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* stilgoe@physics.uq.edu.au  

I  Introduction 
Optical tweezers have been widely used in quantitative 

measurements of biological systems and processes since 
the first demonstration of the technique in 1986 by Arthur 
Ashkin 1. They were utilized in biophysics and cell 
biology to shine light into the understanding of processes 
taking place in cells and molecules2,3. Here we describe 
optical tweezers, outlining the principal of operation and 
review their use in biological systems as well as in a 
number of other micro-systems. 

 
II  Body 

1.  Principal of operation and measurement 
Optical tweezers can trap, manipulate and measure 

forces acting on particles in a range from femto- to nano-
Newtons (fN–nN). Optical forces occur due to the 
conservation of momentum when light scatters off an 
object. If a particle scatters light such that the average 
direction of the light is changed, then the particle must 
experience a force in the opposite direction. We outline 
various methods of modelling this process, including: 
Rayleigh scattering, geometrical optics, and an approach 
based on a full electromagnetic theory. We outline how 
the effect of the scattering can be measured using various 
detection systems, such as camera and position sensitive 

detector, and how these are incorporated into a system to 
measure forces acting in a broad variety of systems 
including biological and bio-medically relevant ones. 

 
Figure 1: Model and simulation of an optically trapped 
particle in a highly focused laser beam. Cones depict 
relative magnitude of optical force. Ellipsoidal patch 
shows the distribution of particle location under Brownian 
motion. 3D contours represent the equipotential of 
intensity of a laser beam. 
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Abstract 

Optical tweezers has enabled application and measurement of forces in a highly quantitative way and has been used to 
discover and study in depth a multitude of biological processes. In this tutorial presentation, we start with overview of the 
original work by Arthur Ashkins’ and the first applications of optical tweezers in biological systems and we describe the 
principles of optical trapping showing how to measure optical forces and torques. We describe the broad use of optical 
tweezers with applications ranging from cell manipulation to molecular biology. We conclude the presentation with 
discussions of the current state of the art of this area of science and discuss further applications of optical tweezers and 
possible future directions. 
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2.  Applications to biology 
In the years since their first demonstration optical 

tweezers have been used to manipulate organelles4, and 
measure molecular motions, such as the compliance of 
flagella5 and kinesin stepping6. Optical tweezers have 
been particularly successful in the realm of biochemistry 
and have been used to precisely measure DNA, protein 
and enzyme function3. An optical tweezers ability to 
remotely, and without contact, manipulate has been 
essential to these experiments and applications. We cover 
the large range of methods used to illustrate the range of 
capabilities of the optical tweezers technique. 

  
Figure 2: Digital micrograph of Chinese hamster ovary 
(CHO) cell and optical forces acting on it as a function of 
position. The overall spherical shape gives a net trapping 
force, relative changes of individual parts of the cell can 
be both manipulated and measured with optical tweezers. 
 

3.  Current work, our work and future directions 
We have been using optical tweezers in a number of 

applications with particular emphases on measurement of 
optical torque and rotation. This enabled measurement of 
viscoelastic properties in biologically relevant systems. 
We also have been concerned with developing methods 
for using optical tweezers in in-vivo studies of model 
systems such as zebrafish and combining these with 
relevant imaging modalities to study in details neuronal 
systems. 

The capabilities of optical tweezers are continually 
being extended, being now able to trap with greater 
degree of control over optical forces7,8, deeper into the 
system9,10, with precision11, and with measurement 
beyond spherical particles to irregular and deformable 
particles12,13. 

Future application of optical tweezers will be 
considered for measurements inside cells, studies of 
biological swimmers and their characterization.  
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I  Introduction 
Microrheology (MR) is a method to investigate the 

mechanical response of soft materials at microscopic (~ 
m) range. This technique enables us to measure the 

viscoelastic properties of the surrounding medium by 
tracking the motion of imbedded, micron-sized tracer 
beads [1]. One of the standard implementation of this 
method is active microrheology (AMR) where tracer 
beads are actively manipulated with an external force. 
Then we measure the displacement response of the beads, 
from which we obtain the viscoelasticity of surrounding 
media. The other method is passive microrheology 
(PMR) that passively tracks the imbedded bead's thermal 
fluctuations. PMR can provides material’s rheological 
properties only at equilibrium since it relies on the 
fluctuation-dissipation theorem (FDT) to estimate the 
response function of the probe. Whereas FDT is satisfied 
only at equilibrium conditions, by comparing the result 
with PMR to AMR, we can estimate how strongly the 
system is driven out of equilibrium [2-5].

II  MR with optical trap and laser interferometry 
Conventional active/passive microrheology has been 

typically performed using laser interferometry and optical 
trapping [1]. Laser interferometry (LI) is a technique to 
detect the position of the probe particle by illuminating it 

with a probe laser and measuring the interference pattern 
made between un-scattered and scattered lights [6]. 
Another laser (drive laser) is tightly focused on the same 
probe to trap it. Manipulating the focus positions, the 
arbitrarily controlled optical-trap (OT) force is applied to 
the probe. Both techniques (LI and OT) require keeping 
the probe well inside the sub- m-sized tightly-focused 
laser spot.  

Fig. 1: Schematic illustration of laser interferometry. Image 
of the interference pattern at the back focal plane (BFP) was 
projected on to the quadrant photodiode (QPD).  
 

In living cells, mechanoenzymes such as motor 
proteins create vigorous flows and fluctuations. The 
probe particle then moves out of the laser focus within 
the experimental time period. Although strong optical 
trapping force is able to retain the probe in the focus, a 
probe trapped in a strong optical potential does not 
display the mechanical properties of surrounding 
materials.  
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Abstract
Mechanics of living cell interior are governed by cytoskeletons and cytosol. They are extraordinarily heterogeneous 

and their physical properties are strongly affected by the internally generated forces. In order to understand the out-of-
equilibrium mechanics, we have developed a method of microrheology using laser interferometry and optical trapping 
technology. This method allowed us to probe mechanics and dynamics in living cells with a high spatio-temporal 
resolution. Microscopic probes in cells are stably trapped in the presence of vigorous cytoplasmic fluctuations, by 
employing smooth 3D feedback of a piezo-actuated sample stage. To interpret the data, we present a theory that adapts 
the fluctuation-dissipation theorem (FDT) to out-of-equilibrium systems. We discuss the interplay between material 
properties and non-thermal force fluctuations in the living cells that we quantify through the violations of the FDT. 
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III  Feedback-tracking active microrheology 

To overcome these issues and perform MR in active 
environments (typically in living cells), we developed 
optical-trap-based MR implemented with three-
dimensional feedback-controlled sample stage [7]. The 
stage is manipulated by a piezo-mechanical sample stage 
to cancel large and slow movements of a probe particle so 
that high-bandwidth, large dynamic-range MR can be 
performed even in vigorous fluctuations e.g. HeLa cell.  

The position of the sample stage stageu  is controlled by 
the PID feedback as below. Probe position from the laser 
focus QPDu  measured by LI is used to control the piezo 
position as  

( ) 1stage QPDu t u dtτ= ,                            (1) 

where τ  (set at 10~100 ms) is the delay time for the 
feedback response of our experimental setup. Since the 
total displacement u of the probe in the sample is given as 

QPD stageu u u= +  (Fig. 2), eq. (1) yields frequency response 
relation:  

              ˆ ˆ ˆ(1 ) (1 1 )stage QPDu i u i uωτ ωτ= − = − .                (2) 
Hereafter, ^ denotes the amplitude of the sinusoidal signal. 

Probe particles are manipulated by a sinusoidal lateral 
oscillation of the drive laser focus whereas the probe laser 
is stationary. The optical trapping force applied to the 
probe particle by drive and probe laser is  

( )exp( )d d p QPDk L i t k k uω− − + , where kd, kp refer to the trap 
stiffness of the drive and probe laser respectively. L is the 
amplitude of the drive laser oscillation. The Langevin 
equation for the probe particle under feedback control is 
then written as  

( ) ( ) ( ) ( )( ) ( )' ' ' ( )
t i t

p QPD d QPDk u t t t u t dt k Le u t t f tωγ ζ−

−∞
+ − = − + + , 

 (3) 
where ( )u t  denotes the velocity of the probe in the 
coordinate system traveling with the feedback-controlled 
piezo stage. ( )tζ  and ( )f t  are the thermal and non-
thermal forces respectively, and ( )tγ  is the friction 
function.. The Fourier transform of the ensemble or time 
average of eq. (3) yields the frequency-dependent 
response which we rewrite as 

( ) ( ) ( ) ( ) ( ) ( ){ }ˆˆ ˆ ˆ ˆ( ) +FB
QPD stage d p QPDu u u F k k uω α ω ω ωω ω= = − + , 

 (4) 

where ˆ ( ) dF k Lω ≡  . The superscript FB denotes the total 
displacement when the position of the piezo stage is 
feedback controlled.  

We define the “total” response of the probe movement 
to the wiggling force applied by the drive laser under the 
feedback control as ˆˆ( ) ( )FB

FBA u Fω ω≡ . By using this 
definition and substituting eq. (2) into eq. (4), we obtain 
the relationship between ( )FBA ω  and intrinsic response 
function of a probe in the same media ( )α ω  (i.e. response 
without trap) as  

                  
ˆ( ) ( )( ) ,ˆ 1 ( )( )

FB

FB
uA
F
ω α ωω

βα ωω
= =

+                 (5) 

where ( ) (1 )d pk k iβ ωτ≡ + −  is the parameter describing 
the correction under feedback. ( )α ω  is then obtained from 
the total displacement as 

              
ˆ( )

( )
ˆ1 ( ) ˆ( ) ( )

FB
FB

FB
FB

uA
A F u

ω
α ω

β ω ω β ω
= =

− −
.         (6) 

The shear viscoelastic modulus ( )G ω  of the 
surrounding material is then obtained via the Einstein-
Stokes relation extended to frequency response, 

( ) 1/ 6 ( )G aω πα ω=  where a is the radius of the probe.   
 

III  Cell mechanics during cell-cycle progression 
    As a typical application of the developed technique, we 
performed feedback-tracking active microrheology in 
HeLa cervical cancer cells.  HeLa cells were seeded in the 
glass-bottom dish and incubated until epithelial-like 
sheets were formed. 2a = 1μm melamine particles 
(microParticles GmbH) coated with polyethelene-glycol 

 
Fig. 2: (A) Schematic of the feedback-tracking microrheology 
setup. (B) Displacements of a probe and laser positions.    
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polymer brush were bombarded into cells with GeneGun 
(Biorad, 1652257J1).   
    In Fig. 3, we show shear viscoelasticity of the cytosols 
in HeLa cells as a function of frequency. We observed 
that the approximate power-law relation 0.5( ) ( )G iω ω∝   is 
satisfied in the wide range of frequencies. This response is 
in contrast to the cytoskeletal networks, for which elastic 
plateau response [ 0( ) ( )G iω ω∝ ] at low frequencies and 

3/4( ) ( )G iω ω∝  at high frequencies have been typically 
observed for in vitro [2] and in vivo [7]. Recently, the 
anomalous viscoelastic response [ 0.5( ) ( )G iω ω∝ ] observed 
in living epithelium was attributed to the dynamics of 
cytosol rather than cytoskeletons [7, 8]. In cells, various 
soft colloids, such as macromolecular assemblies, 
organelle, etc, are present at their highly condensed state.  
At the same time, they are forcedly fluidized because of 
the non-thermal mechanical energies originated from the 
active metabolism. In this sense, living cytosol is a typical 
representation of active colloidal glass, which is a current 
focus of study in the nonequilibrium statistical mechanics 

field.    
 
    The HeLa cells used in this study (HeLa. Fucci2) were 
labelled with Fucci system that enables to identify G1 and 
S/G2 phases during the cell-cycle progression, by the 
fluorescence color in the cell nucleus [9]. We found little 

dependence of  rheology during the cell-cycle progression. 
Although ( )G ω  in S/G2 phase seems to be slightly 
increased, we believe this artifact. In this experiment, 
cells in G1 phase were subjected to microrheology 
experiments continually until they proceed to S/G2 phases. 
The feedback-tracking microrheology technique allows us 
to perform experiments with less than 1 mW laser. For the 
sake of technical convenience, however, several mW laser 
was illuminated to the probe particle. We recently found 
that such prolonged exposure to several mW laser affects 
the probe response (data not shown).   

In this study, cells in S, G2 and G1 phases were studied 
with microrheology. Cells in M Phase could exhibit 
mechanical properties largely different from other phases. 
However, M phase cells are rare to find and could be 
easily eliminated by observing the structure of nucleus 
under the microscope. Therefore, the finding in this study 
(little dependence of intracellular rheology on cell-cycle 
progression from G1 to S/G2) allows us to investigate 
mechanics of cell interiors without strong concern on their 
cell-cycle dependence.  
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Fig.3: Shear viscoelastic spectrum of HeLa. Fucci2 cells 

in G1 and S/G2 phases.  
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I  Introduction 
Differential phase contrast(DPC) microscopy[1] based 

on asymmetric illumination has long been used to retrieve 
high-resolution qualitative image of a phase specimen. 
Typically, in DPC techniques, a half-circle pupil with 2-
axis measurements along vertical and horizontal 
directions is utilized to reconstruct quantitative images of 
weak phase samples (i.e. cells). However, some artifacts 
are produced in the process due to the missing 
frequencies of phase reconstruction since DPC transfer 
function is not circularly symmetric with only 2-axis 
measurements. Therefore, DPC using 12-axis 
measurements along twenty-four different angles[2] has 
been reported recently to obtain missing frequency 
information such that DPC transfer function becomes 
circularly symmetric, and thus additional DPC 
measurements along other axes can significantly improve 
stability and accuracy for quantitative phase recovery. 
Here, we present a new approach by using radially 
asymmetric pupils[3,4] in engineered illumination to 
acquire pair-wise images for phase recovery and 
efficiently achieve circularly symmetric transfer function 
under partially coherent condition.[5] In contrast to 
conventional DPC using 2 axis measurements, our 

isotropic DPC does not have missing frequency issue. 
Besides, compared to the half-circle based DPC method 
using 12-axis, our approach provides equivalently 
symmetric transfer function with only 3-axis 
measurements.  

II  Theory 

By using isotropic differential phase contrast method, 
we can utilize weak object transfer function to separate 
the phase from intensity and achieve quantitative phase 
measurement by pair-wise images[1,2]. Our system can 
be interpreted by Fourier optics. We use the TFT shield to 
control our radially asymmetric pupils, so under 
incoherent illumination condition, the resultant intensity 
captured on the camera can be written as[2]  

  

where F donates the Fourier transfer function and u and r 
denote spatial coordinates (x, y). I is the intensity on the 
camera and P is the pupil function in the objective lens. 
The transmission function of specimen can be presented 
as O(r) = exp(−α(r)+ iφ(r)) , where ( )r denotes the spatial 
coordinates ( , )x y , ( )rα is attenuation factor, and ( )rφ is the 
optical phase. Under a weak object approximation, the 
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Abstract 

Differential phase contrast (DPC) microscopy is a well-known methodology to recover phase image of transparent 
specimen under multi-axis intensity measurements. We propose a novel illumination method to achieve isotropic 
differential phase contrast(iDPC) efficiently and meanwhile improve the accuracy and stability of phase recovery 
effectively. Our iDPC system is an add-on module setting on the commercial inverted microscope, using a programmable 
TFT shield to control the illumination pattern. We demonstrate our theoretical approach for iDPC and experimental 
results by using radial asymmetric pupils to show our accuracy on phase recovery. Besides, we also implemented the new 
illumination pattern with multiple wavelengths to achieve the same circularly symmetric phase transfer function result in 
high-speed operation. 

Keywords: isotropic differential phase contrast; asymmetric pupil; phase recovery; multiple wavelengths  
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intensity of a weakly scattering specimen in the Fourier 
space can be written as [6]  

   

where u,   , and 𝛼 ̃(𝑢) represent as spatial frequency 

coordinates, phase and absorption of the specimen 

respectively. Therefore, the expression for  can be 

written as [7] 

 

  Experiment Setup and Results 

In Figure 1, we compare a conventional half-circle pupil 
with a radially asymmetrical pupil in illumination to see 
their numerical results of different intensity computed by

transfer function (  ) in multiple axes(x=1,2,3).

Besides, in Figure 1(g,h), we can see that by using our 
radially asymmetric pupils, we can achieve circularly 
symmetric intensity of transfer function with only 3-axis 
measurements, which can be viewed as direct evidence of 
avoiding artifacts of missing frequencies for phase 
reconstruction.  

Figure 1. Simulation results of intensity of transfer 

function (  ) along different axes. 

Figure 2 is a schematic diagram of the proposed iDPC 
system setup with the thin-film transistor (TFT) shield
located on the Fourier plane of the condenser lens. The 
TFT shield is controlled by Arduino to show pair-wise 

radially asymmetric patterns along three different axes.  
Each pair of images generates a differential phase contrast 
image, which is utilized to reconstruct quantitative phase 
information and largely reduce phase reconstruction 
artifacts of missing frequencies. 

Figure 2. Schematic of our iDPC system setup, using a 
TFT shield as a programmable aperture. 

Figure 3 shows quantitative phase images of live 3T3 
mouse fibroblasts cells generated by computationally 
reconstruct three pairs of DPC images. The color bar in 
gray scales represents quantitative phase recovery of the 
cells, and the detailed information of live cells can be 
clearly observed from the image. 

Figure 3. Quantitative phase images of live 3T3 mouse 
fibroblasts cells obtained using our iDPC system. 

IV  Future Work 
Figure 4 We combine our radially asymmetric pattern 
with multiple wavelengths to shorten image acquisition 
time. However, different color spectrums may overlap on 
camera sensor, which is known as “color leakage” 
problem. This phenomenon will let the information of 
different color channels mix together and reduce the 
accuracy of reconstructed images significantly. In order to 
lower down the influence of color leakage problem, we 
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choose the red and blue color in our pattern. The spectrum 
of red and blue is more separated than the combination 
with green, so that the visibility of specimen in the 
unprocessed image can be expected to be higher. 

Figure 4. Combine our radially asymmetric pupil with 
different wavelengths based on the same isotropic 
circularly symmetric transfer function result.   

Figure 5 (a)The quantitative phase image of 10 μm
microspheres using the multi-wavelength radially
asymmetric pupil with 3-axis measurement after color 
leakage correction. (b)Measured phase distribution of the 
cross-section along the dashed lines of a zoomed-in 
microsphere at the solid box region of (a) The scalar bar 
is 50 μm. 

Figure 5. The quantitative phase image of 10 μm
microspheres and the cross-section phase profile  

V  Conclusions 

We have demonstrated the capability of iDPC to 
acquire quantitative phase images of label-free cell 
sample by using radially asymmetric pupils. The proposed 
iDPC shows isotropic intensity of transfer function, using 
three-axis measurements with compact system 
configuration as well as programmable TFT shield. The 

improvement of accuracy of phase recovery and stability 
using iDPC has potential to contribute to future study of 
biophotonics. Furthermore, radially asymmetric 
illumination can be implemented using multiple 
wavelengths to obtain quantitative phase images to 
achieve circularly symmetric phase transfer function, in 
high-speed operation as well. 
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Monitoring mitochondrial dynamics within mitotic apparatus by 
lightsheet microscopy 
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Abstract 
Mitochondria are major energy resources in cell. These highly dynamic organelles are constant fusion and fission 

inside of cell, especially while cells are at mitotic status. Fusion and fission of mitochondria allowed the inheritances 
(mitochondrial DNA; mtDNA) and mitochondrial proteins could be exchanged between mitochondria. Sharing the 
inheritances and mitochondrial proteins is necessary for mitochondria to maintain mitochondrial function. Here, we 
investigated dynamic of mitochondrial proteins during mitochondrial fusion and fission. We genetically expressed 
photoswitchable proteins (Dendra2)1 into mitochondria and optically monitored the inter-mitochondrial distribution of 
Dendra2 by lightsheet microscopy2. The advantages of lightsheet microscopy, low phototoxicity and fast image speed, 
make it possible to detect the fusion/fission events of mitochondria during mitosis. We observed that the small portion of 
photoswitched Dendra2 was transmitted to the whole cell within 15 minutes. 

Keywords: lightsheet microscopy, mitochondrial protein, mitosis, Dendra2, photoswitch 

I. Introduction 
Frequently mitochondrial fission and fusion 

(mitochondria dynamics) is one of mechanisms for 
mitochondria to control the functional quality of 
mitochondria3,4. The protein synthesis at cytoplasm would 
be imported into mitochondria via a recognition sequence. 
Targeting signals are usually removed once the protein 
has reached its correct inter-mitochondrial location. 
Furthermore, mitochondria also have their own 
mitochondrial DNA (mtDNA) and could synthesize 
peptides inside of mitochondria. For both types of 
proteins, they could be inter-mitochondrially redistributed 
via fusion and fission.  

Mitochondrial matrix, lumen inside of inner 
mitochondrial membrane, is where metabolic process 
occurs. There are hundreds of enzyme and proteins 
required for tricarboxylic acid cycle, urea cycle, and 
apoptosis cascade and so on. Fusion and fission of 
mitochondria can result in mitochondrial matrix proteins 
transferred within mitochondria5,6. In addition, damaged 
proteins and mutated/damaged mtDNA would be 
asymmetrically segregated into two daughter cells during 
cell division7-9. Therefore, asymmetry division of mitotic 
or meiosis cell would generate a mixture of mtDNA10,11 
within the daughter cells. Mechanisms of asymmetric 
division and excluding aging/damaged mitochondria 
regulate stemness preservation of stem cell and 
multipotency of neural progenitors12-15. 

Since asymmetry division and fusion/fission play 
crucial roles in controlling cell function, we are 
wondering how mitochondria transfer their matrix 
proteins to mitochondria through fusion and fission. Also, 

mitotic cells turn into sphere, which become a hindrance 
for live imaging. To solve this problem, we overcame the 
obstacles of live imaging requirements by lightsheet 
microscopy. Increasing spatiotemporal resolutions and 
reducing phototoxicity to specimen allow us to observe 
several dynamic subcellular processes without sacrifice of 
substantial spatiotemporal resolution. By combining with 
photoswitchable fluorescent proteins, Dendra21, we could 
monitor the inter-mitochondrial dynamics of 
mitochondrial proteins during the cell division process of 
mitosis. 

 
Figure 1. Illustration of mito-Dendra2 targeting into 
mitochondria and photoswitched by optical approach. 
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II. Body 
In order to monitor how the mitochondrial matrix 

proteins shuttle between mitochondria, we generated a 
stable cell line with constant expression of Dendra2 in the 
mitochondrial matrix (Figure 1). The mitochondrial 
targeting of Dendra2 are achieved by tagging the 
mitochondrial matrix targeting sequence on Dendra2 
(mito-Dendra2)16. The mitochondrial targeting sequence 
would lead the mito-Dendra2 shuttling between 
mitochondria and imported into mitochondrial matrix 
(Figure 1). After the correct transport of mito-Dendra2, 
the targeting sequence would be removed by the 
mitochondrial enzyme. The mitochondria filled with 
mito-Dendra2 could be observed by green fluorescent.  

To optically mark a portion of mito-Dendra2, the 
laser 405 nm were applied on the localized area of cell 
(Figure 2A). The exposure to 405 nm laser would switch 
the mito-Dendra2 from green to red fluorescent. This 
results in a mixture population of mito-Dendra2 within 
mitochondria (Figure 1 and 2). In the figure 2, a 
redistribution of optically labeled mitochondria with red 
mito-Dendra2 was observed before the cell entry into 
metaphase/anaphase. These indicated a rapid exchange 
and diffusion of mitochondrial material before the cell 
division. Asymmetry division was observed after the 
cytokinesis (unpublished data). Taken all together, our 
data indicated that we could combine the lightsheet 
microscopy and the optically labelling approach to mark a 
small population of mitochondria and monitor the 
dynamics of mitochondrial materials within mitochondria 
during mitosis. 

To further quantify the dynamic of photoswitched 
mito-Dendra2, we generated a 3D mask to cover all 
mitochondria (Figure 3A). The 3D mask was used to filter 
the mito-Dendra2 signals; the photobleaching rate of live 
image was calculated from the masked green and red 
signals (Figure 3A). The total intensity of green 
mito-Dendra2 was gradually decreased (Figure 3B); the 
photoswitched mito-Dendra2 show slight decay during 
imaging. We adjusted the intensity decrease by 
photobleaching correction. The corrected intensity were 
used for calculating the 560/488 ratio (Figure 3C). 

The ratio of 560/488 signals were shown in gray 
scale (Figure 3D); the ratio signal was gradually diffused 
from photoswitched area to distal area. To visualize the 
spatio-temporal change of 560/488 ratio, a color-coded 
ratio were demonstrated (Figure 3E). In addition, we 
extract a small region of phtoswitched area to analyze the 
change of ratio (Figure 3F). We could observe a 
decreased ratio while the photoswitched mito-Dendra2 
diffused and redistributed into distal area (Figure 3C). 

 
Figure 2. The 3D live images of mitotic cell labelling with 
green fluorescent mito-Dendra2. A portion of mito-Dendra2 
were photoswitched into red fluorescent (Magenta) by 405 
nm laser, as the horizontal lighsheet be illuminated at the 
central of cell. The time point of 125 shows the 
mito-Dendra2 which are redistributed and spread into whole 
cell. The end of time point (T=467) shows the segregation of 
photoswitched labeled mitochondria is asymmetry. Maxima 
intensity projection of 3D z-stack is shown; images are 
deconvoluted. Time (T) interval = 4.4 sec.  
As for the region without exposure to 

photoswitching (Figure 3G), the redistribution of 
mito-Dendra2 results in an increase of ratio. According to 
these results, we could analyze, track and quantify the 
subcellular dynamics and redistribution of mitochondrial 
proteins during cell division by lightsheet and optical 
labelling.  

III. Results and Discussion 
 A detailed dynamic of mito-Dendra2 within single 
mitochondria would be quantified. These would improve 
our understanding about mito-Dendra2 diffusion and 
exchange by mitochondrial fusion/fission. Specific 
mitochondrial proteins with Dendra2 tag would be 
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Figure 3. The quantification of mito-Dendra2 dynamic and 
redistribution. (A) The sum of green and red mito-Dendra2 
was used for generated the 3D mask. The outside signals of 
both colors were removed by the mask. (B) The total 
fluorescence intensities were quantified and applied for 
bleaching correction. (C) The ratio was calculated from the 
masked signals of each color after bleaching correction. The 
560/488 ratio demonstrated in gray scale (D) and color-code 
(E-G) illustrate the relative population of mito-Dendra2. (F) 
A selected area form E (white dashed line box) shows the 
diffusion and decay of photoswitched mito-Dendra2. (G) A 
selected area from E (yellow box) shows the gradually 
increase of photoswitched mito-Dendra2. Quantification of F 
and G was shown in C. 

studied. These investigations would reveal the correlation 
of mitochondrial proteins/inheritances and cell division. 
This research might expectantly increase the 
understanding of mitochondrial function and pathology of 
mitochondrial diseases in the future.  
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I  Introduction 
Primary cilia exist in many cell types in our body [1-

4]. In each cell, a primary cilium functions like an 
antenna with a single rod-shaped protrusion from the 
plasma membrane or within the cell body. This rod-like 
organelle is about 250 nm in diameter and 3-5 m in 
length. It contains a large number of signaling receptors 
which respond to the environmental changes by 
activating different signaling pathways to alter cell 
behaviors. For example, during development, the 
concentration gradient of sonic hedgehog determines the 
number of our finger digits, the location of our heart, and 
the morphology of our brain through the signaling of 
primary cilia [8]. In adult mice, ciliary mutation results in 
failed injury recovery of kidney [9]. Knowing the 
molecular architecture of the primary cilia would greatly 
enhance our understanding of functions of ciliary 
proteins.   

Among all high-resolution techniques, electron 
microscopy (EM) has been regularly used for primary 
cilia imaging with its superior spatial resolution, but one 
can only obtain a static snapshot under vacuum 
preparation. Therefore, it is important to develop new 
methods for acquiring high-resolution images. Light 
microscopy, which utilizes different fluorescent dyes to 
amplify the target protein signals, requires procedures 

less complicated than those of EM and is able to acquire 
multi-color images once. 

 Several super-resolution techniques have recently 
evolved to break the diffraction limit of light, including 
photoactivated localization microscopy (PALM), 
stochastic optical reconstruction microscopy (STORM), 
structured illumination microscopy (SIM), and stimulated 
emission depletion microscopy (STED). PALM and 
STORM have great spatial resolution (~20 nm). 
However, they require stacking thousands of 
stochastically activated images into one frame. The 
sampling rate is thus relatively too slow (~1 frame/min) 
to track dynamic intraflagellar transport (IFT) particles. 
SIM has ~1 frame/sec sampling rate but a spatial 
resolution of 120 nm, slightly too large for transition zone 
(TZ) imaging. STED is a scanning based approach which 
requires one laser to excite a fluorophore and the other 
red-shifted laser to deplete the boundary of a diffraction-
limited spot, yet it requires high power laser, increasing 
the possibility of photo-bleaching.   

In this review, we show the super-resolution imaging 
by STED and direct STORM (dSTORM) to map the 
architecture of the ciliary proteins, and provide new ideas 
for primary cilia research. 

II  Results and Discussion 
Transition zone: Gating protein in and out from the cilia 

The molecular architecture of proteins at the base of primary cilia revealed 

by super-resolution microscopy 
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Abstract 
Primary cilia are an important organelle responsible for cell sensing and signaling. At the base of primary cilia, there 

are important proteins whose malfunctions result in serious diseases, i.e. ciliopathies. Using two super-resolution 
microscopy techniques, i.e. stimulated emission depletion (STED) microscopy and direct stochastic optical reconstruction 
microscopy (dSTORM), we map the molecular architecture of two essential regions, i.e. the transition zone and the distal 
appendages. Specifically, we find the relative localization of ciliopathy-associated proteins potentially suggesting their 
affinity to either the ciliary membrane or the axoneme. We also find a new structural part of the distal appendages, the 
distal appendage matrix, in between adjacent distal appendage blades. The matrix and blades are responsible for different 
functions for cilia.  
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The TZ is a specific region at the ciliary base between 
the basal body (BB) and the axoneme proper. At the TZ, 
axonemes are cross-linked to ciliary membrane through 
the Y-shaped linkers (Y-links), and several organized 
protein complexes are involved. For instance, MKS/B9, 
TCTN1/2 and CEP290 complexes were hypothesized to 
compose parts of the Y-links. By using STED super-
resolution microscopy, we have mapped the proteins at 
the TZ of primary cilia of human retinal pigment 
epithelial (RPE-1) cells to elucidate their anchoring and 
tethering functions [1]. We found that CEP290 showed a 
rectangular-like shape, and RPGRIP1L occupied a similar 
width as CEP290 and the axoneme, whereas MKS1, 
TCTN2, and TMEM67 displayed two separate peaks, 
indicating that they were localized toward the outer 
periphery of the TZ. Setting centrin2-eGFP as a BB 
marker, we displayed that CEP290 is localized at a 
distinct axial level situated between BB and other TZ 
proteins.   

The work described above provides an architectural 
map to find out the trafficking of the IFT proteins. Using 
dual-color STED imaging, we demonstrate that IFT88 is 
distributed across the TZ with a tilted angle from distal 
appendages (DAPs) to TZ, suggesting defined traveling 
paths of IFT particles at the ciliary base. 

How do TZ proteins regulate IFT complex 
transportation? We found that IFT88 extended toward the 
BB due to TCTN2 depletion, and the ciliary length was 
clearly shortened. By performed dual-color dSTORM 
super-resolution imaging, we confirmed an extension of 
IFT88/IFT144 localization toward the BB in both TCTN2 
and RPGRIP1L-deficient cells [2]. Furthermore, using 
imaging to quantify the full width at half-maximum, the 
diameter of IFT88 in the BB was smaller in TCTN2-
impaired cells compared to the wild-type, displaying the 
lumen occupancy of IFT88. 

 
Distal appendages: Controlling ciliary membrane 

protein trafficking 
To initiate primary cilium growth, membrane docking 

of centriole by its distal end is necessary. DAPs are 
defined as nine-bladed, pinwheel-like structures and are 
thought to be involved in precedent steps of ciliogenesis. 
For example, CEP83, CEP89, SCLT1, CEP164, and 
FBF1 are core DAP components recruited to distal ends 

of the centriole before ciliogenesis. Upon membrane 
docking, TTBK2 recruited intraflagellar transport 
proteins and release CP110 and CEP97, two negative 
regulators of ciliogenesis. By using dSTORM super-
resolution microscopy, we displayed the radial 
localization of DAP proteins in RPE-1 cells [3]. Most of 
the core DAP components showed nine-fold symmetric 
ring-like patterns. In contrast, FBF1 localized in different 
angular positions from those of CEP164. We monitored 
the axial and lateral views of the DAP proteins with 
series of two-color dSTORM images, and reconstructed 
the three-dimensional spatial map of DAPs. We found 
that instead of the 9 pinwheels, the DAPs form a cone 
shape containing 9 DAP blades and proteins between 
blades that we termed distal appendage matrix (DAM). 
ARL13B, a ciliary membrane protein, were decorated at 
FBF1 signals during cilium initiation, but excluded from 
proximal TZ after cilia maturation.  

How FBF1 regulates these ciliary proteins trafficking? 
Smo and SSTR3, two transmembrane proteins, were no 
enriched in primary cilia in FBF1-deficient cells. This 
result is not attributed to TZ proteins since they are 
unaffected by FBF1 knockout. These data suggested an 
essential role in ciliary membrane protein gating by DAP 
proteins.   
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I  Introduction 
Diffraction limit restricts the performance of optical 

technologies, not only imaging including microscopy but 
also generating optical patterns. Several types of super-
resolution microscopy utilize adequate modification of 
illumination [1]. Structured illumination microscopy, 
which uses stripe-shaped illumination, is a typical example. 
Stimulated emission depletion (STED) microscopy is 
based on miniaturization of an effective excitation area by 
combining illumination light for STED and excitation. 
These facts suggest that optical patterns as illumination are 
important for enhancing imaging performance. 

We are studying about a method for generating 
subdiffraction-limit optical patterns that are finer than the 
diffraction limit spot in a local space, using a computer 
generated hologram (CGH) [2]. Because these optical 
patterns are generated using propagating light, they 
provide many benefits including spatial parallelism, 
noncontact accessibility to objects, and multiplexing 
capability. This paper presents recent results in generation 
of subdiffraction-limit optical spots and light sheets. We 
also discuss laser scanning microscopy using 
subdiffraction-limit spots as illumination. 

II  Subdiffraction-limit optical pattern generation  
The achievable optical patterns by using CGHs are 

usually constrained by the diffraction limit of light, and 
therefore fine optical-pattern generation requires careful 
treatment in design. Our design method is based on the 
Gerchberg-Saxton algorithm, but the constraint on the 
output plane is modified to consider the phase of optical 
patterns [2]. Let us consider that three optical spots are 
positioned in a line. When the phases of the sides’ spots are 
different from the phase of the central spot by , zero-
intensity points are created between adjacent spots, then 
the spots are separated and their size is reduced. The 
constraint in our algorithm is constructed on this basis. 

Figure 1 shows an array of 3×3 subdiffraction-limit spots 
generated by a designed CGH. The optical pattern was 
captured on the focal plane of an objective lens with the 
numerical aperture (NA) of 0.46. The size of the spot was 
reduced from 1.31 m to 0.93 m (71%). Note that the 
number and positions of spots can be determined flexibly.  

Subdiffraction-limit optical patterns generated by our 
method is not limited to spot arrays. As an option, we 
investigated a subdiffraction-limit light sheet with 
micrometer-order thickness. For example, in light sheet 

Subdiffraction-limit optical-pattern generation and  
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Abstract 
Illumination is an important factor for many types of super-resolution imaging, including structured illumination 

microscopy and stimulated emission depletion microscopy. In this paper, we present generation of subdiffraction-limit 
optical patterns that are finer than the diffraction-limit spot, using a computer generated hologram (CGH). Such optical 
patterns can be utilized in super-resolution imaging as illumination to increase its performance. An algorithm has been 
constructed to design CGHs generating subdiffraction-limit optical patterns. We demonstrated the generation of 
subdiffraction-limit optical spots and a subdiffraction-limit light sheet. Furthermore, an array of subdiffraction-limit spots 
is applied to enhance the resolution in laser scanning microscopy. Simulation and experimental results show that the 
validity of using subdiffraction-limit optical spots in super-resolution imaging.  
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fluorescence microscopy [3], use of a thinner light sheet as 
illumination is effective for enhancing the axial resolution, 
reducing the damage to a sample, and suppressing the 
photobleaching. Figure 2 shows calculated cross-sections 
of light sheets generated using a cylindrical lens (focal 
length: 100 mm) and an objective lens (NA: 0.25). The 
thickness of the light sheet is 1.6 m for subdiffraction 
limit, whereas it is 2.0 m for diffraction limit. 

 

III  Super-resolution imaging using a 

subdiffraction-limit spot array 
Subdiffraction-limit optical patterns are generated using 

propagating light, thus they can be easily applied to 
illumination in microscopy. We consider super-resolution 
imaging by scanning an array of subdiffraction-limit spots. 
Laser scanning microscopy is an option for super-
resolution imaging, and its resolution depends on the size 
of an illuminating spot. Hence use of subdiffraction-limit 
spots is a promising strategy to enhance the resolution. In 
addition, parallel scan within the field of view is achievable 
by use of multiple subdiffraction-limit spots. This offers 
reduction in time for image acquisition. Fluorescence 
images are captured at the individual scan positions, and 
then a high-resolution image is reconstructed through 
digital processing. To confirm effectiveness of using a 

subdiffraction-limit spot, we calculated the point spread 
function (PSF) of an imaging system using an objective 
lens with the NA of 1.40. Figure 3 shows comparison of 
PSFs obtained by uniform illumination, diffraction-limit 
spot scanning, and subdiffraction-limit spot scanning. The 
full width at half maximums (FWHMs) are 194 nm, 120 
nm, and 99 nm, respectively. The PSF is reduced by using 
the subdiffraction-limit spot instead of the diffraction-limit 
spot. We also experimentally observed fluorescent protein-
labeled tubulin and demonstrated the validity of the method. 

 

IV Conclusions
CGHs are capable of generating subdiffraction-limit 

optical patterns, including spot arrays and light sheets. As 
an application, the resolution of laser scanning microscopy 
can be enhanced by using subdiffraction-limit spots as 
illumination. The features of the method should be useful 
in bio-imaging. 
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Fig. 1 (a) Diffraction-limit and (b) subdiffraction-limit spots 
captured in an experiment. 
 

 
Fig. 2 Cross-sections of (a) a diffraction-limit light sheet and 
(b) a subdiffraction-limit light sheet. 

 
Fig. 3 Comparison of PSFs. 
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I  Introduction 
Age-related macular degeneration (AMD) develops in 

200,000 people each year in the US and is the principle 
cause of blindness in those 60 years of age or older in 
North America and Europe [1, 2].  Early AMD is 
characterized by a spectrum of changes in the ageing eye 
before overt loss of central vision. It is known that tissue 
elastic change may be a precursor to neovascularization [3, 
4]. Furthermore, it has been suggested that abnormalities 
in collagen or elastin in the Bruch’s membrane, the outer 
retina or the choroid, may predispose towards GA [5]. 
Microvascular changes, drusen deposits and alterations in 
elastin may all contribute to elastic changes in the 
retina/choroid. While a variety of methods now exist for 
in vivo elastography, these are inapplicable to the 
retina/choroid either because of insufficient resolution or 
anatomic inaccessibility to direct compression.  We report 
on the development of an ARF-OCE system that enables 
in-vivo imaging of the mechanical properties of the retina 
[6, 7].  We demonstrate the first in-vivo elasticity 
mapping of the retina in rabbit animal model [6, 7].  

II  Methods 
Figure 1 shows the experimental setup of ARF-OCE, 

which includes an OCT unit for elastic wave detection and 
an ultrasound unit for tissue vibration/excitation. A 50 
kHz spectral domain optical coherence tomography 
(SD-OCT) system with a central wavelength of 890 nm 

and bandwidth of 144 nm is used for the detection of 
tissue structure and response to stimulation.  A 4.5 MHz 
ring ultrasound transducer was used for pulsed tissue 
excitation. The excitation duration was limited to 1–2 ms 
while the optical detection speed was 50 kHz. 
All rabbit experiments were performed according to the 
University of California, Irvine (UCI) Institutional Animal 
Care and Use Committee (IACUC) protocol. The rabbit 
was used for an AMD study, where it was exposed to a 
high fat diet, blue light, and nicotine for 8 weeks. Since the 
disease was localized, most of the central retina was still 
relatively healthy. The healthy region was used for this 
study. The rabbit was given 35 mg/kg of ketamine and 5 
mg/kg of xylazine subcutaneously for initial anesthesia. 
Two drops of proparacaine HCl and atropine solution 
were applied topically for further anesthesia and dilation 
of the eye for imaging, respectively. The unconscious 
rabbit was propped onto the imaging stage and the eye was 
proptosed. Additional anesthesia was given via 
subcutaneous injection of ketamine (17.5 mg/kg) if the 
heart rate or oxygen levels indicate distress. After imaging 
was completed, the rabbit was euthanized with an 
intravenous injection of euthasol. When death was 
confirmed, the rabbit eye was enucleated and fixed in 10% 
buffered formalin for histological analysis. 
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Abstract 
   Abstracts Tissue mechanical properties provide valuable medical information in disease diagnosis and prognosis. We 
report a optical coherence elastography (OCE) system based on acoustic radiation force (ARF) excitation. We have 
demonstrated the first in vivo OCE imaging of retina in animal models.  The ARF-OCE technology will have a broad 
range of clinical applications, including imaging and characterizing cardiovascular atherosclerotic lesions, imaging and 
diagnosing of early stage cancer, imaging and evaluating ophthalmic diseases such as keratoconus and age-related 
macular degeneration, and imaging and assessing blood coagulation.   
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Fig. 1 Experimental setup ARF-OCE, which includes an OCT 
unit for elastic wave detection and an ultrasound unit for tissue 
vibration/excitation. SLD: superluminescent diode, OC: optical 
coupler, CO: collimator, OA: optical attenuator, M: mirror, GM: 
galvanometer mirrors, L1/L2: lens, UT: ul- trasound transducer, 
S: sample, RFA: radiofrequency amplifier, FG: function 
generator, G: grating, S1: baseband signal, S2: modulated signal, 
S3: amplified modulated signal (fom ref [6]) 

III  Results and Discussion 
Propagation of shear wave in retina is shown in Figure 2. 
Within the 400 A-lines in M-mode at each location, the 
entire shear wave propagation through that point can be 
captured. In Fig. 2(a)–(c), a sample raw data for the 
porcine retina is shown where it is apparent that different 
locations on the retina correspond to different propagation 
speeds. The transducer focal area is on the left side of the 
images, and propagation is to the right. For example, the 
bottom most layer of the retina propagates the fastest and 
corresponds to a stiffer tissue component. It is also 
important to note that the ultrasound wave intensity 
decreases at regions of stiffer tissue, and the intensity of 
the displacement is not considered in the velocity 
calculations.   

 
Fig. 3. (a–c) Cross-sectional raw data showing wave propagation 
of retinal layers at different time points for an ex-vivo pig retina. 
Shear wave induced axial displacement is shown by different 
colors corresponding to the color bar (fom ref [6]) 

ARF-OCE images of in-vivo rabbit model is shown in 
Figure 3. Imaging was performed on the central retina 
approximately 1.5 mm from the optic disc on the temporal 
side.  The OCT intensity image is shown in Fig. 3(a), 
where segmentation was performed to isolate 5 different 
layers in the posterior globe. The shear velocity map is 
demonstrated in Fig. 3(b), and a speed of up to 5.8 m/s can 
be visualized. The velocity was converted to the Young’s 
modulus in Fig. 3(c). The elasticity of the first three layers 
from the ganglion side to the photoreceptor side are: 12.6 ± 
1.5, 35.7 ± 18.9, 101.1 ± 5.1 kPa. The bottom two layers of 
the eye could not be differentiated due to the fast 
propagation speed where the Young’s modulus is over 100 
kPa. The shear wave is attenuated within 200 um in the 
lateral direction and the current system setup is not fast 
enough to capture the wave propagation within such a 
distance for the bottom three layers. This issue can be 
resolved by increasing the imaging speed or extending the 
traveling distance of the shear wave with a higher 
ultrasound excitation power. According to the histology, 
the bottom two layers are close to the sclera and are 
expected to be stiffer than the retina and have a higher 
propagation velocity. 
 

 
Fig. 5.    In vivo rabbit elastography results. (a) OCT of rabbit 
central retina. (b) Shear wave velocity map. (c) Elastogram of 
corresponding region. (d) H&E histology showing some retinal 
detachment. i: Nerve fiber, ganglion cell, & inner plexiform; ii: 
inner nuclear, outer plexiform, & outer nuclear; iii: RPE; iv: 
choroid; v: sclera (fom ref [6]). 
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IV Summary 
In summary, we have developed a novel ARF-OCE system to 
image and quantify the mechanical elasticity of the retinal 
layers in-vivo.  The capability of imaging elastic properties 
of retina will provide new insights into the pathobiology 
of AMD and offer a new diagnostic technique for the 
detection of changes associated with disease development, 
progression and response to therapy.  
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I  Introduction 
We have observed and analyzed true images of 

biological samples such as three-dimensional cultured 
cells, tissue sections of animals, and fertilized eggs by 
using OCT technology. Generally, OCT observation 
requires a dedicated observation conditions in order to 
prevent occurrence of ghosts and artificial signals from 
labware for cultures.  Therefore, it was difficult to 
observe cultured cells during cultures.  We have aimed to 
realize the dynamism of live culture, we have developed 
an OCT three-dimensional imager equipped with our 
advanced optical technology.  In this report, we showed 
some case studies of true three-dimensional images and 
analyzed results with our novel OCT technology. 

II  Product description 
1. Specifications 
System: SD-OCT (Spectrum Domain OCT

Spectrometer).  Resolution: High Resolution : 3 um X, 
Y, Z directions and Low Resolution: 10 um X, Y, Z 
directions .  Max. Fov: High Resolution: 1 1 mm and 
Low Resolution: 10 10 mm.  Max. detection depth: 
High Resolution  1 mm and Low Resolution  1 mm 
(according to sample).  Wavelength: Center: 890nm and 
Band: 800nm  970nm.

2. Technical feature
Our equipment was developed with the concept that it

can observe from the bottom of the culture container such 
as plastic labware directly while biological samples are 
keeping in it.  In order to realize the concept, we have 
developed an optical diaphragm technology that reduces 

the influence of the reflection from the culture container 
bottom.  Together, we have developed a focus connection 
technology that reduces the reflection from the container 
when changing the focus. 

In many cases, observed samples exists near the bottom 
of the culture container. Since this bottom surface is 
normally flat, it acts as a pseudo reference plane which 
causes a ghost image (Figure. 1).  As a result, the 
condition makes an artificial signal and affects 
observation.  An additional of a light shielding diaphragm 
in the optical pathway shields a regular reflection from 
the bottom surface, and then it prevents ghost occurrence. 
On the other hand, since half of a scattered light from the 
sample is transmitted through the light shielding
diaphragm, an interference image can be obtained. 
Although this method has a loss of light quantity, it is 
useful for observation of a low contrast object such as a 
cell (Figure. 2). 

Figure 1. Relationship between sample image and ghost 
image. 

Non-invasive3D imaging for biology by using OCT technique 
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Non-invasive observation of internal structure like cavity and gap witch cannot be seen by microscope is possible by 

OCT. We introduce real three-dimensional imaging of organoids, spheroids and fertilized embryos, with some advanced 
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Figure 2. Optical system including a light shielding 
diaphragm 

III  Results and Discussion 
We captured true three-dimensional images of 

biosamples by using our OCT equipment.  Cavity in 
spheroid with drug was captured. Our system cleared an 
inside structure of three dimensional culture, even if it is 
not slice section sample. (Figure 3) 

A morphology of angiogenic sprouting were captured 
by OCT.  It is not able to understand the accuracy 
morphology of angiogenic sprouting with a microscopy. 
The direction, length and so on were obtained from our 
three-dimensional images. (Figure 4)*1 

Figure 3.  A is whole morphology of spheroid.  The arrow 
shows the cavity in spheroids.  Yellow surface is cross 
section with digital treatment (B). 

Figure 4.  A is microscopy image.  B is OCT captured 
image. 

OCT captured a whole morphology of cell sheet like 
structure. A whole area thickness of the cell sheet were 
calculated without preparing a continuous sectional 
images. (Figure 5) 
A dynamism of fertilized eggs were observed by OCT. 
The internal structures of blastocyst was segmented 
during growth with non-invasive. (Figure 6) 

Figure 5. Whole well plate image captured by microscopy 
(A).  Heat maps show the thickness of cell sheet during day 
in vitro (B). 

Figure 6.  Live blastocyst images during growth.  The 
viewing from Top-Left (A), Bottom-Left (B), and Right (C). 

The novel developed optical systems in our OCT 
equipment achieved non-invasive observation of 
biological samples such as cultured cells in plastic 
labware.  In addition, our system was able to obtain the 
accuracy morphology and internal structure of three-
dimensional biosamples without using sectional 
observation or fluorescent three-dimensional imaging 
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(e.g., confocal microscope).  By the existing methods, 
damage of the sample due to the invasive procedure 
occurred such as fluorescent staining.  Therefor it was 
difficult to understand the dynamism of cultured cells or 
live samples during the culture process.  Our system was 
shown to be a useful tool to clarify the dynamism of 
living cultured cells in regenerative medicine and drug 
discovery research. 

V  References 
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I  Introduction 
Optical microcopy is now widely used for the 

observation of microstructures and for the analysis of 
molecular and structural functions of samples, which has 
been applied in the field of industry, biology, medicine, 
and so on. General optical microscopy observes optical 
intensity for the analysis of samples via reflectance, 
scattering, absorbance, fluorescence and so on. Another 
contrasting method is using optical phase, which can 
enhance the image contrast of such high transparent 
materials and/or thin-structured films. However, the 
conventional microscopy utilized the limited capability of 
optical information for imaging. 

In the present study, we propose a novel optical 
microscopy employing optical-frequency-comb (OFC). 
OFC is a broadband pulsed laser with highly stabilized 
repetition rate and career envelop offset, and is now 
proven technique in optical frequency metrology and 
spectroscopy. We applied OFC to optical microscopy, 
which enables fast and unique spectroscopic imaging 
retrieving both amplitude and phase information of light. 
We provided a proof-of-principle demonstrations of the 
OFC microscopy with some applications, such as laser 
scanning OFC microscopy[1], scanless confocal OFC 
microscopy[2], OFC-based single-pixel imaging[3], 
mechanically scanless spectroscopic ellipsometry[4], and 

so on. We discuss the benefit of the OFC microscopy for 
the various applications. 

II Laser scanning OFC microscopy 
For the application of OFC to microscopy, we firstly  

developed an optical microscope employing laser 
scanning system as shown in Fig. 1. In the OFC 
microscopy, we utilized two OFCs with slightly different 
repetition rates, allowing the acquisition of a complete 
interferogram with an ultra-wide time span without 
mechanical scanning for the deduction of a highly 
resolved optical spectrum[5]. Furthermore, since dual-
comb spectroscopy is based on Fourier transform 
spectroscopy, the full amplitude and phase spectra can be 
obtained through directly decoding from the 
interferograms of two OFC lasers.  

 

Figure 1. Laser scanning OFC microscopy. 

We applied the laser scanning OFC microscopy to 
nanometer step-structured sample as shown in Fig. 2. The 
amplitude and phase images are obtained simultaneously. 

Optical microscopy with optical-frequency-comb 
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Abstract 

We propose a novel optical microscopy employing optical-frequency-comb (OFC). OFC microscopy enables fast and 
unique spectroscopic imaging retrieving amplitude and phase information of light based on mechanical scanless Fourier 
transform spectroscopy. We provide a proof-of-principle demonstration of OFC microscopy in the variety of applications, 
such as laser scanning OFC microscopy, scanless confocal OFC microscopy, mechanically scanless spectroscopic 
ellipsometry, and so on. Our approach would be a useful and powerful tool for microscopic observation, and the concept 
of the OFC microscopy will be a new aspect of OFC technology. 
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While the step structure (50-300 nm) was too small to be 
visualized by amplitude imaging, the phase imaging 
visualized the step structures of the sample.  

 

Figure 2. (a) Amplitude and (b) phase imaging of a 
nanometer step-structured sample by laser scanning 
OFC microscopy. 

Importantly, this configuration enables simultaneous 
observation of amplitude and phase of light that reflected 
by a sample. Therefore, by using a polarization beam 
splitter and two detectors at the detection part, we can 
realize polarization measurement. We applied this 
method to spectroscopic ellipsometry as shown in Fig. 3. 
We obtained SiO2 film on Si substrate in terms of 
spectroscopic ellipsometry by using OFC. We realized an 
accuracy of 38.4 nm and a precision of 3.3 nm in the 
measurement of thin-film samples with a spectral 
resolution of up to 1.2 × 10 5 nm throughout the spectral 
range of 1514–1595 nm and. 

 
Figure 3. Spectroscopic ellipsometry by using OFC. 

IV Scanless OFC microscopy 
We also proposed a novel confocal imaging method by 

using OFC, namely, scanless confocal OFC microscopy. 
The concept of the proposed method is shown in Fig. 4a. 
This approach encoded the confocal image of a sample on 
OFC spectrum by using a wavelength disperser (Grating 
and VIPA). Since the reflected light from the sample can 
go through a confocal pinhole owing to the descan by the 
wavelength disperser, confocal amplitude and phase 
imaging can be realized without any mechanical scanning 
system via spectral information. We confirmed the 

imaging capability by using nanometer-step sample as 
shown in Fig. 1b. 

 
Figure 4. Scanless confocal imaging by using OFC. 

V Conclusion 
We propose a novel optical microscopy employing 

optical-frequency-comb (OFC), which enables fast and 
unique spectroscopic imaging retrieving amplitude and 
phase information of light based on mechanical scanless 
Fourier transform spectroscopy. Our novel method will 
serve as an effective tool for the analysis of microscopic 
structures and functions of materials in biology and 
industry. 
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Simulating compressive three-dimensional structured illumination microscopy 

Baturay Özgürüna,b, Müjdat Çetinb,c 

aSchool of Engineering and Natural Sciences, Istanbul Medipol University, Istanbul, Turkey 
bFaculty of Engineering and Natural Sciences, Sabanc  University, Istanbul, Turkey 

cDepartment of Electrical and Computer Engineering, University of Rochester, Rochester, NY, USA 

Abstract 
     Three-dimensional structured illumination microscopy (3D-SIM) requires at least fifteen raw images to extend the spatial 
resolution to the half of the diffraction limit in both axial and lateral directions. This requirement can cause motion artifacts in 
a reconstructed super-resolution image. Therefore, reducing the acquisition duration of raw images is of interest. Here, we 
propose a novel method, which applies compressed sensing (CS) to 3D-SIM and enables faster raw image acquisitions. CS 
allows us to record a scene with a photomultiplier tube, which is much faster than a camera. Furthermore CS can recover the 
scene from a small number of measurements. The combination of these two facts leads to significant reduction of the overall 
acquisition time. In preliminary experiments, a computer-generated ground truth image is utilized to simulate the proposed 
method, and the spatial resolution of an image produced by the proposed method is compared with conventional optical 
microscopy and 3D-SIM.  
     Keywords: compressive sensing, super resolution, three-dimensional, structured illumination microscopy 

I Introduction 
     An optical microscope is widely used tool in biology 
laboratories. It enables scientists to examine biological 
specimens. However, diffraction limits the spatial 
resolution, and peak-to-peak distance of two points in the 
specimen can be optically resolved up to 200 nm. This 
prevents the scientists from observing tiny objects such as 
most viruses and molecules. Super-resolution microscopy 
techniques surpass the diffraction limit, and hence finer 
structures of the specimen can be observed. Three-
dimensional structured illumination microscopy (3D-SIM) is 
one of the super-resolution microscopy techniques. It excites 
the sample with three-dimensional illumination pattern. This 
down-modulates the higher frequency information of the 
sample into the optical transfer function (OTF) of the 
microscope objective. Exciting the sample with several 
combinations of the illumination pattern and utilizing a 
dedicated reconstruction algorithm, the spatial resolution 
can be extended to the half of the diffraction limit in both 
axial and lateral directions1. Moreover, 3D-SIM solves the 
out-of-focus light problem because three-dimensional 
illumination pattern modulates the OTF in such a way that 
the missing cone of the OTF is covered. 
     Although 3D-SIM extends the spatial resolution to half 
of the diffraction limit and it eliminates out-of-focus light 
problem, this technique requires at least fifteen raw images 

to acquire a single super-resolution image. This requirement 
can cause motion artifacts in the reconstructed image. 
Moreover, the specimen is exposed to excitation light over a 
long period of time, which can lead to photobleaching2. 
Therefore, it is desirable to reduce the raw image acquisition 
duration. In this study, we propose a novel method, which 
extends the compressed sensing (CS) framework to 3D-
SIM, to record raw images faster. CS can be good candidate 
to eliminate motion artifacts in the super-resolution image 
and photobleaching, since CS enables us to record a scene 
with a photomultiplier tube (PMT), which is much faster 
than a camera, and CS recovers the scene with several 
measurements. The cost of this method is that scene has to 
be recovered by a non-linear recovery algorithm, which is 
time consuming. In other words, the raw images cannot be 
reconstructed within a second. Parallel computing methods 
can overcome this computational cost but this is out of 
scope of this study. Here, we simulate the proposed method 
using a computer-generated ground truth image, and we 
compare the result with those of conventional optical 
microscopy and 3D-SIM.  
 

II Application of CS to 3D-SIM 
     To the best of our knowledge, there is only one study3 
that applies the CS framework to SIM in the literature. In 
this study, under-sampling is performed by a camera in the 
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output port of the microscope, and hence the sampling 
pattern does not suffer from diffraction. Moreover, that 
study involves only two-dimensional structured illumination 
microscopy. We propose that the sampling and down-
modulation of an object scene are simultaneously performed 
with a single digital micromirror device (DMD), and PMT is 
utilized for recording the scene. In addition, the study 
proposed here is performed for 3D-SIM. DMD is useful 
device to display three-dimensional sinusoidal and random 
sampling patterns at the same time, but diffraction of the 
sampling pattern should be considered in the recovery 
algorithm. Our proposed approach is demonstrated with 
simulations but the preliminary results provide a proof-of-
principle that encourages us to design an experiment to test 
our approach on real data. 
     All simulations are performed in MATLAB. In the 
simulation, a three-dimensional sparse scene is generated, 
and then the scene is simultaneously exposed to three-
dimensional sinusoidal illumination pattern and random 
sampling. An approach from previous work4 is utilized to 
generate the intensity distribution of the illumination 
pattern, and the zeros and ones are used to construct the 
sampling pattern. After interaction of the illumination and 
the sampling patterns with the scene, diffraction is 
performed using a three-dimensional point spread function 
(PSF). Eventually, the diffracted product is collected by a 
PMT or single photodiode. This provides a single 
measurement. To acquire the second measurement, a new 
sampling pattern, whose weights are randomly changed, and 
the same illumination pattern are utilized. Once the 
measurement vector is generated, NESTA recovery 
algorithm5 is used to recover a raw SIM image. Changing 
the illumination pattern parameters and using the sampling 
pattern sequences lead to acquisition of another raw SIM 
image. After all raw images are collected, a 3D-SIM 
reconstruction algorithm such as fairSIM6 is utilized to 
acquire a super-resolution 3D-SIM image. 
 

III Experimental Results 
     Here, we utilize a computer-generated and sparse 
fluorescent microspheres as a ground truth image. The 
diameter of each microsphere is 50 nm. In Figure 1a, the 
ground truth image on the focal plane is illustrated. This 
image is diffracted with a three-dimensional PSF, whose 
parameters are adjusted with 1.4 NA and 560-nm emission 
light, to obtain a conventional optical microscope image 
(Figure 1b). In the optical microscope, the out-of-focus 
problem and low resolution are observed. The ground truth 
image is used to simulate the 3D-SIM technique (Figure 1c). 
It can be clearly observed that the 3D-SIM method 

substantially alleviates the out-of-focus light problem and 
enhance the spatial resolution. Eventually, the image 
produced by the proposed method, combines CS and 3D-
SIM, is presented in Figure 1d. This image is acquired with 
the sampling rate of 25 percent. In other words, the amount 
of data used the proposed method is four times lower than 
that used by the conventional method. Despite the data 
reduction, the spatial resolution of the image produced by 
the proposed method is in very good agreement with the 
ground truth image. 

  
(a) (b) 

  
(c) (d) 

Figure 1. Experimental results on computer-
generated, sparse fluorescent microspheres. (a) 
Focal plane ground truth image. (b) Conventional 
optical microscopy result. (c) Conventional 3D-
SIM result. (d) Result on the proposed CS-based 
3D-SIM method. Scale bar is 500-nm. 

 
IV Conclusion 

     Here, we proposed a novel approach, which combines 
compressed sensing and three-dimensional structured 
illumination microscopy. This study is motivated by the 
desire to eliminate motion artifacts in a three-dimensional 
structured illumination microscopy image. Results of the 
proposed approach have been demonstrated with 
simulations on computer-generated images. The simulation 
results provide a proof-of-principle that encourages us to 
design an experiment to test our approach on real data. 
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Abstract: Application of a burst imaging method to a digital holography with multi-spectral 
illuminations was proposed. The burst imaging method is intermittently to capture several images 
with a high iteration while taking a rest time. When we assume that the wavelength switching and the 
image capturing in the multi-spectral digital holography should be faster than the changing speed of 
the object, it can be avoided one fatal problem in moving and deformation of an object while 
capturing multi-spectral imaging. In this research, the multi-spectral burst digital holography is 
demonstrated using fast wavelength switching implemented by a white-light continuum laser with 
acousto-optic modulator and a high-speed camera. 

 
1. Introduction  
Digital holography (DH) [1] is executed by three processes of recording, development and reconstruction. In the 
recording process, interference fringes formed by object light and reference light are acquired by an image sensor. In 
the development process, a hologram is generated from the interference fringes recorded on the computer. In the 
reconstruction process, the complex amplitude on a desired plane is obtained by light propagation calculation of the 
hologram. The DH is typically applied to a shape measurement of industrial products and a quantitative phase imaging 
of biological cells [2].  
 A recording of multiple images is effective for image quality improvement, acquisition of a stereoscopic image, 
super resolution, and polarization image measurement. The simplest method is to get for multiple interference fringes at 
the multiple times with a single image sensor, but it is not useful when an object has movements and changes. To solve 
this problem, the imaging methods of multiple image sensors [3] and the space division of one image sensor [4]. The 
former requires lateral and axial alignments of the image sensors and the latter requires a special image sensor. 
 In multispectral digital holography (MSDH), transmitted light and scattered light of an object are recorded with 
interference fringes at several wavelengths and reconstructed at respective wavelengths. To do this in practice, using a 
large number of image sensors is not practical from a cost, space and alignment point of view. Spatial division of image 
sensors involves the creation of special wavelength filter arrays and the reduction of spatial resolution due to the 
increase in the number of wavelengths. Therefore, it is possible to reconsider the method using one image sensor. Here 
we give one assumption. If it is possible to execute the multiple imaging that is sufficiently faster than the change of the 
object, it is equivalent to capture the images at the same time with multiple image sensors. In general, the image transfer 
rate from the image sensor in the camera to the memory is high, and the image transfer speed of the memory in the 
computer from the memory in the camera is low. Therefore, after shooting with the camera for the necessary number of 
times at short time intervals, the process of transferring these images to the computer over time is repeated to apply the 
continuous burst shooting. The MSDH is performed by a switching of the emission wavelength of the light source [5] 
and a switching of the transmission wavelength of the filter. Both methods are equivalent in principle.  
 In this research, we realize MSDH using a wavelength switch with an acousto-optic modulation for a white light 
continuum laser and a high-speed camera with a frame rate of 8.8 kHz, which has a minimum switching time of 100 s. 
The performance of the MSDH is evaluated using a moving object. 
 
2. Burst-imaging method 
Figure 1 shows a time sequence that has a highly-iterative (bursty) image capturing period and an image transfer period. 
The image-capturing time sequence is called as a burst imaging method. If the changing amount of the object in the 
image capturing period is much smaller than a required resolution, it can be regarded as the object has no change. A 
camera with high-frame rate is used to achieve the above condition. Then two problems appear: one is an image 
processing time and another is a data transfer rate from the image sensor to a main computer. If the image processing 
can be performed within the frame interval, real time processing can be achieved. If real-time image processing is 
required, and no choice to choose a decrease of the frame rate is selected, the burst imaging method should be selected. 
 A data transfer rate from an image sensor to a buffer memory located near the photodetector in the image sensor is 
high, but the rate from the memory in a camera to the memory in a computer is relatively slow. Therefore, it is difficult 
to perform a continuous transfer of images captured by a high-speed camera images to a computer, and the number of 
images is limited by the capacity of the buffer memory. In this aspect, the concept of the burst imaging method is also 
useful. The images are bursty captured, and the image data stored in the buffer memory are transferred to the main 
memory after capturing, the data in the buffer memory is cleared to take the next bursty captured images.  
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Fig. 1 Burst-imaging method. 

 
3. Experimental setup  
Figure 2 shows the experimental system. The light source is a white-light continuum laser (SuperK EXTREME, NKT 
Photonics) which generates light from 480 nm to 2300 nm. A desired wavelength was selected from the broadband light 
by an acousto-optic tunable filter (AOTF) (SuperK SELECT, NKT Photonics) with an external radio frequency driver 
(SuperK External RF driver, NKT Photonics). The AOTF was controlled at a switching time of 250 s. Up to eight 
wavelengths with a wavelength switching circuit (SuperK Command, NKT Photonics). The signal given to that 
wavelength switching circuit was given by a microcomputer (UNO R3, Arduino). In this study, it was changed every 20 
nm from 520 nm to 660 nm. The optical system was a Mach-Zehnder interferometer equipped with a microscope 
optical system with a magnification of 12.12 times constituted by an objective lens with a NA of 0.25, a focal length of 
16.5 mm and a lens with a focal length of 200 mm both on the object and on the reference optical paths. The 
interference fringes were captured by a high-speed CMOS image sensor (MotionPro Y4, IDT) with the maximum frame 
rate of 8800 fps when acquiring 512 × 512 pixels. The sample was Closterium stained with green in the preparation. 
 

 
Fig. 2 Experimental setup. 

 
4. Experimental results 
Figure 3 shows the amplitude and the phase images at 520 to 660 nm every 20 nm. Because the power of 
light source and sensitivity of the camera are different from the wavelength, we present the amplitude 
image with its transmittance. From the results in Fig. 3(c), the transmittance is about 100% in the background (the 
part in slide glass without object), and the green band transmittance is higher in 5 points on Closterium.  
 

  
Fig. 3 Amplitude images at 520, 540, 560, 580, 600, 620, 640, and 660 nm. 

 
5. Conclusion 
We proposed a new system of digital holography using high speed wavelength switching and high speed camera. We 
obtained the shape information and the spectral information of an object. When the normalized speed of image 
moves one pixel, the MAE was 34%. And if the tolerance error is limited below one percent, the result will 
be the same as in stationary when the normalized speed is 1/34 pixel. 
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I  Introduction 
 A DNA gel is a high-viscosity material constructed by 

self-assembly of many DNA motifs [1]. Its property 
changes according to the design of DNA sequences and 
their modifications with specific molecules. The DNA gels 
are biocompatible and thus they are useful in biomedical 
applications including protein production and molecular 
detection [2, 3]. Moreover, the state change of DNA gels 
in response to epithelial cell adhesion molecules provides 
selective trapping of living cells because the DNA gels can 
regulate cell’s mobility owing to the high viscosity [4]. 
Therefore, flexible state transition of DNA gels enables to 
control the motion of cells which leads to estimation of cell 
migrations.  
In this research, we propose an optical method for 
reversible transformation of DNA gels. Use of optical 
control enables to change the shape of DNA gels spatially, 
temporally and remotely. By the reversible transformation 
according to light signals, the viscosity of DNA gels can 
be changed on demand, and therefore the mobility of 
micrometer-sized objects is dynamically controlled. So far, 
we demonstrated optical formation and decomposition of 
DNA gels as separated schemes using different light 
signals [5, 6]. By combining them into a single scheme, 
reversible transformation of DNA gels can be achieved. To 
demonstrate reversible transformation of DNA gels, we 
irradiated a DNA solution containing designed DNA 
components on a slide glass with two wavelengths of light 
and observed it with a fluorescence microscope to show 
validity of the method.  
 

II  optical transformation of DNA gels 
Figure 1 shows a schematic diagram of an optically 
transformable DNA gel. DNA solution for the reversible 
transformation of DNA gels consists of Y-motif DNAs (Y-
DNAs),  Linker DNAs (L-DNAs), and Cap-DNA (C-
DNAs). DNA gels are constructed by linking of Y-DNAs 

through L-DNAs. For reversible transformation of DNA 
gels, the sticky ends of the L-DNA and the both end of the 
C-DNA are modified with different kinds of quenchers. At 
initial state, C-DNAs bind with the sticky ends of Y-DNA 
and prevent Y-DNAs from binding L-DNAs. When 
excitation light of the quenchers which are attached to C-
DNAs irradiates the DNA solution, thermal energy is 
generated near C-DNAs. This energy induces the 
denaturation of double-stranded DNA, and C-DNAs are 
separated from Y-DNAs [7]. Then, the separated Y-DNAs 
can bind with L-DNAs. As a result, DNA gels can be 
formed in the irradiation area. For decomposition of the 
DNA gels, the quenchers which are attached to the sticky 
ends of L-DNA are optically excited. The bonds between 
Y-DNA and L-DNA are cleaved, and then DNA gels are 
decomposed. After that, the cleaved Y-DNAs can bind with 
C-DNAs again, and the DNA solution returns to the initial 
state. These reactions depend on the wavelengths of the 
irradiation light for excitation of each quencher. Thus, 
DNA gels can be transformed according to light signals. 
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Abstract 
In this study, we propose a method for reversible transformation of DNA gels using light signals. Use of light is effective 
to induce gel-sol transition with spatial and temporal control. By changing the viscosity of DNA gels in association with 
the gelation and solation according to optical signals, the mobility of micrometer-sized objects such as cells can be 
controlled. The reversible transitions of DNA gels were induced by the denaturation control of double-stranded DNA 
utilizing photothermal effect of quenchers. In the experiment, we demonstrated the spatial formation and decomposition of 
DNA gels according to light signals with two wavelengths. 
Keywords: DNA gel, Optical transition, photothermal conversion. 

Figure 1. Schematic diagram of an optically transformed DNA gel 
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III  Transformation of DNA gels corresponding 

to light irradiation with two wavelengths  

To investigate that the designed DNA gels can be 
transformed according to light signals, we observed the 
DNA solution under the light irradiation by using a 
fluorescence microscope. Figure 2 shows an optical set up 
for the light irradiation and the observation of DNA gels. 
The quenchers which are attached to the C-DNA and the 
L-DNA were BHQ-1 (absorption wavelength: 534 nm) and 
BBQ-650 (absorption wavelength: 650 nm), respectively. 
The wavelengths of the excitation light to form and to 
decompose DNA gels were 532 nm (light intensity: 137.1 
W/cm2) and 660 nm (light intensity: 35.7 W/cm2). Each 
excitation light was focused at the sample plane. For 
observation of DNA gels, the DNA solution was stained 
with fluorescence dye DAPI (excitation wavelength: 360 
nm, fluorescence wavelength: 460 nm).  
 

Figures 3 (a, b) show the fluorescence images of the DNA 
solution before and after the light irradiation to form the 
DNA gels. The DNA solution was irradiated with the 
excitation light (wavelength: 532 nm) for 30.0 sec.  The 
fluorescence intensity profiles before and after the 
irradiation are shown in Fig 3 (c). Each intensity value is 
normalized so that the minimum and the maximum 
intensities in each line are 0 and 1. The local fluorescence 
intensity after the irradiation became higher locally than 
that before the irradiation. These results indicate that DNA 
gels are formed by the excitation light.  
Next, we irradiated the DNA gels with the excitation light  
(wavelength: 660 nm) to decompose them. Figures 4 (a, b) 
show the fluorescence images before and after the 
irradiation for 450.0 sec, and Fig 4 (c) shows the profiles 
of fluorescence intensity along blue and red lines. In the 
irradiation area, the fluorescence intensity decreased. This 

result indicates that DNA gels were locally decomposed by 
excitation light for the decomposition. Based on these 
results, we experimentally demonstrated the  reversible 
transformation of DNA gels according to the wavelengths 
of excitation light.  
 

IV  Conclusion 
In this study, we demonstrated that DNA gels were formed 
and decomposed reversibly according to light signals. 

Figure 2. Optical setup. LPF: long-pass filter, BPF: band-pass 
filter, DM: dichroic mirror, f: focal length. 
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Figure 3. Fluorescence images (a) before irradiation and (b) after 
irradiation for 30.0 sec. Scale bars indicate 30.0 μm. (c) Intensity 
profiles along blue and red lines in Fig. 3 (a, b). 
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Figure 4. Fluorescence images (a) before irradiation and (b) after 
irradiation for 450.0 sec. Scale bars indicate 30.0 μm. (c) Intensity 
profiles along blue and red lines in Fig. 4 (a, b). 
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Future works include spatio-temporal generation of 
viscosity distribution by transformation of DNA gels 
according to light. 
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I  Introduction 
Optical microscopy plays an important role in many 

research areas, especially for the biological cell and tissue 
imaging. Different from the conventional optical 
microscopies, which usually require complex and 
expensive devices, the lensless microscopy can take 
images without using the optical lens and any other 
professional optical elements, except the light sources and 
image sensors. Generally, there are two kinds of lensless 
microscopies, the diffraction imaging [1] and contact 
imaging [2] (a.k.a. shadow imaging), which records the 
light intensity transmitted through the specimen with very 
short distance between the samples and the image sensors 
(usually several wavelengths). While the computational 
complexity and reconstruction errors of diffraction 
imaging limit its widely application in practice, the 
lensless contact imaging microscopy can easily achieve 
extremely large space-bandwidth product (SPB) with 
very low system complexity and budget without complex 
computations. 

The phase information can provide plenty of structure 
and refractive index information of samples and enhance 
the contrast of the images, and thus be widely used in the 
biological research and medical diagnosis. Existing phase 
resolved microscopies like phase contrast microscopy [3], 
DIC microscopy [4], and phase shifting microscopy [5] 

require complex light paths to derive the phase 
information. Recently, series of quantitative phase 
imaging microscopies are proposed to derive the accurate 
phase values with a set of specific devices. Besides, the 
light field microscopy also provides a way to capture the 
phase information using either the camera array [6] or 
microlens array [7]. Although these methods can capture 
the phase information, the SBP of them are limited by the 
traditional optical lenses, while the contact imaging 
scheme can achieve large SBP, but cannot derive the 
phase information direction, for there is no phase 
sensitive elements in the system. 

In this paper, we propose a phase difference imaging 
sensor, which contains a diffractive structure on the top 
of the light-sensitive pixels. By setting the period of the 
gratings being twice the pixel intervals, the response of 
the adjacent two rows of the image sensor to the parallel 
light of different angles is different. In other words, the 
phase difference information can be extracted from the 
difference of adjacent two rows of the images captured by 
proposed LPDM sensors. The proposed sensor can 
capture both the intensity and phase difference 
information simultaneously using a very simple contact 
imaging scheme without complex computations. 
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Abstract 

 
In this paper, we propose a lensless phase difference microscopy (LPDM) using an imaging sensor with grating 

structure on the top of light-sensitive areas. Designing the period of grating appropriately, the proposed sensors can 
capture the intensity and phase difference information simultaneously using the contact imaging scheme. Benefitting from 
the scheme, the LPDM can achieve large space-bandwidth product with very low complexity and cost. 
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The proposed method is of three main advantages: (1) 
it can realize the phase resolved large SBP microscopy; 
(2) the system complexity and cost are markedly lower 
than the conventional microscope with phase information; 
(3) the phase different information can be derived easily 
using a very simple algorithm. 
 

II  Body  
We propose to realize simultaneously phase difference 

imaging and intensity imaging through designing the 
layout of the metal electronic on the image sensor.   

As in Fig. 1, the period of the diffractive structure is 
twice the period of the pixels. The layout of the metal 
wire that we designed is shown in Fig. 1. The blue lines 
denote the designed diffractive grating and the yellow 
block denotes the pixel layout. As is shown, the period of 
the blue metal wire is twice the period of the pixel.  

 
Fig. 1 The layout of the designed diffractive metal grating. 
The metal diffractive grating would generate periodic 

light patterns on the sensor. The period of the diffractive 
light patterns equals the diffractive grating and the pixel 
difference in each period could encode the phase 
information of the incident light. To simulate and validate 
the effect of the diffractive metal pattern on the image 
sensor, we simulate the light intensity distribution on the 
sensor with the finite-difference time-domain simulation 
software (FDTD). As shown in Fig. 2, when the direction 
of the light on the sensor is perpendicular to the blue 
metal, along the Y direction of the sensor. As shown, the 
intensity distribution of the light on the image sensor is 
periodic, changing along the Y direction, and the period 
equals the blue metal. In each period, there is two rows of 
pixels and the odd row pixels are uniformly different from 

the even row pixels periodically. The simulation results 
experimentally demonstrate our basic intuition on 
designing the layout of the electronics related metal. As 
parallel light incidents in different direction, the periodic 
pattern diffracted by the metal grating is translated along 
the Y dimension and the angle information could be 
encoded in the difference between the even row and odd 
row. Through employing the designed novel imaging 
sensor under the lensless imaging scheme, we could 
realize simultaneously phase difference and intensity 
imaging. 

 
Fig.2 The FDTD simulation result: (a) the light incidence 

direction scheme, (b) the light intensity distribution on the image 
sensor. The red box denotes the pixel of the area. 

 
Fig. 3. Lensless imaging setup of our experiments. 

The experimental setup for lensless imaging is shown 
in Fig. 3, we carried out physical sensor and captured real 
data with that, as shown in Fig. 3. Light incident 
perpendicularly on the sensor, the phase difference of the 
sample would cause the light to incident on the sensor 
with different angle and the difference of the even and 
odd rows can encode the phase difference information of 
the sample. As shown in Fig. 4(a), the sample on the 
sensor is the breast cancer cell MCF-7, immersed in the 
nutrient solution. As in Fig. 4(b-c), through comparing the 
image in the solution and out of the solution we could find 
out that periodic streak patterns appear where there is 
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phase difference. Both the phase difference caused by the 
nutrient solution and the phase of the cancer cell could 
introduce the difference among the odd rows and the even 
rows. We calculate the ratio of the row and even column 
along the dashed red line in Fig. 4(a). As shown in Fig. 
4(d). The slowly varying ratio reveals the phase difference 
of the nutrient solution and the rapid change along it 
reveals the phase difference caused by the sample. We 
locate the position of the rapid change along the dashed 
red line and plot out the corresponding area as shown in 
Fig. 4(f-m). Further demonstrating the phase information 
encoding ability of the proposed sensor design. 

 

 
Fig. 4. Experimental captured data and phase difference 

analysis. 
To directly visualize the phase difference encoding 

ability of our sensor, we rendered the phase difference 
result as shown in Fig. 5. We first interpolate the odd and 
even rows of the image to the resolution of the image, 
calculate the average of them. Generate the RGB image 
with R color channel the bilinear-interpolated odd-row 
image, G color channel the bilinear-interpolated even-row 
image and B channel the average image of the above 
interpolated image. The color along the Y dimension 
shown the phase difference cause by the sample on the 

sensor. Further demonstrating the phase resolving ability 
of our sensor.  

 
Fig. 5. Phase difference rendered imaging. 

In conclusion, we designed the layout the electronic 
metal on the sensor and realized simultaneously intensity 
and phase difference imaging. Phase information would 
be further recovered with computation imaging method, 
which we leave as future work. We believe our method 
would inspire new generation compact of lensless phase 
imaging method. 
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Abstract 
Dual-camera combined with transport of intensity equation is a compact and effective system for dynamic quantitative 

phase imaging. The living cells called Haematococcus pluvialis cells has gained increasing attention because of its 
metabolite high-value astaxanthin, a super anti-oxidant. In this paper, a rectify method based on checkboard calibration 
for correcting the alignment error of dual-camera images is introduced to achieve accurate TIE phase imaging with 
sub-pixel aligning accuracy. The experiments of observing dynamic Haematococcus pluvialis cells and measuring 
quantitative phase of micro-lens array are performed to verify the efficiency of this method for high-speed and 
high-accuracy phase imaging.  

Keyword: Transport of intensity equation, Phase imaging, FoV alignment, Dynamic imaging, Haematococcus 
pluvialis 

I Introduction 
Quantitative phase recovery using transport of intensity 

equation (TIE) firstly proposed by Teague in 1983 belongs 
to non-interferometric phase imaging [1], which is 
deduced by Helmholtz equation under paraxial 
approximation, and expressed the quantitative relationship 
between the variation of optical intensity along the optical 
axis. Haematococcus pluvialis cells are one of the best 
organisms to produce natural antioxidant astaxanthin. 
How to make better use of Haematococcus pluvialis cells 
to produce more astaxanthin is a research hotspot in 
related fields [2-3]. The life of Haematococcus pluvialis 
cells can be divided into a green swimming phase and a 
red stationary phase that produces astaxanthin. The TIE 
phase imaging method can be used to quantitatively 
observe and analysis the Haematococcus pluvialis cells. 
But the traditional TIE does not satisfy the conditions for 
observing living cells, so a system for obtaining dynamic 
by using a dual-camera combined with TIE is a flexible  
* lxl@szu.edu.cn 

and effective method [4]. However, the field of views 
(FoVs) of two cameras should be accurately aligned and it 
is hard to achieve complete alignment only by optical 
system adjustment in this system. Then phase 
correlation-based digital FoV correction is proposed to 
recognize and compensate the scale, rotation, and 
translation between the under-focus and over-focus 
images [5]. 

In this paper, we improve a rectify method for 
correcting FoVs of dual-camera system, a checkerboard 
target is used to extract the corresponding target 
landmarks in the calibration process, and the scale, 
rotation, translation parameters are facile to obtain by 
minimizing the misalignment error between the 
corresponding target landmarks in under-focus and 
over-focus images, and the accuracy of correction is 
improved to the sub-pixel level. Meanwhile, dynamic 
quantitative phase imaging for living Haematococcus 
pluvialis cells with TIE is performed. 
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II Basic Principle 

TIE is derived from the Helmholtz equation, this 
equation expresses quantitative relationship between the 
change of intensity in the direction of optical axis and 
phase on the plane perpendicular to optical axis [6],  

                  (1)                        

where is the two-dimensional gradient operator, is 
the wave number, is the focus intensity 
perpendicular to optical axis, is the phase of 

object.  
If the differential of intensity along axial direction is 

known, phase can be obtained by solving the Poisson 
equation with Fast Fourier Transform (FFT) [6]. Usually, 
collecting two intensity images along optical axis 
direction for numerical difference approximation instead 
of intensity’s differential along axial direction. The 
relationship between phase and height  of object is 

expressed by following equation 

                          (2)  

where  is the refractive index of object, is 

the refractive index of surrounding medium. 

 
Figure 1. The system schematic. 

The dual-camera TIE imaging system is shown in 
Figure 1. Two cameras are mounted on the microscopic 
eyepiece for image acquisition, and a c-mount spacer is 
mounted on one camera in order to obtain under-focus 
image and over-focus image respectively with two 
cameras. Due to the error of microscopy system 
fabrication and installation, there exist the misalignment 

of FoVs between two cameras. The phenomenon will 
affect the accuracy of recovering phase by TIE, the FoVs 
hence needs to be corrected. Therefore, we presented the 
misalignment error with a transformation consisting of 
scale, rotation and translation. 

A checkerboard target is used in the calibration process, 
shown in Figure 2, the red crosses in the figure are the 
corresponding target landmarks that extracted by Harris 

algorithm, is taken as the coordinate 

of target landmark in the under-focus image,  is the 

number of target landmarks, and  is the 

coordinate of target landmarks in the over-focus image. 
Then the least-square fitting method is used to minimize 
the misalignment error function  

      (3) 

where is a scale factor, is rotation matrix, is 
translation matrix. These unknown parameters can be 
solved out through equation (3). 

 
Figure 2. (a)Under-focus image and (b) over-focus 

image of the checkerboard   

III Results and Discussion 

In our experiments with the system in Figure 1, the 
relative standard deviation of the two FoVs after 
correction is 0.8681, which indicates that the accuracy of 
correction is at the level of sub-pixel. 

The accuracy of this dual-camera microscopy system 
combined with TIE is verified by micro-lens array of 
known size firstly. In the experiment, cameras collect 
under and over defocus image respectively, the defocus 
distance is , and the focus image is the average of 
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under and over defocus images. According to the equation 
(1), the phase of micro-lens array can be calculated by TIE, 
the phase distribution is shown in Figure 3. 

 

         Figure 3. The phase of micro-lens array. 
The refractive index of micro-lens array is , 

the medium is air, so . Substituting into equation 

(2) and obtaining the height distribution of micro lens. 
Then, according to the equation (4), the radius of 
curvature of micro lens can be calculated.  

                (4)                                        

where is the height of highest point of a single lens, 
is the diameter with the value in the 

experiments.  
We choose one micro lens and extract its curvature 

radius is by experiment. The reference value given 
by the manufacturer is . It can be seen that 

the system of obtaining phase is in the range of error 
tolerance.            

 

 
Figure 4. The phase of Haematococcus pluvialis cell  

at different time. 

Figure 4 shows the movement track of a 
Haematococcus pluvialis cell within 350ms. Test results 
demonstrate that the cell with flagella is constantly 
swimming, and the phase is quantitatively observed. 
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I Introduction 
Phase-contrast imaging of living tissues is one of the 

most important techniques to visualize low-contrast and 
transparent phase structures, such as induced pluripotent 
stem cells (iPSCs). Recently, optical microscopy using an 
oblique illumination and active image processing has 
been investigated for imaging biological phase structures 
[1,2]. This microscopy has several features such as separate 
phase and amplitude contrast imaging, spherical 
aberration-free imaging, reduction of multi-scattering 
effects. In this research, we observed the amplitude and 
phase images of biological specimens by fabricating an 
annular LED light source in which RGB full-color LEDs 
were arranged in a ring shape to obtain high-speed 
spectroscopic and quantitative phase structures of 
biological samples. 

 

II Annular full-color RGB LED 
Figure 1 shows a ring-shaped annular full-color RGB 

LED light source. The RGB LED is surface-mount type, 
and the size is 3.5 mm width × 2.8 mm depth. Three 
elements of red light (R: 630 nm), green light (G: 523 nm), 
and blue light (B: 466 nm) were packaged in a circular 

region, which were made by white scattering material, 
with a diameter of 2.2 mm in the center. The 40 full-color 
LEDs were placed at an interval of 9.0° along the outer 
side of a circular board with a diameter of 10.0 cm [Fig. 1 
(a)]. The sequential blinking of these LEDs was 
controlled by three 8-bit shift registers via a 
microcomputer. 

Figure 1 (b) shows a side view of the annular LED light 
source. To make an effective oblique illumination on the 
sample, each LED was fixed at an inclination angle  = 
37° to the circular circuit board, corresponding to a 
numerical aperture (N.A.) of 0.6. 

 
 
 
 
 
 
 
 
 

 
Figure 1. Prototype of the ring-shaped annular RGB 
full-color LED light source. (a) top view, (b) side view. 

Optical microscopy using annular full-color LED for quantitative phase and 

spectroscopic imaging of biological tissues 
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Abstract 

We developed an optical microscope using oblique illumination and active image processing, which has the advantages 
of separate phase and amplitude contrast imaging, reduction of multi-scattering effects in biological tissues, and spherical 
aberration-free imaging. This microscope imaged tissue cells by processing oblique illumination images in a Fourier 
space taken from all directions azimuthally. In this research, a ring-shaped annular full-color RGB LED light source was 
developed to attain high-speed imaging and to obtain spectroscopic and quantitative phase structures of biological 
samples. Reconstructive imaging of a pine pollen structure captured with the annular full-color LED shortened the 
measurement time and obtained absorption and phase-contrast images for each RGB color.  

Keywords: phase-contrast optical microscopy, oblique illumination, full-color LED, active processing 
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III Experimental setup  
An optical microscope using the annular full-color 

RGB LED light source and an objective lens with an 
annular aperture was constructed, as shown in Fig. 2. 
Each LED light irradiated a pine pollen biological sample 
at an oblique angle of  = 37°. The illumination light 
passed through the sample, and the transmitted light 
formed the image by an objective lens of N.A. = 0.6 with 
40× magnification, of which the front lens was limited to 
an annular aperture. The azimuthally oblique image was 
captured using a charge-coupled device camera at 256 × 
256 pixels. A series of 120 images (3 colors × 40 
azimuthal angles) was captured, while each element of 40 
LEDs was flashed sequentially by angular steps of  = 
9°.  

The RGB LED has three elements enclosed in a plastic 
package, but their arrangement positions are spatially 
different. The irradiation intensity by the RGB LED was 
uniform due to the diffusion plate positioned at the center 
of the package. Strict configuration of the angular 
disposition to the circuit board is unnecessary. 

 
 
 
 
 
 
 
 
 
 
 

Figure 2. Optical setup for the optical microscope 
using a circular full-color RGB LED light source.  

 

IV Experimental results and investigation 
Amplitude and phase-contrast images were

reconstructed by applying a figure-8-shaped spatial 
frequency filter to 40 oblique illumination images of each 
color and by superposing the 40 different azimuthal 
spectra in the Fourier plane. Figure. 3 shows the 
amplitude and phase-contrast images that depicted the air 
sac and the pollen body in the pine pollen. However, the 

phase image of the air sac differed, depending on the light 
source wavelength. In addition, the measurement time 
was decreased to 1/5.6 times compared to the mechanical 
scanning of a light source [2]. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Reconstructed images of a pine pollen. (a)–
(c) Absorption images and (d)–(f) phase images for 
RGB color.  

V Summary 
An optical microscope using annular RGB LED light 

source was constructed, and phase and absorption contrast 
cross-sectional images of a pine pollen sample were 
obtained using an active filter in the Fourier plane. We 
succeeded in shortening the measurement time by 
electrically lighting the spatially arranged LED light 
source. In addition, there is a possibility of acquiring 
spectroscopic information and quantitative phase 
information for biological tissues by introducing a 
multicolor light source.  
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I  Introduction 
The LAPS is an ion imaging sensor using light1. The 

spatial resolution of the LAPS is determined by the spot 
size of focused light and the lateral diffusion of 
photocarriers generated by the light irradiation in the 
semiconductor substrate. By using an electron beam with 
a spot size smaller than the diffraction limit of the light, 
the spatial resolution is much improved. 

 
II  Ion imaging by potentiometric sensor using 

focused electron beam
1.  Measurement system 
Figure 1 shows the schematic diagram of an ion 

imaging system using a potentiometric sensor with 
focused electron beam. To increase the spatial resolution, 
a focused electron beam is used to measure the ion 
concentration. In the case of using an electron beam, since 
the electron beam can be focused to a spot of nm size, the 
spatial resolution is greatly improved. The principle of ion 
concentration measurement of this system is the same as 
LAPS. The ion imaging system using electron beam also 
measures flat band voltage shift of an ion sensor substrate 
like LAPS. The flat band voltage shift occurs when ions 
adhere to the ion sensitive layer surface. This amount of 

the shift depends on the interface potential between the 
ion sensitive membrane and the electrolyte. 

Figure 1. The schematic diagram of the high spatial resolution 
ion imaging system using focused electron beam. 
 

A bias voltage is applied to an ion sensor by the power 
supply to form depletion state. The ion sensor is 
composed of semiconductor silicon and an ion sensitive 
membrane. Aluminum was deposited on the backside of 
the ion sensor as an electrode using a vacuum thermal 
evaporator. As the hydrogen ion sensitive membrane, 
materials such as SiO2, Si3N4, Al2O3, Ta2O5, etc. are used. 
Other ions can also be measured by changing these 
materials of the ion selective layer. When irradiated with 
focused electron beam, the electron-hole pair is excited in 
the ion sensor, charge separation occurs, and current 
flows in the external circuit. The current flowing through 
the external circuit is amplified by the I-V amplifier and 
the voltage is acquired in a computer using A/D converter. 
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A 2D image of ion concentration distribution is 
constructed by raster scanning the focused electron beam. 

2.  Principle of ion concentration measurement 
Figure 2 shows principle of ion concentration 

measurement by electron beam irradiation. A bias voltage 
is applied to the ion sensor substrate, and a depletion layer 
is formed below the ion selective layer. When ions adhere 
to the ion sensitive layer (SiN) surface of the ion sensor 
having the depletion layer, the interface potential between 
the ion sensitive layer and the electrolyte is shifted. This 
shift changes the bias voltage. Due to this shift, the bias 
voltage applied to the ion sensor substrate changes, and 
the thickness of the depletion layer changes. The ion 
adsorption - desorption on the surface of the ion sensitive 
membrane is explained by the binding model2. The 
amount of current flowing through the external circuit 
depends on the thickness of the depletion layer. Therefore, 
by measuring the current amount, the ion concentration 
depending on the thickness of the depletion layer can be 
obtained.

 

Figure 2. Change in depletion layer thickness due to Ph 
difference. (a) high pH, (b) low pH. 
 

III  Experiment result and discussion 
1.  Evaluation the spatial resolution 
We evaluated the spatial resolution of the ion imaging 

system using knife-edge spatial resolution test. To 
fabricate the knife-edge, half of the sensor surface was 
covered with photoresist. The sensor part not covered 
with photoresist can measure ion concentration. The 
sensor part covered with photoresist is not responsive to 
ions. A pH standard solution was dropped onto the ion 
sensor. Figure 3 shows the experimental result of the 
knife-edge spatial resolution test. In Fig. 3(a), the top left 
part of the image is dark, and the bottom right part is 
bright. The dark part is covered with photoresist. From 
this result, it was found that the ion imaging system using 

focused electron beam can map the ion distribution. 
Figure 3(b) shows the line profile along the yellow 
rectangle in the edge image of Fig. 3(a). Here, the spatial 
resolution was given by calculating the distance between 
the points of 20% and 80% of the maximum intensity 
value of the line profile curve. From the result, the spatial 
resolution of the ion imaging system we developed was 
estimated to be 60 m. This resolution is much lower than 
the spot size. The cause is scattering of the electron beam, 
because we confirmed that the electron beam is greatly 
scattered in the ion sensor by Monte-Carlo simulation3. 
 

 
Figure 3. The experimental result of the knife-edge spatial 
resolution test of the ion imaging system using electron beam. 
 

IV  Conclusions 
We have developed the high spatial resolution ion 

imaging system and evaluated the spatial resolution. We 
succeeded in obtaining the ion concentration distribution 
image with the system using an electron beam. From the 
result of knife-edge spatial resolution test, the spatial 
resolution of the system was 60 m. Degradation in the 
spatial resolution occurs due to electron beam scattering 
and diffusion of carriers inside the ion sensor substrate. 
The spatial resolution of the current system is limited by 
the scattering of the electron beam, not the spot size. 
Therefore, it is possible to improve the spatial resolution 
by thinning the ion sensor substrate. 
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I  Introduction 
Three-dimensional (3D) imaging is a topic of 

significant interest. In recent years, digital holography [1] 
has been researched as a hopeful technique of 3D 
imaging. In general, only one surface of an object can be 
recorded by using this technique, because only the 
surface is illuminated. In order to record both front and 
rear surfaces of the object, use of multiple cameras or 
rotating the object on stage is needed. However, 
recording the 3D images of both the surfaces with a 
single-shot exposure using a single camera is difficult by 
applying these methods. 

In this paper, we propose a method to record the 3D-
images of both the surfaces of the object with a single-
shot exposure by digital holography using a single 
camera. Also we experimentally demonstrate the 
proposed method. 
 

II  Proposed method 
Figure 1 shows a schematic of a principle of the 

proposed method. Two object waves from both front and 
rear surfaces of an object are introduced to a single 
camera. The polarization of the waves is adjusted to 
orthogonal to each other. Two interference fringe images 
are generated on the plane of the camera. One is resulted 
from the superposition of the object wave from the front 

surface and the reference wave. The other is resulted 
from the superposition of the object wave from the rear 
surface and the reference wave. We record the two fringe 
images using a polarization-imaging camera. Because a 
micro-polarizer array is attached on this camera as shown 
in Fig.1, we can simultaneously record the two 
interference fringe images generated by the two linearly-
polarized light wave on pixel-by-pixel using this camera, 
independently. Consequently, we can record two 
holograms containing the information of both the surfaces 
with a single-shot exposure by space-division 
multiplexing of the holograms. 

 
Figure 1. Schematic of a principle of a proposed 
method. 

Figure 2 shows a schematic flow of the reconstruction 
of the two images of both front and rear surfaces of the 
object. First, the pixels detecting each linearly-polarized 
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light waves are extracted from the recorded hologram and 
the extracted pixels are rearranged in each image 
corresponding to each linearly polarized light. Second, 
we get two holograms containing the information of both 
the surfaces by interpolating the blanked pixels. Finally, 
by applying the image reconstruction algorithm of digital 
holography to the holograms [2], we obtain two 
reconstructed images. 

 

Figure 2. Schematic flow of the reconstruction of the 
two images of both front and rear surfaces of an object. 

 

III  Experimental setup 
Figure 3 shows an example of the proposed method. 

We can make the two object waves from the front and 
rear surfaces the orthogonal polarization each other by 
using a polarizing beam splitter PBS2 and two quarter 
wave plates QWP1 and QWP2. After that, we record two 
holograms generated by the object wave from the front 
surface and the reference wave and by the object wave 
from the rear surface and the reference wave using the 
polarization-imaging camera. Every 2×1 pixels of the 
camera have a 2×1 micro-polarizer, which was developed 
for parallel two-step phase-shifting digital holography [3]. 
We can reconstruct two 3D images of the both surfaces 
from the single hologram recorded by the camera. In 
addition, we set a slight angle between two object waves 
and reference wave by tilting the beam splitter in this 
setup in order to separate the desired image from the 
unwanted images, which are the 0th order diffraction 
wave and the conjugate image. 

 
Figure 3. An example of the optical system of the 
single-shot recording of both front and rear surfaces of 
an object using a polarization-imaging camera. 

 

IV  Experimental result 
We used a Nd:YVO4 laser operated at 532nm for a light 

source. The angle between the object waves and the 
reference wave was set at 2º. 

Figure 4 shows the reconstructed images of the front 
and rear surfaces of the object. We recorded a die whose 
the front surface and the rear surface are defined as 3 and 
4, respectively. As shown in Figs.4 (a) and (b), we can 
recognize 3 and 4 on the reconstructed image of the front 
surface and that of the rear surface, respectively. Thus, we 
succeeded in recording both the surfaces of the object 
with a single-shot exposure using the proposed method. 

 
Figure 4. Reconstructed images of both front and rear 
surfaces of the object. (a) Front surface (b) rear 
surface 

 

V  Conclusion 
We have proposed the method for recording both the 

surfaces of the object with a single-shot exposure by 
digital holography using a polarization-imaging camera. 
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Also we have succeeded in experimentally demonstrating 
the proposed method. This technique will contribute 3D 
imaging of dynamic objects in a wide variety of 
applications including biomedical application such as 
living cells, particles in flows. 
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