18-20]. Hence, the use of an optimal estimator is 
required for achieving optimal precision [14,21-24].   

 

 

Figure 1: A Double Helix PSF for a 1.23NA microscope. Crossections of the 
PSF show the evolution of the orientation of the two lobes for different axial 
positions. Scale bar is 1 μm. 

  

III. LOCALIZATION BASED SUPERRESOLUTION IMAGING 

Localization based super-resolution methods such as PALM 
or STORM use engineered molecular proteins or dyes whose 
emission can be controlled cyclically so that a sparse set of 
emitters in the field of view can be turned on for single-
molecule localization. Repeated activation of different subsets 
of single molecules over time samples the entire field of view 
to reconstruct an image of the tagged structure with high 
resolution.   

A DH-PSF based microscope has been shown to be suitable 
for 3D localization based super-resolution imaging. Figure 2 
shows an image of microtubules of PtK1 (Rat Kangaroo 
Epithelial cells) tagged with an antibody labeled with Alexa-
647 and Alexa-488 dyes [2]. The DH-PSF microscope had a 
1.45NA 100X Nikon objective and an electron multiplying 
charged coupled device (EMCCD). A 641 nm diode laser was 
used for deactivation and the 488 nm line of Argon ion laser 
was used for activation. 
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Figure 2(a) shows a normal fluorescence image of 
microtubules and Fig. 2(b) shows the 3D super-resolution 
image of the same region where fine details of the microtubule 
network are easily visible. The depth of the network is shown 
in color providing details of the imaged volume. Super-
resolution imaging with the DH-PSF microscope was achieved 
over a depth of 1 μm. The single-molecule 3D localization 
precision achieved for this particular experiment was σ(x, y, z) 
= (25, 33, 45) nm with 1650 photons per molecule per 
estimation and 28 photons/pixel background. 

 

 

Figure 2: (a) Conventional fluorescence image of microtubule network. (b) 3D 
super-resolution image of the same region acquired with the DH-PSF 
localization based microscope. The depth of the microtubules is encoded in 
color.  
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