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A new type of functional optical microscope system called 
three-dimensional (3D) stimulation and imaging-based 
functional optical microscopy (SIFOM) is proposed. SIFOM 
can precisely stimulate user-defined targeted biological 
cells and can simultaneously record the volumetric 
fluorescence distribution in a single acquisition. Precise 
and simultaneous stimulation of fluorescent-labeled 
biological cells is achieved by multiple 3D spots generated 
by digital holograms displayed on a phase-mode spatial 
light modulator. Single-shot 3D acquisition of the 
fluorescence distribution is accomplished by common-
path off-axis incoherent digital holographic microscopy in 
which a diffraction grating with a focusing lens is 
displayed on another phase-mode spatial light modulator. 
The effectiveness of the proposed functional microscope 
system was verified in experiments using fluorescent 
microbeads and human lung cancer cells located at 
various defocused positions. The system can be used for 
manipulating the states of cells in optogenetics. © 2018 
Optical Society of America 

http://dx.doi.org/10.1364/OL.99.099999 

In recent decades, in addition to their conventional role as 
observation tools, microscopes have evolved into manipulation 
tools and measurement tools for biological applications. For 
instance, in optogenetics, microscopes provide new ways to switch 
on and off a defined circuit of neurons with the help of photoactive 
proteins in the membrane [1-5]. High-speed, precise time control of 
the cells’ patterns of firing of action potentials can be attained by 
using safe pulses of visible light [6]. Usually this process is achieved 
by using optical fibers or an optical window above the target region. 
One challenge in conventional optogenetics is that cell control is 
typically performed over a wide area. Two-dimensional (2D) 
illumination using imaging optics is an alternative tool for exciting 

functionally and locally defined specific cells. To further understand 
neural activity, three-dimensional (3D) multi-spot illumination and 
observation systems having millisecond-order precision are 
required. A high-speed 3D illumination and imaging system can be 
used to realize the design of neural circuits with unprecedented 
freedom.  

In this letter, we propose a new type of optical microscope 
system called 3D stimulation and imaging-based functional optical 
microscopy (SIFOM). Fig. 1 conceptually shows the functions 
achievable by SIFOM, which can realize optogenetic neuronal 
stimulation and monitoring at the same time. There are two key 
functions of SIFOM: The first is programable stimulation of cells 
located in 3D space. The second is holographic 3D observation of 
the fluorescence distribution. Precise stimulation of the target cells 
is only possible if a 3D map of the cells is created. How to create a 3D 
map of cells and instantaneously observe the changes in cell status 
after stimulation is an important question that can lead to new 
discoveries. For instance, such a high-speed imaging and 
stimulation tool can monitor cell status within the circuit dynamics, 
and can accurately bring about action potentials at the right time 
and location to reinforce or inhibit signal transmission. A 3D map 
can be created in advance by using confocal microscopy. Bovetti 
and Fellin proposed a system based on confocal microscopy and 3D 
stimulation for neuron cell imaging that works in a sequential 
manner [7].  However, confocal microscopy is not an ideal approach 
for monitoring the stimulation reaction after or between 
stimulations due to the time-consuming sectioning process that it 
requires. To realize fast 3D recording, digital holographic 
techniques using incoherent light have been studied by many 
research groups [8-15]. For bioimaging applications, light efficiency 
is a very serious problem. We have proposed a common path off-
axis digital holographic method to achieve high efficiency and 
single-shot recordings with a comparably simple configuration 
[14].  The recording speed is equal to that of typical wide-field 
imaging, and every frame of the hologram can reconstruct a whole 



3D field image. Moreover, it is independent of the illumination. In 
the experiments described here, two fluorescent beads and cancer 
cells located at various defocused positions along the axial direction 
were recorded with the off-axis incoherent digital holographic 
method, and active multi-spot illumination selectively illuminated 
each bead or cell individually or all together, even at the out-of-focus 
positions. These results demonstrate the high potential of the 
proposed system. 

Digital holographic 3D fluorescence imaging. We previously 
proposed a common-path off-axis incoherent digital holography 
technique, but the efficiency was not high due to interference 
between two diffracted waves [13]. Here, we propose an improved 
method by using the unmodulated transmitted fluorescence and 
tilted diffracted light with a slightly different wavefront curvature 
formed by a phase-mode spatial light modulator (SLM). A 
fluorescent object can be regarded as the superposition of quasi-
point sources in the sample space. As shown on the left side in Fig. 
1, light from the sth point source 𝛿(𝑥𝑠 , 𝑦𝑠 ; 𝑧𝑠) has a quadratic phase 
distribution in an intermediate plane, described as  

𝒖𝑰𝒏𝒕(𝒙𝟎) = exp (−
𝒊𝝅𝒙𝟎

𝟐
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) exp (−𝟐𝒊𝝅𝒙𝟎
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Here, a one-dimensional axis, x0, in the intermediate plane is 
considered. The radius of curvature of the objective beam is 𝑟0 =
𝑓𝑂𝐿
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𝑧𝑠
 , where  𝑓𝑂𝐿  is the focal length of the objective lens, and 𝜆 is the 

center wavelength. We used an SLM (SLM1 at left in Fig. 1) with a 
phase modulation function 𝑢𝑆𝐿𝑀1 given by 

𝒖𝑺𝑳𝑴𝟏(𝒙𝟎) = exp {𝒊 × 𝒕𝒂𝒏−𝟏 [exp(
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The phase modulation function 𝑢𝑆𝐿𝑀1 consists of a lens function 
with focal length 𝑓𝑆𝐿𝑀1  and a diffraction grating function with 
grating period 𝑑ℎ .The part of the fluorescence with a polarization 
state parallel to the extraordinary axis of SLM1 is 𝑢𝐼𝑛𝑡 × 𝑢𝑆𝐿𝑀1 , 
whereas the polarization state perpendicular to the extraordinary 
axis remains unchanged as 𝑢𝐼𝑛𝑡 . At a recording plane, which is 
equivalent to the back focal plane (BFP) of the tube lens, the 
extraordinary ray 𝑢𝑒𝑥  and ordinary ray 𝑢𝑜𝑟 are described as 

𝒖𝒆𝒙(𝒙𝒉) = exp [
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𝒖𝒐𝒓(𝒙𝒉) = 𝒆𝒙𝒑 [
𝒊𝝅

𝝀𝒓𝟐
(𝒙𝒉 + 𝒙𝒔𝑴)𝟐],                        (4) 

where 𝑟1 =
𝑓𝑇𝑢𝑏𝑒
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Here, 𝑓𝑇𝑢𝑏𝑒  is the focal length of the tube lens. By using a linear 
polarizer, it is possible to form holograms from those two beams. A 
hologram from a point source 𝛿(𝑥𝑠 , 𝑦𝑠 ; 𝑧𝑠)

 
makes part of a Fresnel 

zone plate with focal length 𝑧ℎ = ±
𝑟1𝑟2

𝑟1−𝑟2
. Reconstructing the point 

source by Fresnel propagation yields the focused point source at an 
optimal reconstruction distance 𝑧ℎ .  

Precise 3D stimulation. For typical wide-field epifluorescence 
imaging, the illumination light is focused on the focal plane of an 
objective lens, forming a collimated beam on the sample. In contrast, 
a collimated beam on the BFP forms a focused spot on the sample 
plane. Holographic multi-spot illumination with an SLM was 
proposed in the late 90s and was adopted in numerous applications 
[16-19].  In our SIFOM system, target cells and their 3D position can 
be manually or programmably defined from the previously 
obtained 3D map, and then the phase hologram is calculated and 
displayed on the phase-only spatial light modulator (SLM2 at right 
in Fig. 1). 

As shown at the right side of Fig. 1, if the incoming wavefront 𝑢𝑖𝑛 
has a specific phase distribution, described as  

𝒖𝒊𝒏(𝒙) = 𝒆𝒙𝒑 {𝒊 × 𝒕𝒂𝒏−𝟏 [∑ exp (
−𝒊𝝅𝒙𝟐

𝝀𝒉𝒌
) exp (

𝒊𝟐𝝅𝒙

𝒈𝒙𝒌
)𝒌 ]}.    

(5) 

after the objective lens, the wavefront at the front focal plane (FFP) 
becomes  

𝒖𝑭𝑭𝑷(𝑿) = ∑ exp {
𝒊𝝅

𝝀𝑯𝒌
[(𝑿 − 𝑮𝒙𝒌)𝟐]} .𝒌            (6) 

Here, 𝐻𝑘 =
𝑓𝑂𝐿

2

ℎ𝑘
,  𝐺𝑥𝑘 =

𝑓𝑂𝐿𝜆

𝑔𝑥𝑘
, and the kth focused spot falls on the 

position (𝐺𝑥𝑘 , 𝐺𝑦𝑘 ; 𝐻𝑘) in the sample space. SLM2 can modulate 

the collimated incoming light to the desired phase distribution, pixel 
by pixel.  

A schematic diagram of the functional optical microscope that 
includes the 3D multi-spot stimulation and 3D fluorescence imaging 
system is shown in Fig. 2. The left side shows the 3D fluorescence 
imaging system, and the right-side shows the 3D illumination 
system. The wavelength of the input illumination light in the 3D 
illumination system is 532 nm, and the output fluorescence is 
centered at 575 nm. Two SLMs are placed on the two sides of the 

Fig. 1. Conceptual illustration of the functions of SIFOM in the case of in vivo brain stimulation and imaging experiments (center grey area), and 
schematic diagrams of 3D stimulation and imaging systems. SIFOM consists of an off-axis incoherent digital holographic microscopy system for 3D 
imaging (left), and a holographic multi-spot illumination system (right). 



microscope, as parts of the illumination system and the imaging 
system. A 4f relay system in the illumination part transmits the 
image of SLM2 to the BFP of the objective lens. Meanwhile, the 
zeroth order is blocked at an intermediate plane of the 4f system. 
Another SLM (SLM1) is also placed at the BFP of the objective lens 
by another 4f relay system in the imaging part. The Fourier 
transform of the object image is projected onto the plane of SLM1 
and generates two distinct wavefronts at respective angles. The 
magnifications of the 4f relay systems in the illumination and 
imaging parts are adjusted by setting the aperture sizes of the 
objective lens and SLM2 to 0.5 and 1, respectively. 

Experimental results. To verify the performance of the 
proposed system, experiments were performed using fluorescent 
beads and human lung cancer cells First, we demonstrated imaging 
of the fluorescent beads. The fluorescent beads (microspheres) 
used in the experiment had diameters of 10–14 m. These beads 
were excited by green light (λ=532 nm) and emitted yellow 
fluorescence with wavelengths ranging from 550 nm to 600 nm. To 
improve the fringe visibility of the holograms, a bandpass filter 
centered at 575 nm±12.5 nm was placed in front of an EMCCD 
sensor. Two fluorescent beads were placed on the glass plate and 
were imaged, as shown in Fig. 3(a). Then, the glass plate was moved 
by a motorized translation stage in the z-direction by 80 m. The 
hologram shown in Fig. 3(b) was obtained by displaying phase 
pattern 𝑓𝑆𝐿𝑀1 = 800 mm and 𝑑ℎ = 300 µm on SLM1. Fig. 3(c) 
shows the reconstructed image obtained by applying 𝑧ℎ =
950 mm to the Fresnel propagation from the recorded hologram. 
In order to accurately illuminate each bead, we performed 
calibration by recording multiple illumination spots with known 
 (𝑔𝑥 , 𝑔𝑦; ℎ → ∞) on SLM2. By comparing the focused spots’ 

positions (𝐺𝑥 , 𝐺𝑦)  at the image sensor to the variables  (𝑔𝑥 , 𝑔𝑦) on 

SLM2, a linear relationship between  (𝑔𝑥 , 𝑔𝑦)  and focus position  

 (𝐺𝑥 , 𝐺𝑦)  was obtained. This was performed prior to the 

experiments by putting a flat fluorescent plate on the focal plane of 
the objective lens. Figs. 3(d) and (e) show the holograms for 
selective illumination of each bead, and the respective 
reconstruction results. A similar experimental result is also made in 
movies in the supplementary materials. The signal-to-noise ratio 
(SNR) of the reconstructed images shown in Figs. 3(c), 3(d), and 
3(e) were 24.87 dB, 29.96 dB, and 29.8 dB, respectively. The SNR is 

defined as the ratio of the mean value in the signal area to the noise 
area from a reconstructed image. It is easy to see that the SNR is 
improved with a controlled focal spot in the illumination. 

 

Fig. 3. Reconstruction of fluorescent beads. (a) Original focused image, 
(b) a hologram obtained by moving the beads 80 µm along the z-
direction, (c) reconstructed beads, (d) selective illumination of an upper 
bead, (e) selective illumination of a lower bead (see Visualizations 1-3). 

 

Fig. 4. Comparison of 3D illumination without depth information, 
showing (a) hologram and (b) reconstructed image, and with depth 
information applied to SLM2, showing (c) hologram and (d) 
reconstructed image. 

Fig. 4 shows a comparison when patterns for ℎ → ∞ and ℎ =
80 µm were applied to SLM2. When SLM2 displayed  ℎ → ∞, as 
shown in Fig. 4(a), the illumination spot was under the position 

Fig. 2. Complete experimental set-up of SIFOM, containing 3D fluorescence imaging and 3D illumination microscope systems (SLM1: Holoeye pluto 
(1920×1080 pixels, 8 μm pixel pitch, phase-only modulation), SLM2: Hamamatsu Photonics (Hamamatsu X10468-01, 600 × 800 pixels, and 20 μm 
pixel pitch), Objective lens: x50, NA 0.6, CCD: Andor iXon,1024×1024, pixel size 13 µm). 



where the bead was located. This caused noise from the adjacent 
bead, as shown in the red rectangular. It can be observed from Fig. 
4(c) that the noise disappeared when depth information was 
applied to SLM2. It was also observed that the SNRs of the 
reconstructed images were improved. 

The experiment was repeated for different axial positions from 
the same bead. In Fig. 5(a), the reconstructed depth positions are in 
good agreement with the theoretical values, zh. Multiple beads on 
the same object plane are also reconstructed from a hologram, as 
shown in Figs. 5(b-d). 

 

Fig. 5. (a) A plot of reconstruction distance and object depth position 
from the focal plane in experiments and theoretical calculations, (b) a 
focused beads’ image, (c) hologram, and (d) the reconstructed image. 

Similar experiments were performed using human lung cancer 
cells (NCI-H2228 ATCC® CRL-5935TM), in which the nuclei were 
stained with propidium iodide (ThermoFisher P1304MP). The 
fluorescence had a peak intensity at 620 nm. We used a band-pass 
filter with a 650 nm ± 12.5 nm range. Fig. 6 shows that the system 
was capable of recording and reconstructing the nuclei of the cancer 
cells. The holograms of the cells were recorded by defocusing the 
cells by 80 m in the axial direction. 

 

Fig. 6. Imaging and illumination of human lung cancer cells. (a, e) focused 
images, (b) selective illumination over a single cell, (c, f) off-axis 
holograms, (d, g) reconstructed images. 

In this letter, we have proposed a new functional optical 
microscopy technique, called SIFOM, that can stimulate multiple 

cells located in 3D space by a phase modulation holographic 
method. The 3D map of cells is measured in advance by using a 
common-path off-axis incoherent digital holographic microscope. 
Simultaneous 3D observation and stimulation of biological cells will 
be a powerful tool in the biological field, especially in optogenetics. 
The performance of the proposed system was demonstrated in 
experiments using fluorescent beads and cancer cells. Even when 
the object was shifted along the axial direction, successful 
reconstruction was confirmed. This shows the capability of the 
system to perform simultaneous 3D imaging. The image 
degradation of the reconstructed data is due to the insufficient 
separation of object term from DC term in off-axis configuration. 
Furthermore, accurate stimulation in 3D was also possible by 
controlling the phase of the incoming light. This was realized by a 
phase-mode SLM placed before an objective lens displaying a phase 
pattern, which is calculated from the 3D position in the sample. This 
was confirmed by illuminating a single bead each time. The 
reconstruction results were improved compared with those of 
wrongly focused illumination spots.  

SIFOM is expected to help in constructing artificial neural 
networks, especially those of mammals. In order to make a valid 
network, it is estimated that several hundred neurons need to be 
stimulated. Achieving the propagation of neural signals requires a 
temporal resolution of a few milliseconds. Also, artificial intelligence 
capable of designing a neuronal circuit in millisecond order is also 
required. At the current stage, SLMs have frame rates of several tens 
of frames per second.  In order to improve the speed, binary SLMs 
can be employed in future studies. 
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