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ABSTRACT 

 

 In this dissertation, I have developed the in situ fluorescence optical 

detection and imaging systems (ISFODS) for the microfluidic 3D cell-based 

assays by using several optical techniques. 

 First, I investigated wide-field fluorescence detection-based ISFODS 

(w-ISFODS) to measure the fluorescent signal in the microfluidic cell-based 

assays with 3D liver cell cultures by using an extracellular matrix. To be more 

specific, the w-ISFODS measured fluorescent signal of resorufin, which is 

bio-transformed by the P450 enzymatic activity of liver cells cultured in its 

three-dimensional operating microfluidic cell culture systems. The results 

demonstrate that w-ISFODS is appropriate to measure various cellular dynamics 

in the microfluidic cell culture systems. On the other hand, w-ISFODS can 

measure averaged responses of whole cells in the microfluidic cell culture 

system. 

 In order to overcome the foregoing limitation of w-ISFODS, I applied 

two optical detection techniques: One is the spectroscopic optical measurement 

and another is the confocal fluorescence optical detection. By the integration of 

these optical techniques, I investigated the wavelength scanning-based optical 

absorbance measurement system (λ-ISFODS) and the confocal fluorescence 

detection based ISFODS (c-ISFODS) by using a single, static pinhole aperture. 



 

2 
 

 As extended studies of several optical detection systems, I developed 

DMD-ISFODS, confocal fluorescence microscopy-based ISFODS by using the 

scan of multiple pinhole apertures that were generated by a digital micromirror 

device (DMD). The DMD is one of the spatial light modulators that impose 

several forms of spatial modulation on a beam of incident light. With 

preliminary studies by using the three-dimensionally distributed fluorescent 

microbeads and cells in an extracellular matrix, DMD-ISFODS is expected to 

be appropriate to study various 3D cell cultures in the microfluidic cell culture 

systems. 

 Finally, I investigated the structured light illumination-based ISFODS 

(SLI-ISFODS) by using the DMD. To be more detailed, I applied the 

combination of structured illumination microscopic (SIM) and subtractive 

image reconstruction algorithms to obtain the fluorescence images with highly 

enhanced axial resolution. In the confirmation of using the fluorescent 

microbeads and pollen grains, the results determine that SLI-ISFODS with SIM 

and subtractive image reconstruction algorithms can be used for broad types of 

3D cell-based assays in the microfluidic cell culture systems. 

---------------------------------------------------------------------------------------------------------- 

Keywords: Fluorescence optical detection and imaging 

  In situ 3D cell-based assays Digital micromirror device 

  Confocal microscopy  Structure illumination microscopy 
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Figure 1. (a) Jablonski energy diagram of fluorescence. Fluorescence images of 

(b) 10 μm fluorescent microbeads and (c) HCT-116 cells expressed by 

Celltracker green. 

Figure 2. Schematic of wide-field fluorescence microscopy. L, light source; RL, 

relay lens; IL, imaging lens; S, sample; BS, beam splitter; Em., emission filter; 

PD, photo-detector. 

Figure 3. Schematic of confocal fluorescence microscopy. L, light source; RL, 

relay lens; IL, imaging lens; S, sample; BS, beam splitter; Em., emission filter;  

DL, detecting lens; P, pinhole aperture; PD, photo-detector. 

Figure 4. Schematic of structured illumination fluorescence microscopy. L, 

light source; BE, beam expander; PG, patterned grid; RLs, relay lenses; Obj., 

imaging objective lens; S, sample; BS, beam splitter; Em., emission filter;  

CCD, charge-coupled device camera. 

Figure 5. Schematic of a microfluidic cell culture system with cellular functions 

and analyses [17]. 

Figure 6. Fluorescence optical detection system overview. LED, light-emitted 

diode; Ex., excitation filter; BS, beam splitter; L, lens; Em.: emission filter; 

CCD, charge-coupled device camera [28]. 

Figure 7. Investigated high-throughput fluorescence imaging system in a cell 

culture incubator with a culture media pumping system [28]. 

Figure 8. Wide-field fluorescence detection based in situ fluorescence optical 

detection system (w-ISFODS). LED, light-emitted diode; BS, beam splitter; L, 

detection lens, Em., emission filter, PD, photodiode; R, reservoirs; SP, syringe 

pump. 
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Figure 9. Investigated w-ISFODS in a conventional cell culture incubator with a 

syringe pump. 

Figure 10. A cross-sectional view of a μCCA, with cell-embedded MatrigelTM. 

During the experiment, medium-containing substrate (ethoxyresorufin) is 

perfused above the extracellular matrix of liver cells. The substrate diffuses into 

the extracellular matrix, and P450 enzymes present in the liver cells convert the 

substrate into a fluorescent product, resorufin, which is released into the flow 

medium. The medium flows through a detection chamber, where the detection 

of fluorescent signal is made. 

Figure 11. Comparison of (a) fluorescent plate reader and (b) w-ISFODS for 

linearity calibration of fluorescent signal measurement. Both show similar 

responses to resorufin concentrations with two linear regions between 0 and 10 

μM. Shown in the inset is a close-up of the low concentration range. Two 

different slopes of linear responses were observed in the low concentration 

range (1 nM – 1 μM), and the high concentration range (1 – 10 μM) for both 

detection systems. 

Figure 12. P450 1A1/1A2 activity of HepG2/C3A cells as measured by the 

formation of resorufin in (a) 96-wellsþfluorescence plate reader and (b) μCCA 

+ w-ISFODS. In 96-wells, uninduced HepG2/C3A cells showed slightly higher 

signal than no-cell control, whereas in a μCCA, uninduced cells showed 

significantly higher activity than no-cell control. In 96-wells, cells induced with 

3-MC showed significantly higher activity than uninduced cells, whereas in a 

μCCA, induction did not increase the enzymatic activity much further than 

uninduced cells. The total number of cells in a 96-well and a μCCA were 

controlled to be approximately at 100,000 cells. 

Figure 13. Comparison of experimental results with a mathematical model for 

two substrate concentrations (1 and 10 μM). 

Figure 14. Comparison of experimental results with the convection–diffusion 
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model at varying cell concentration. 1× corresponds to 50,000 cells, 2× 

corresponds to 100,000 cells, and 4× corresponds to 200,000 cells in the liver 

chamber. The increase in the cell number resulted in the increased enzymatic 

activity, although the amount of increase was not proportional at the highest cell 

number. 

Figure 15. Optical absorbance measurement system for DPPH radical 

scavenging detections. LED, a white light-emitted diode; Obj., an objective lens; 

L, a collection lens; S, a fiber-coupled miniature spectrometer 

Figure 16. The preliminary measurements of transmissions when a LED is ON 

and OFF with a sample is not prepared. 

Figure 17. Investigated optical absorbance measurement system on the 

goniometer for gravity force based fluidic flows in microfluidic devices. 

Figure 18. The calibration results measured by the optical absorbance 

measurement system. Various concentrations of DPPH in the reaction chambers 

which have different volumes (V = 25 and 38 μL) are tested. 

Figure 19. The experimental results of DPPH radical scavenging when 

Ascorbic acid was exposed in the reaction chambers of the microfluidic device. 

Figure 20. The inhibition rate of DPPH radical scavenging by Ascorbic acid. 

According to the concentration of DPPH and the optical absorbance in λ = 517 

nm, DPPH is decreased by the exposure of Ascorbic acid due to the prevention 

of the oxidation. 

Figure 21. Schematic of optical setup for the used 3D microfluidic assay. L, 

fiber-coupled laser; BS, beam splitter; Obj., objective detection lens; Em., 

emission filter; P, pinhole aperture; PMT, photomultiplier tube. 

Figure 22. Investigated confocal in situ fluorescence optical detection system in 

a conventional cell culture incubator. 

Figure 23. The schematics of the 3D cell culture assays for studies of (a) cell 

staining, (b) cell cytotoxicity and cell invasion with (c) MatrigelTM and (d) 
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alginate extracellular matrices. 

Figure 24. Fluorescent intensity measured by the c-ISFODS for cell-stained 

solution (celltracker orange) applied on the 3D alginate-cell matrix at t = 0 min. 

Solid curves represent calculated trends based on a transport model with 

diffusivity D=2.4 × 10−10 m2/s. 

Figure 25. Fluorescent intensity measured with cell cytotoxicity solution 

applied at t = 20 min. Diffusivity was assumed as D=2.4 × 10−10 m2/s. 

Figure 26. Fluorescent intensity measured for cell-invasion assay cultured in 

MatrigelTM and alginate matrix. 

Figure 27. Schematic of the DMD-ISFODS for imaging 3D cell cultures. LED, 

light-emitted diode; Ex., excitation filter; BS, beam splitter; Obj., imaging 

objective lens; Em., emission filter; RLs, relay lenses; DMD, digital 

micromirror device; CCD, charge-coupled device camera. 

Figure 28. (a) 2D optical set-up of the DMD-ISFODS for imaging 3D cell 

cultures. The DMD-ISFODS consists of a microscopic arm, a DMD module, 

and a detection arm. (b) Scanning strategy of multiple pinhole apertures used in 

acquisitions of fluorescence images by DMD-ISFODS. 

Figure 29. Flow chart of the image reconstruction and post-processing 

algorithm: In(x, y): each sub-image acquired by DMD-ISFODS and N: number 

of measured sub-images. 

Figure 30. (a) Axial PSF: open symbols represent measured data with Gaussian 

fits using different objectives (black, □: 100× and NA = 0.90; red, ○: 50× and 

NA = 0.50; blue, : 20× and NA = 0.40). The DOF was respectively measured 

to be ± 6.3, 10.2, and 28.7 μm. (b) Measured 2D and 3D image of a fluorescent 

bead. 

Figure 31. Comparison of images of 10 μm fluorescent microbeads acquired by 

wide-field microscopy and DMD-ISFODS. 

Figure 32. (a) Image stacks measured by DMD-ISFODS. (b) DMD-ISFODS 
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and wide-field images of fluorescence microbeads embedded in 3D alginate 

matrix in z-sections. h represents the z-location from the bottom of the 3D 

matrix. 

Figure 33. Image stacks of DMD-ISFODS when axial positions of fluorescence 

microbeads are represented different colors. 

Figure 34. Image blur ratio of fluorescence images acquired by wide-field 

microscopy and DMD-ISFODS. 

Figure 35. Fluorescence images of cells measured by wide-field microscopy 

and DMD-ISFODS. 

Figure 36. Schematic of SLI-ISFODS using a DMD. L, fiber-coupled laser; BC, 

beam collimator; BE, beam expander; SR, speckle reducer; RLs, relay 

achromatic lenses; BS, beam splitter; Obj., objective lens; Em., emission filter; 

CCD, charge-coupled device camera. 

Figure 37. 2D schematic of SLI-ISFODS using a DMD with binary patterns 

loaded onto a DMD for structured illuminations. 

Figure 38. Flow chart of the reconstruction algorithmic for conventional and 

subtractive SIM images. 

Figure 39. 3D image stacks and orthogonal views (y-cut) of fluorescent 

microbeads with 10 μm diameter in a 2D monolayer on a slide glass: (a) 

wide-field imaging, (b) conventional SIM, and (c) subtractive SIM with γ = 

0.07. Labels on x and z axis in the orthogonal views represent spatial scales (50 

μm). Intensity profiles across the lines of the orthogonal views are also 

presented in terms of fluorescence normalized by the maximum: (d) wide-field 

imaging, (e) conventional SIM, and (f) subtractive SIM with γ = 0.07. 

Figure 40. Axial PSFs measured of wide-field imaging and from images of 

conventional and subtractive SIM (γ = 0.07, 0.14 and 0.21). 

Figure 41. 3D image stacks and orthogonal views (y-cut) of 3D microbead 

assays in a 1 mm thick alginate gel matrix: (a) wide-field imaging, (b) 
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conventional SIM, and (c) subtractive SIM (γ = 0.07). Labels in the orthogonal 

views represent different spatial scales in the x and z axis (50 and 250 μm). 

Orthogonal views are also presented: (d) wide-field imaging, (e) conventional 

SIM, and (f) subtractive SIM with γ = 0.07. Horizontal and vertical lines in the 

orthogonal views represent those along which intensity profiles are provided in 

Figure 42. 

Figure 42. Intensity profiles across the lines of the orthogonal views presented 

in Figure 41 in terms of fluorescence normalized by the maximum: (a) z = 900 

μm and (b) z = 545 μm along the x axis, (c) z = 145 μm and (d) z = 238 μm 

along the z axis. The intensity profile in the top, middle, and bottom of each 

figure is respectively from wide-field imaging, conventional SIM, and 

subtractive SIM with γ = 0.07. 

Figure 43. Grid pattern noise that appears in SIM: (a) θ = 0, (b) π/4, (c) π/2, and 

(d) 3π/4. Reduced grid pattern noise: (e) mean fluorescence image of SIM, 

given by Eq. (8), and (f) subtractive SIM. 

Figure 44. (a) SIM image and (b) OTF of a fluorescent pollen grain. Arrows 

indicate spectral components associated with grid pattern noise. (c) Rejection 

characteristics of the designed notch spatial filter. (d) SIM image and (e) OTF 

of the fluorescent pollen grain after notch filtering. 

Figure 45. SIM images of pollen grains: (a) acquired at a single tilt angle, (b) 

reconstructed by averaging four partial images (θ = 0, /4, /2, and 3/4), (c) 

acquired at a single tilt angle and notch-filtered, and (d) acquired at a single tilt 

angle, notch-filtered, and reconstructed with a subtractive approach. 

Figure 46. 3D image stack of pollen grains: (a) wide-field microscopy, (b) SIM 

with a single tilt angle, (c) SIM averaged from four partial images, (d) 

subtractive SIM, (e) SIM with a single tilt angle and notch spatial filters, and (f) 

subtractive SIM with a single tilt angle and notch spatial filters. 

Figure 47. FOM normalized by standard SIM with respect to the exposure time 
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of a single partial image (ts). 

Figure 48. A schematic illustration of super-resolved axial scanning by linear 

aperture arrays for EOT. 

Figure 49. Optical set-up (CO: collimator, PO: polarizer, DM: dichromatic 

mirror, M: mirror, F1: excitation filter, F2: emission filter, RL: relay lenses, and 

OB: objective lens). Inset on the top is an SEM image of a fabricated linear 

aperture array. 

Figure 50. A SEM image of mouse macrophage-like cell line (RAW264.7 cells) 

cultured on linear aperture arrays. 

Figure 51. Calculated near-field distribution of EOT through a linear aperture 

array shows that light penetrates more deeply through a larger aperture. The 

aperture diameter ranges from 200 to 400 nm. An SEM image of fabricated 

apertures is overlayed in the x-axis. 

Figure 52. Plot of penetration depths (zp) defined as the axial distance at which 

normalized field amplitude |E(z)| is equals to 0.8. Penetration depths are shown 

to follow a sigmoidal distribution with the aperture diameter. 

Figure 53. Near-field distribution of EOT through a linear aperture array 

measured of uniform fluorescein control confirms numerical results. 

Figure 54. Measured fluorescent intensity on the linear aperture array. In the 

inset is the intensity difference between neighboring apertures. 

Figure 55. Images of mouse macrophage-like cell line (RAW264.7 cells): (a) 

wide-field microscopy and (b) on linear aperture arrays for EOT. Insets show 

the target cell. 

Figure 56. Measured fluorescent image of the target cell in the yz plane. 

Figure 57. (a) Fluorescent image after deconvolution. (b) Axial intensity 

profiles at sampled lateral points. 

Figure 58. Conceptual artwork of in vitro gut-on-a-chip with optical 

measurements. 
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Figure 59. z-projected 3D fluorescence images stack of 1 μm fluorescent 

microbeads embedded in an extracellular matrix of the gut-on-a-chip. 

Figure 60. A conceptual artwork of the integration of structured light 

illumination to the metallic nano-structure supported total internal reflection 

fluorescence microscope (TIRFM). 

Figure 61. Single-chamber based microfluidic devices consisting of (a) PDMS 

and (b) 0.625 mM Sudan (III)-PDMS. (c) Transmission spectra of microfluidic 

devices composed of PDMS and Sudan (III)-PDMS with various concentrations 

of Sudan (III). 

Figure 62. A conceptual artwork of the fluorescence optical imaging and 

stimulating platform using a TIRFM with metallic nano-structures and 

electrodes. 

 

⇒ Copyrights to reproduce texts and figures are permitted by Optical 

Society of America and Wiley-Blackwell (License No. 3114101125091). 
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1. FLUORESCENCE OPTICAL 

MICROSCOPY 

 

Fluorescence is a phenomenon of light emissions by absorbed light 

(excitation light) or other electromagnetic waves [1]. In general cases, the 

emission light by fluorescence has a longer wavelength, which means lower 

photon energy, than the excitation light as shown in Figure 1. On the other hand, 

when the excitation light is absorbed in an instant, the multi-photon absorption 

occurs and this leads to the emission light with a shorter wavelength than the 

excitation light. Also, the emission light can have the same wavelength of the 

excitation electromagnetic radiation. 
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Figure 1. (a) Jablonski energy diagram of fluorescence. Fluorescence images of 

(b) 10 μm fluorescent microbeads and (c) HCT-116 cells expressed by 

Celltracker green. 

 

The fluorescence optical microscopy is one of the practical applications 

that use the phenomenon of fluorescence for biological imaging [2,3].Since the 

discovery and development of the green fluorescent protein (GFP) by Roger Y. 

Tsien, Martin Chalfie and Osamu Shimomura who were awarded the 2008 

Novel Prize in Chemistry [4], the fluorescence optical microscopy has been 

investigated to an essential imaging and analysis tool for specific biological 

dynamics and its behaviors in cells, tissues and animals. The fundamental work 

of the fluorescence optical microscope is to excite fluorescence with the desired 

optical wavelength and to acquire only the emission light of fluorescence with 

the spectral separation. 
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Therefore, the general fluorescence optical microscopes should have 

three parts; the illuminator for the excitation, the spectral separator, and the 

detector for the emission. UV (Ultra-Violet) Halogen lamps, LASER (Light 

Amplification by Stimulated Emission of Radiation) diodes, and LEDs (Light 

Emitting Diode) have been usually employed as the illuminator of the optical 

excitation for the fluorescence optical microscopes. The spectral separator in 

regions of optical wavelengths is the filter set that is consisted of the excitation 

bandpass filter, the dichroic longpass mirror for the first spectral separation, and 

the emission bandpass (or longpass) filter. General photo-detectors, such as, 

photo-diodes, CCD (Charge-Coupled Device) cameras and photomultiplier 

tubes, can be used for the detector in the fluorescence optical microscopes. 

 

1.1. Wide-field Fluorescence Microscopy 

A wide-field fluorescence microscope is a type of fluorescence optical 

microscopes. In a general wide-field fluorescence microscope, the entire region 

of specimen is shined in excitation light from an UV Halogen lamp or LED and 

fluorescent signals (images), which are emitted from the specimen, and it can be 

captured directly by a photo-detector, such as, a CCD camera as shown in 

Figure 2 [ 5 ]. In the wide-field fluorescence microscopy, the secondary 

fluorescent signals are emitted from the specimen that appears away from the 

field-of-view and they often interfere with the resolution, especially in the axial 
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axis. From this issue, the general wide-field fluorescence microscopes cannot 

provide the feasibility to the intrinsic 3D microscope. 

 

 

Figure 2. Schematic of wide-field fluorescence microscopy. L, light source; RL, 

relay lens; IL, imaging lens; S, sample; BS, beam splitter; Em., emission filter; 

PD, photo-detector. 

 

By the Rayleigh criteria [6], lateral and axial resolutions (Rlateral and 

Raxial) of wide-field fluorescence microscopy are determined as following 

equations: 

 

 
.

 (1) 
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  (2) 

  

where λ is a peak wavelength of emission in fluorescent specimen, n is a 

refractive index where the specimen is placed, and NA is a numerical aperture of 

the objective lens used. 

Wide-field fluorescence microscopy based in situ fluorescence optical 

measurement system (w-ISFODS) for the indirect measurement of cellular 

activities in 3D cell-based assays (Chapter II-1) was based on general 

fluorescence wide-field microscope [7]. So the system can be used for the 

measurement of fluorescent signals which means enzymatic activities in 

cultures cells, but information is not multi-dimensional. 

 

1.2. Confocal Fluorescence Microscopy 

A confocal fluorescence microscope is one of the 3D fluorescence 

microscopes using the rejection of out-of-focus fluorescence [5,8,9]. In a 

general confocal fluorescence microscope, a pinhole aperture with special 

radius is employed in front of the emission part as Figure 3. In-focus 

fluorescence can pass through the pinhole aperture, but out-of-focus 

fluorescence is blocked. From this specification, a confocal fluorescence 

microscope can detect in-focus fluorescent signals (images) only and it can be 

implemented to 3D fluorescence microscope with high-speed 3D scanning 
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methods. 

 

 

Figure 3. Schematic of confocal fluorescence microscopy. L, light source; RL, 

relay lens; IL, imaging lens; S, sample; BS, beam splitter; Em., emission filter;  

DL, detecting lens; P, pinhole aperture; PD, photo-detector. 

 

In confocal fluorescence microscopy, lateral and axial resolutions can 

be changed by the size of the pinhole aperture and they are derived as following 

equations: 

 

  (3) 
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  (4) 

 

where λ is a peak wavelength of emission in fluorescent specimen, n is a 

refractive index where the specimen is placed, and NA is a numerical aperture of 

the objective lens used. Clateral and Caxial are coefficients of the pinhole size. 

When the size of the pinhole aperture is between 0.25 and 1 AU (Airy unit), 

Clateral is determined between 0.37 and 0.51. Also, Caxial is determined between 

0.64 and 0.88. Compared to resolutions in wide-field fluorescence microscopy, 

confocal fluorescence microscopy provides 16.393 ~ 39.344 % improved lateral 

and 50.928 ~ 64.312 % improved axial resolutions. 

There are two confocal fluorescence microscopy based in situ 

fluorescence optical detection/imaging systems introduced in Chapter II-3 and 

Chapter III-1. In situ fluorescence optical detection system for long-term 

cell-based assays using 3D cultured cells in an extracellular matrix (Chapter II-3) 

was developed in the basis of a confocal fluorescence microscopic technique 

with axial scanning by the motorized stage (c-ISFODS) [10]. Fluorescence 

optical imaging system for cell-based assays (Chapter III-1) is based on 

confocal fluorescence microscopy using lateral scanning by a digital 

micro-mirror device (DMD) and axial scanning by the motorized stage 

(DMD-ISFODS) [11]. 
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1.3. Structured Illumination Microscopy 

Structured illumination microscopy (SIM) is one of the high-resolution 

imaging techniques. SIM provides axial sectioning in the basis of the separation 

of in-focus fluorescence from out-of-focus noise components [12,13]. To be 

specific, in-focus fluorescent signals are modulated by the illumination of 

sinusoidal patterns, but out-of-focus noise components are not influenced by the 

structured illumination. Therefore, SIM can acquire fluorescence images 

without out-of-focus noise components by the image reconstruction process in 

frequency space. Through the investigation of illumination modulating 

techniques, for example, non-linear structured illumination, and reconstruction 

algorithms, structured illumination microscopic techniques have been employed 

in various super-resolution fluorescence microscopes [14,15]. A fundamental 

concept of SIM is illustrated in Figure 4. 
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Figure 4. Schematic of structured illumination fluorescence microscopy. L, light 

source; BE, beam expander; PG, patterned grid; RLs, relay lenses; Obj., 

imaging objective lens; S, sample; BS, beam splitter; Em., emission filter;  

CCD, charge-coupled device camera. 

 

Structured light illumination based in situ fluorescence optical 

detection system, which is introduced in Chapter III-2, is based on the axial 

resolution improvement in SIM. I implemented a DMD as a structured light 

generator in the SLI-ISFODS and axially sectioning image stacks with 

high-resolution could be captured by SLI-ISFODS [16]. 
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2. MICROFLUIDIC CELL-BASED ASSAYS 

 

Microfluidic devices are systems dealing with the behavior and control 

of fluids with small volume, small size and low energy consumption. By 

advancing in biocompatible materials, micro-/nano-fabrication processes and 

theoretical models, the microfluidic has been applied in various biomedical 

research and industrial areas [17,18,19]. Also, the combination of microfluidic 

devices and cell or tissue cultures offers a compact and effective in vitro 

platform called microfluidic cell-based assays, as shown in Figure 5 

[13,14,15,20,21]. Especially, by developing the three-dimensional (3D) cell 

cultures within an extracellular matrix, the microfluidic cell-based assays with 

3D cell cultures may be modeled in vitro environment which is closer to the in 

vivo conditions of the live tissue [22,23]. 

 

 

Figure 5. Schematic of a microfluidic cell culture system with cellular functions 

and analyses [17]. 
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One disadvantage of the microfluidic cell-based assays is that the 

analysis of cell dynamics and behaviors is difficult because they are closed and 

miniaturized in cell culture conditions (temperature, CO2 concentration, etc.). 

Also, a few analytical methods are invasive to the cell cultured in the 

microfluidic cell-based assays. For these reasons, the fluorescence optical 

detection/imaging has been integrated to the microfluidic cell-based assays for 

the non-invasive detection and imaging of specific cell dynamics or behaviors 

expressed by fluorescent indicators. The in situ fluorescence optical 

detection/imaging systems presented in the following chapters were integrated 

to various microfluidic 3D cell-based assays to detect image specific cellular 

dynamics and behaviors expressed by the fluorescent indicators. Furthermore, 

various optical systems have been applied to the microfluidic cell-based assays 

for the manipulation and stimulation of cells [24,25,26,27]. 
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3. PREVIOUS STUDIES OF ISFODS 

 

 

Figure 6. Fluorescence optical detection system overview. LED, light-emitted 

diode; Ex., excitation filter; BS, beam splitter; L, lens; Em.: emission filter; 

CCD, charge-coupled device camera [28]. 

 

In the first development of ISFODS, the system was designed to 

acquire fluorescence images of 2D cell monolayers in microfluidic cell culture 

systems as Figure 6 [ 28 ]. To be specific, T. Oh, et al developed the 

high-throughput fluorescence optical imaging system for microscale cell culture 

analogs (μCCA) with in situ and cell culture environment as Figure 7. Since 
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samples do not move during optical measurements, acquired images allow 

accurate time-lapse measurements of cell viability response on a quantitative 

basis. The fluorescence imaging system was evaluated by measuring the 

short-term cell viability response to ethanol exposure and long-term cell growth 

in multiple μCCAs. 

 

 

Figure 7. Investigated high-throughput fluorescence imaging system in a cell 

culture incubator with a culture media pumping system [28]. 

 

The fluorescence imaging system based on epi-fluorescent excitation 

using an LED and a CCD camera as well as optical components for 
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fluorescence imaging of cells simultaneously. HepG2/C3A, MESSA and 

HCT-116 cell lines were cultured in two μCCAs for continuous measurements 

of cell status in cell cytotoxicity experiments with ethanol exposure and 

long-term cell growth. 

One shortage of wide-field epi-fluorescence imaging system is the lack 

of implementing feasibility for the detection and imaging of microfluidic 3D 

cell-based assays due to low axial resolution. Therefore, w-ISFODS can be 

employed for the indirect measurement of enzymatic activity in 3D cell cultures 

of microfluidic cell-based assays. Multi-dimensional and direct fluorescence 

detection/imaging of microfluidic 3D cell-based assays should be based on 

other optical techniques improving axial resolution such as confocal (c-ISFODS 

and DMD-ISFODS) and structured illumination fluorescence microscopies 

(SLI-ISFODS). 
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1. INDIRECT MEASUREMENT OF 3D 

CELL-BASED ASSAYS 

 

 In this chapter, I employ an wide-field fluorescence detection based in 

situ fluorescence optical detection system (w-ISFODS), which is designed for 

optical measurements of fluorescent signal in a microfluidic cell culture system 

utilizing 3D liver cell cultures. The system applies a minimal number of discrete 

optical components to diminish artifacts associated with optical aberration. It is 

related to an optical system that I suggested previously, which was applied to 

monitor the cell viability in a microfluidic cell culture system [28,29]. The main 

distinction of the w-ISFODS is the use of a single photodiode instead of a CCD 

camera. This significantly simplified design enables the w-ISFODS to be 

compact to install in a conventional cell culture incubator. In the long run, the 

w-ISFODS can be investigated into a standardized package which can be 

attached to various microfluidic cell culture systems as needed. Also, the design 

of w-ISFODS can be easily implemented for confocal fluorescence optical 

detection/imaging to directly and precisely measure 3D cell cultures (c-ISFODS 

and DMD-ISFODS). 

 In this study, the w-ISFODS was employed to investigate liver cells 

embedded in a 3D extracellular matrix and inserted into a microfluidic cell 
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culture system. The system was employed for real-time monitoring of the P450 

1A1/1A2 enzymatic activity of the liver cells three-dimensionally cultured in an 

operating microfluidic cell culture system. The P450 enzymes are a crucial 

enzyme family related to metabolism in the liver, and fluorescence-producing 

substrates are well-known for several isoforms of P450 enzyme family [30,31]. 

For fluorescence detections of liver metabolism, the 

ethoxyresorufin-O-dealkylase (EROD) fluorescence assay was used in this 

study. The EROD fluorescence assay measures a resorufin that is a fluorescent 

product by the conversion of ethoxyresorufin, so it has been widely applied for 

quantification of P450 enzymatic activity of liver cells [32,33,34,35]. A micro 

cell culture analog (μCCA), which is a microfluidic cell culture system designed 

for cultures of multiple cell lines with a microfluidic network, was employed 

[36]. Different cell lines representing in vivo organs are cultured in separate cell 

culture chambers, which are linked by microfluidic channels for the circulation 

of cell culture medium. Each channel is modeled so that the medium flow in 

μCCA mimics the blood flow in humans. For this reason, several complicated 

and meaningful phenomena in μCCAs including multi-organ interactions can be 

seen which cannot be observed with conventional cell culture labwares with a 

single cell line [22,37]. 

 The w-ISFODS was implemented with the μCCA to measure and 

analyze the metabolic activity of 3D liver cell cultures inside the μCCA device. 
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Using w-ISFODS, the use of 3D extracellular matrix in a microfluidic device 

was explored. A 3D extracellular matrix has been shown to produce more 

authentic behavior of cell cultures, such as differentiation and metabolic activity 

seriously influenced by cell-to-cell interaction and chemical signaling [38]. A 

theoretical model was investigated to characterize the enzymatic activity and the 

transport of substrate and resorufin, and then improved quantification and 

estimation of reaction associated parameters are achieved through the 

comparison with experimental. 
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1.1. Materials and Methods 

1.1.1. System Construction of w-ISFODS 

 

 

Figure 8. Wide-field fluorescence detection based in situ fluorescence optical 

detection system (w-ISFODS). LED, light-emitted diode; BS, beam splitter; L, 

detection lens, Em., emission filter, PD, photodiode; R, reservoirs; SP, syringe 

pump. 

 

The w-ISFODS was developed with discrete optical components for 

ease of assembly and optimized optical performance (Figure 8). The excitation 

light from a LED (Luxeon LXHL-MM1D, Philips, San Jose, CA) with peak 
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wavelength at λpeak = 530 nm and luminous flux at 53 lumens (typical, 

manufacturer provided) passes through a beam splitter and is collimated by a 

lens (f = 35 mm, φ = 25.4 mm) to excite resorufin in the detection chamber. 

Fluorescence emission from resorufin is collected by a lens and measured by a 

photodiode (818-UV, Newport, Irvine, CA). For the detection of fluorescent 

signal from resorufin, the w-ISFODS applies fluorescence excitation and 

emission filters (Model #: D535/40m and D630/60 m, Chroma Technology, 

Rockingham, VT). A cutoff wavelength of the filter set is λcutoff = 570 nm; 

therefore, it can discriminate fluorescent signal of resorufin from the source 

light. For in situ measurements at multiple locations, a transition between 

multiple detection chambers was investigated by a motorized stage 

(UTM100CC1DD, Newport) with a transition resolution of 1 μm (manufacturer 

provided). The acquisition and translation between detection chambers were 

totally controlled by LABVIEWTM (National Instrument, Austin, TX). 
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Figure 9. Investigated w-ISFODS in a conventional cell culture incubator with a 

syringe pump. 

 

As Figure 9, the w-ISFODS was operated in a working condition inside 

a conventional cell culture incubator (water-jacketed incubator, model 3187, 

Forma Scientific, Marietta, OH) with 5 % CO2 concentration, 37 °C 

temperature, and humidity control. The overall dimension of the w-ISFODS is 

approximately 30 cm (L) × 20 cm (W) × 20 cm (H), excluding an external 

control computer. 

 

1.1.2. Cell Culture and μCCA Operation 
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MEM medium and fetal bovine serum (FBS) were purchased from 

Invitrogen (Carlsbad, CA). Ethoxyresorufin and resorufin were purchased from 

Sigma–Aldrich (St. Louis, MO). A hepatoma cell line, HepG2/C3A was 

obtained from American Type Culture Collection (ATCC, Manassas, VA) and 

cultured in a T-flask in MEM medium with 10 % FBS (Invitrogen) in a cell 

culture incubator with 5 % CO2 control at 37 °C. 

The details of fabrication and operation of μCCA with several 

modifications to culture cells in a 3D extracellular matrix are explained 

elsewhere [22,36]. A detection chamber was made from an 8-well strip plate 

(VWR). After separating a single well, a hole was punched using a sharp needle 

heated with a flame at two opposite locations on both sides of the well. As seen 

in Figure 10, the location of the holes allows the medium to flow into the 

detection chamber at bottom, fill up the chamber and flow out through the top. 

Any change in the fluorescence signal from the detection chamber reflects a 

change in the concentration of fluorescent molecules. For detection at multiple 

locations during an experiment using the w-ISFODS, several sets of a syringe, a 

μCCA, and a detection chamber were prepared in the same way, as can be seen 

in Figure 8. 
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Figure 10. A cross-sectional view of a μCCA, with cell-embedded MatrigelTM. 

During the experiment, medium-containing substrate (ethoxyresorufin) is 

perfused above the extracellular matrix of liver cells. The substrate diffuses into 

the extracellular matrix, and P450 enzymes present in the liver cells convert the 

substrate into a fluorescent product, resorufin, which is released into the flow 

medium. The medium flows through a detection chamber, where the detection 

of fluorescent signal is made. 

 

Additionally, two different conditions for the cells, uninduced and 

chemically induced by 3-Methylcholanthrene (3-MC), were tested. 3-MC is 

known to induce P450 genes by binding to ligand-binding nuclear receptor 

AHR [39]. 
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1.2. Results and Discussion 

1.2.1. Linearity Calibration 

The performance of the w-ISFODS on μCCA chips was calibrated with 

that of a commercial fluorescence plate reader (Molecular Devices, Sunnyvale, 

CA) in 96-well plates in response to various concentrations of resorufin solution 

in medium. Resorufin solutions in MEM medium were prepared in 

concentrations ranging from 0 to 10 μM, including the low concentration range 

of 1 – 100 nM. In the case of a fluorescence plate reader, various concentrations 

of resorufin samples were made and placed in a 96-well plate. The measured 

output from the 96-well plate was recorded for each sample. With the 

w-ISFODS, the same samples were placed in detection chambers and output 

readings from the photodetector were captured. The measurements were made 

in a static environment without flow. The 96-wells used with a plate reader and 

the detection chambers used with w-ISFODS are essentially the same (materials 

and dimensions), which ensures that the comparison between the two detection 

systems is valid. 
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Figure 11. Comparison of (a) fluorescent plate reader and (b) w-ISFODS for 

linearity calibration of fluorescent signal measurement. Both show similar 

responses to resorufin concentrations with two linear regions between 0 and 10 

μM. Shown in the inset is a close-up of the low concentration range. Two 

different slopes of linear responses were observed in the low concentration 

range (1 nM – 1 μM), and the high concentration range (1 – 10 μM) for both 

detection systems. 

 

Figure 11(a) and (b) presents the calibration results measured by a 

commercial fluorescence plate reader and the w-ISFODS, respectively. The 

results shown in Figure 11 demonstrate the similarity of the w-ISFODS in the 

sensitivity and response linearity to those of a commercial fluorescence plate 

reader. The lowest detection limit of resorufin in the current experimental 

setting was approximately 1 nM. In the measured concentration range, both 

systems showed similar bi-phase responses. In the low concentration range (1 

nM – 1 μM), the data showed linear responses in the fluorescence plate reader 

and w-ISFODS. The correlation coefficient from the w-ISFODS was R2 = 
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0.9855. Highly linear responses were also observed at higher concentrations (1 

– 10 μM) with a decreased slope. Correlation coefficients for the fluorescence 

plate reader and the w-ISFODS in this range were 0.9957 and 0.9967, 

respectively. In both measurement systems, the changes of slopes occur at near 

1 μM, which further validates the consistency of the w-ISFODS with 

conventional detection systems. In the case of the w-ISFODS, the y-intercept 

was not zero, which I believe to be associated with the fact that the incubator 

door was not completely closed due to the cables connecting the w-ISFODS and 

a computer. A small, but noticeable amount of stray light through the opening 

could have interfered with the system. For the following experiments, the 

measured output readings from the w-ISFODS were converted to the 

corresponding resorufin concentrations. 

 

1.2.2. Measurements of P450 Enzymatic Activity of 

HepG2/C3A Cells in a 96-Well Plate and a μCCA 

A hepatoma cell line HepG2/C3A, which is a derivative cell line of 

HepG2, was used in this study [40]. The P450 1A1/1A2 activity of the cells was 

tested in two different environments (96-wells and μCCA). In a 96-well plate, 

cells were cultured in a 2D monolayer in culture medium containing 

ethoxyresorufin. As the P450 1A1/1A2 enzymes in the cells convert the weakly 

fluorescent substrate ethoxyresorufin to a fluorescent product resorufin, the 
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fluorescence intensity of the product was measured using a fluorescence plate 

reader. In a μCCA, cells were embedded in a matrix of MatrigelTM and medium 

containing ethoxyresorufin was perfused through a microfluidic channel. As the 

medium flows over the MatrigelTM–cell matrix, ethoxyresorufin diffuses into 

the matrix and is converted to resorufin by enzyme reaction (Figure 10). Along 

with the medium flow, the fluorescent product is moved to the detection 

chamber and detected by the w-ISFODS. For both the fluorescent plate reader 

and the w-ISFODS, multiple measurements were taken in a single experiment 

(n > 3). Field of view changes at each measurement with a fluorescent plate 

reader, while it is maintained as constant with the w-ISFODS. 

 

   

Figure 12. P450 1A1/1A2 activity of HepG2/C3A cells as measured by the 

formation of resorufin in (a) 96-wellsþfluorescence plate reader and (b) μCCA + 

w-ISFODS. In 96-wells, uninduced HepG2/C3A cells showed slightly higher 

signal than no-cell control, whereas in a μCCA, uninduced cells showed 

significantly higher activity than no-cell control. In 96-wells, cells induced with 

3-MC showed significantly higher activity than uninduced cells, whereas in a 
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μCCA, induction did not increase the enzymatic activity much further than 

uninduced cells. The total number of cells in a 96-well and a μCCA were 

controlled to be approximately at 100,000 cells. 

 

Figure 12 shows the fluorescence activity measured in a 96-well plate 

by a plate reader (Figure 12(a)) and in a μCCA by the w-ISFODS (Figure 12(b)). 

In the case of measuring resorufin in a μCCA with the w-ISFODS, time zero 

corresponds to the time for the initial detection of fluorescence activity, rather 

than the time the medium perfusion was started, due to time delays associated 

with flow. Note that it would take a certain amount of time (usually 15–20 min) 

for medium to flow through channels and reach the detection chamber. In the 

case of a 96-well plate with a fluorescence plate reader, the time zero 

corresponds to the time ethoxyresorufin was added, when the enzymatic 

reaction starts. In Figure 12, both the fluorescence plate reader with a 96-well 

plate and the w-ISFODS with a μCCA showed a gradual decrease of 

background signal, if there were no cells present. The similarity implies that the 

decrease in background is caused by the object of detection, either the culture 

medium or the wells, rather than the detection systems. The decrease may be 

associated with photobleaching or binding of weakly fluorescent molecules in 

the medium to the surfaces of the wells or the μCCA. 

In a 96-well plate, uninduced HepG2/C3A cells showed a detectable, 

yet a low P450 1A1/1A2 activity. If the cells were chemically induced, they 
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showed a significantly higher activity (Figure 12(a)). This observation was 

consistent with a previous report [35]. On the other hand, the behavior of the 

cells cultured in a μCCA was different from that of the cells in a 96-well plate. 

Uninduced cells in the μCCA showed a higher P450 1A1/1A2 activity than 

those cultured in a 96-well plate, whereas the activity of induced cells was not 

significantly different from the activity of uninduced cells for the first 100 min 

(Figure 12(b)). The reason for the lack of response to chemical induction in the 

μCCA is uncertain. One possibility would be that the gel and the microfluidic 

environment have already acted as an inducer, saturating the induction response 

of the liver cells. Another possibility is a stress response in the cells due to the 

extra handling required to move and place the cells in a gel and a microfluidic 

device. Cells need to be trypsinized after 48 h incubation with 3-MC to be 

placed inside a μCCA, which could have damaged the cells. The trypsinization 

step was not necessary in the case of 96-well plate experiment. It should also be 

noted that the inducer 3-MC was observed to reduce cell viability during 48 h of 

induction. Regardless of the reason, it is important that the dynamics of the 

system were captured by the w-ISFODS. 

 

1.2.3. Extended Studies in Different Conditions 
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Figure 13. Comparison of experimental results with a mathematical model for 

two substrate concentrations (1 and 10 μM). 

 

To further explore the sensitivity and the resolution of the w-ISFODS, 

several extended experiments using a μCCA with the w-ISFODS in different 

conditions were investigated and the data were compared with simulation 

results. First, different substrate concentrations were tested (1 and 10 μM, 

Figure 13). As expected, higher substrate concentration resulted in faster 

conversion kinetics, consistent with simulation results. These data were used to 

fit the kinetic parameters of P450 1A1/1A2 enzyme in the mathematical models, 

which were found to be Vm = 4.4 × 10-4 nM/min/cell and Km = 2400 nM. Also 

note that the attempt to measure the enzyme kinetics of liver cells in a μCCA 
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with a plate reader would not be in situ, thus obtained kinetic parameters would 

be subject to larger errors even if they can be extracted. This presents the 

strength of in situ measurement of a μCCA using the w-ISFODS in extracting 

reaction coefficients such as conversion rate of ethoxyresorufin into resorufin 

products on a quantitative basis. 

 

 

Figure 14. Comparison of experimental results with the convection–diffusion 

model at varying cell concentration. 1× corresponds to 50,000 cells, 2× 

corresponds to 100,000 cells, and 4× corresponds to 200,000 cells in the liver 

chamber. The increase in the cell number resulted in the increased enzymatic 

activity, although the amount of increase was not proportional at the highest cell 

number. 
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Secondly, the cell density inside μCCA was varied, while the substrate 

concentration was fixed at 1 mM (Figure 14). Three different cell densities were 

tested (1×, 2×, and 4× correspond to 5 × 104, 1 × 105, and 2 × 105, respectively). 

In general, the higher cell density resulted in the higher P450 1A1/1A2 activity, 

which was verified with mathematical analysis based on convection–diffusion 

model. In the experimental data shown as dots in Figure 14, when the cell 

number in a μCCA was increased from 5 × 104 to 1 × 105, the product of 

enzymatic reaction increased roughly twofold. After 75 min, the resorufin 

concentration was measured to be 5.52 and 10.6 nM in case of 1× and 2× cell 

number, respectively. However, in case where the cell number was increased 

from 1 × 105 to 2 × 105, the product concentration increased only about 50 % 

(10.6 and 16.9 nM).  

In the case of cells in well plates measured by a plate reader, the kinetic 

parameters of P450 1A1/1A2 enzyme of uninduced HepG2/C3A cells have not 

been reported to the best of our knowledge. A potential reason for this absence 

may be that the cells do not show significant enzymatic activity in a well plate 

unless they are artificially induced, which makes the acquisition of kinetic 

parameters difficult. Instead, it was possible to obtain the enzyme kinetic 

parameters of induced cells in 96-wells, which were found to be Vm = 1.14 × 

10-3 nM/min/cell and Km = 1922 nM. It should be noted that the values of the 

saturation of constant Km were similar in both cases (uninduced cells in a 
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μCCA and 3-MC induced cells in 96-wells). From the comparison of Vm, the 

level of enzymatic activity in a μCCA was about 40 % of the enzymatic activity 

of chemically induced cells in a static environment. 

 

1.2.4. Discussing Issues 

Experiments with HepG2/C3A cells revealed that the hepatoma cells 

showed considerably different behavior when they were cultured in 3D matrix 

in a microfluidic environment. The level of P450 enzymes in hepatoma HepG2 

is reported to be significantly lower than the level in primary hepatocytes [41], 

which was consistent with our 96-well plate experiment result. However, it was 

observed in this study that the P450 enzymatic activity of hepatoma cells 

cultured in the matrix of MatrigelTM inside a μCCA was significantly higher 

than the same cells cultured in 2D monolayer in a well. Possibly the higher 

activity observed in a μCCA may be because the microfluidic environment 

inside a μCCA is closer to the physiological microenvironment than a 2D 

monolayer cell culture in a 96-well plate. According to recent studies, a culture 

of hepatocytes with an ECM layer is known to help hepatocytes retain 

liver-specific functions better [42], and culturing hepatocytes in 3D scaffold 

with flow has shown to be advantageous for restoring liver specific functions in 

hepatocytes [오류! 책갈피가 정의되어 있지 않습니다.]. A sub-lethal shear 

stress that is present in a microfluidic device can also be advantageous in 
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enhancing P450 activity [43]. The microenvironment in a μCCA may provide 

all these factors, since the cells are cultured embedded in MatrigelTM, which is a 

mixture of various ECM proteins and growth factors. In addition, the medium 

perfusion may provide an appropriate level of hydrodynamic shear for the cells. 

All these factors together provide a more physiologically realistic 

microenvironment for the cells than the monolayer culture in a 96-well plate. 

The w-ISFODS described in this article is a compact optical system 

built to enable the integration with an operating microfluidic cell culture system 

for real-time fluorescence measurements. Combined with mathematical 

modeling, the system was shown to provide detailed quantitative analysis of 

reactions within a microfluidic device and extraction of enzyme kinetic 

parameters without disrupting the operation. In previous studies, a combined 

effort of an experimental approach such as μCCA and a mathematical modeling, 

for example, a PBPK model, can be a powerful tool in gaining insights into the 

mechanism of drug toxicity [44,45]. The development of more accurate and 

detailed mathematical models of a microfluidic system depends critically upon 

the availability of real-time data measured, for example, by the w-ISFODS 

described in this article. 
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1.3.  Summary 

In this chapter, the w-ISFODS, a compact fluorescence measurement 

system that can be integrated easily with an operating microfluidic cell culture 

system, was investigated. As a proof-of-concept study, the P450 1A1/1A2 

enzymatic activity of liver cells cultured in a microfluidic environment was 

monitored, and enzyme kinetic parameters were obtained mathematically by 

analyzing the real-time experimental data obtained from the system. Such 

quantitative analysis of a microfluidic system would have been difficult to 

achieve with a conventional fluorescence plate reader, due to the requirements 

for fluidic connections and a cell culture incubator. The in situ measurement 

system can be a versatile tool as an analytical module combined with various 

microfluidic perfusion cell culture devices in diverse formats and can provide 

real-time, on-chip analysis that may not be available using a plate reader or a 

conventional microscope. Further, multiplexing the μCCA devices with this 

type of an optical detection system would facilitate operation in 

high-throughput modes. 

 

*J. H. Sung (Department of Biomedical Engineering, Cornell 

University) mainly contributed to establish cell culture and μCCA operation. 
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2. OPTICAL ABSORBANCE MEASUREMENT 

FOR STUDYING DPPH RADICAL 

SCAVENGING 

 

The oxidation is the oxygen molecular interaction that causes aging, 

decomposition, tissue damage, and various diseases, such as, cerebrovascular 

diseases, cancers, sunburns, heart diseases, diabetes mellitus, and 

neurodegenerative diseases [46,47]. For this reason, various antioxidants that 

are molecules inhibiting the oxidation have been studied to prevent the negative 

effects of free radicals. The antioxidants are consisted of several organic 

substances, for instance, vitamins A, C, E, selenium, and carotenoids [48,49]. 

For quantitative measurements of the oxidation with applying antioxidants, the 

DPPH (2,2-diphenyl-1-picrylhydrazyl)-based optical absorbance detection is 

generally employed [50,51]. To be more specific, DPPH is a chemically stable 

free radical which has strong absorption spectra with λpeak = 517 nm, peak 

absorption wavelength and it becomes extinct by the reaction of antioxidants. 

In this study, I investigated the wavelength scanning based optical 

absorbance measurement system as the extended application of the w-ISFODS. 

To be more detailed, a white LED and a grating-based spectrometer coupled 

with an optical fiber were employed in the w-ISFODS. After the calibration of 
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the optical absorbance measurement system with reaction chambers with two 

different volumes, the DPPH radical scavenging of ascorbic acid was 

quantitatively measured by the optical system. 
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2.1.  Materials and Methods 

2.1.1. Investigation of the λ-ISFODS 

 

 

Figure 15. Optical absorbance measurement system for DPPH radical 

scavenging detections. LED, a white light-emitted diode; Obj., an objective lens; 

L, a collection lens; S, a fiber-coupled miniature spectrometer 

 

Figure 15 illustrates the wavelength scanning-based optical absorbance 

measurement system. An excitation light from the white LED (OT16-1100-WT, 

Rhopoint Components, Hurst Green, UK) was focused to the reaction chamber 

by a long-working distance objective lens (×50, NA 0.55, 378-805-3, M PLAN 
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APO, Mitutoyo Corp., Japan). A transmitted light through the reaction chamber 

with DPPH was collected by a lens (f = 35 mm, PCX-25.4B-035, Lambda 

Research Optics, Inc., Costa Mesa, CA, USA) and detected by a compact, 

fiber-coupled miniature spectrometer (USB4000, Ocean Optics, Dunedin, FL, 

USA). The absorbance of each wavelength can be estimated by the preliminary 

measurements of transmissions (Figure16) when a LED is ON and OFF with a 

sample yet to be prepared. 

 

 

Figure 16. The preliminary measurements of transmissions when a LED is ON 

and OFF with a sample is not prepared. 

 

The optical absorbance measurement system was integrated to a 

goniometer (POR-12, Nam-il Optical Components, Incheon, Korea) for the use 
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of the gravity force-based fluidic flows in various microfluidic systems as 

shown in Figure17. Also, by the control of a tilt angle in the goniometer, the 

speed of fluidic flows can be controlled without moving any optical components 

in the optical system. 

 

 

Figure 17. Investigated optical absorbance measurement system on the 

goniometer for gravity force based fluidic flows in microfluidic devices. 

 

2.1.2. Sample Preparations 

Microfluidic devices with the reaction chamber were fabricated by 

soft-lithography of polydimethylsiloxane (PDMS;Sylgard 184, Dow Corning, 

Midland, MI, USA) with a conformable photo-mask. The devices have reaction 

chambers with two different volumes (V = 25 and 38 μm) to calibrate the optical 

absorbance measurement system. DPPH (D9132) and Ascorbic acid (A4403) as 
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an antioxidant in radical scavenging were purchased from Sigma-Aldrich (St. 

Louis, MO, USA). 

  



 

54 
 

2.2.  Experimental Results 

2.2.1. DPPH Calibrations 

 

 

Figure 18. The calibration results measured by the optical absorbance 

measurement system. Various concentrations of DPPH in the reaction chambers 

which have different volumes (V = 25 and 38 μL) are tested. 

 

Figure 18 presents the calibration results measured by the optical 

absorbance measurement system. Various concentrations of DPPH in the 

reaction chambers which have different volumes (V = 25 and 38 μL) were tested 

and the relations of DPPH concentrations and optical absorbance in λ = 517 nm 

could be determined by linear fitting ( ). When the volume of 
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reaction chamber was 38 μL, a slope (a) and an intercept (b) of the linear 

calibration curve are 0.00209 and -0.0025 (R = 0.999). In case of 25 μL reaction 

chamber, a slope and an intercept of the linear curve were 0.00146 and 0.0011 

(R = 0.997), respectively. It means that the optical absorbance of DPPH was 

correlated to the DPPH concentrations and the volume of reaction chamber. 

 

2.2.2. Quantitative Measurements of DPPH Radical 

Scavenging with Ascorbic acid Exposure 

 

 

Figure 19. The experimental results of DPPH radical scavenging when Ascorbic 

acid was exposed in the reaction chambers of the microfluidic device. 
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Figure 19 illustrates the experimental results of DPPH radical 

scavenging when the ascorbic acid, one of the antioxidants, was exposed in the 

reaction chambers of the microfluidic device. First of all, the concentration of 

ascorbic acid was inversely proportional to the optical absorbance of DPPH. 

According to the concentration of DPPH and the optical absorbance in λ = 517 

nm, DPPH was decreased by the exposure of the ascorbic acid due to the 

prevention of the oxidation. The inhibition rate of DPPH radical scavenging by 

the ascorbic acid could be estimated by the optical absorbance as shown in 

Figure 20. 

 

 

Figure 20. The inhibition rate of DPPH radical scavenging by Ascorbic acid. 

According to the concentration of DPPH and the optical absorbance in λ = 517 

nm, DPPH is decreased by the exposure of Ascorbic acid due to the prevention 

of the oxidation.  
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2.3.  Summary 

In this study, I developed the wavelength scanning-based optical 

absorbance measurement system as the extended application of the w-ISFODS. 

By the calibration and the preliminary study of DPPH radical scavenging with 

the ascorbic acid, the optical absorbance measurement system could be 

implemented to study the oxidation of free radicals and antioxidants in various 

microfluidic devices, especially with the gravity force-based fluidic flows. 

Furthermore, this spectroscopic method could be employed in various 

biomedical and material applications. 

 

*J. W. Lee (Graduate School of Chemical Engineering, Hongik 

University) mainly contributed to prepare microfluidic DPPH assays. 
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3. CONFOCAL FLUORESCENCE OPTICAL 

DETECTION OF 3D CELL-BASED ASSAYS 

 

In this chapter, I take a more direct approach to investigate 3D cell 

culture dynamics by developing confocal fluorescence detection based 3D in 

situ fluorescence optical detection system (c-ISFODS). The c-ISFODS 

measures the fluorescence signal directly from 3D cultured cells that are stained 

by fluorescence indicators and embedded within an extracellular matrix (ECM) 

for quantitative analysis. There are several advantages of the system over 

traditional optical sectioning methods, for example, standard confocal 

microscopes. First of all, I am mostly interested in the changes of dynamics in 

the axial direction of a 3D cell culture. In the lateral plane, only average cell 

behavior is of interest. This requires an extremely short depth of focus axially 

and yet a focus large enough to observe many cells in a lateral field of view. 

Also, c-ISFODS is compact and robust to allow continuous real-time 

measurements in an incubation environment. The real-time detection by the 

c-ISFODS offers a great advantage over conventional analytical instruments 

such as a fluorescence plate reader or a microscope, which can only take 

end-point measurements. On the other hand, a commercial microincubator may 

be used in combination with confocal microscopy. In this case, however, 
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compatibility with custom-made microfluidic cell culture systems is limited. 

For instance, management of tubes that interconnect to external pumps can be 

cumbersome and interrupt the whole fluidic system by affecting cell viability 

and increasing the chances of contamination. One may integrate a 

MEMS-driven 3D scanning confocal lens directly onto cell-based assays [52], 

which suffers from a short scan distance that can be axially scanned as well as 

the difficulty associated with fabrication and multiple uses. 

I address these concerns by implementing the c-ISFODS that scans a 

3D cell culture only axially in a standard incubator, while cells are cultured in a 

3D construct maintained under a regulated microfluidic environment. The 

c-ISFODS takes advantage of the compact and portable nature for real-time 

monitoring in situ. Furthermore, design issues and requirements for optical 

detection have been identified and optimized to investigate microfluidic 3D cell 

cultures. The feasibility is demonstrated with cell staining, cell cytotoxicity, and 

cell-invasion assays. In particular, cell invasion represents a process by which 

cancer cells actively enter into a tissue, often by secreting enzymes to digest 

away matrix that otherwise prevents the entry of cancer cells. Cell invasion 

combined with staining and cytotoxicity is an ideal subject of study, as the 

invasion of cancer cells in 3D culture environments has only recently begun to 

be investigated.  
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3.1. Materials and Methods 

3.1.1. System Construction of c-ISFODS 

 

 

Figure 21. Schematic of optical setup for the used 3D microfluidic assay. L, 

fiber-coupled laser; BS, beam splitter; Obj., objective detection lens; Em., 

emission filter; P, pinhole aperture; PMT, photomultiplier tube. 

 

The schematic of the c-ISFODS is shown in Figure 21. The system 

employs a fiber coupled laser diode with 532 nm peak wavelength (Shanghai 

Laser Tech., China) and a photomultiplier tube (PMT, Oriel, Stratford, Conn., 

USA). For the elimination of out-of focus signal, a pinhole aperture (ϕ = 500 

μm) was placed in front of the PMT. No pinhole was used on the excitation side 
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to produce a large field of view in the lateral plane. The excitation light is 

focused by an objective lens (NA = 0.55, 50×, working distance = 13 mm, 378–

805–3, M PLAN APO, Mitutoyo Corp., Japan) with minimal field curvature. 

The axial scanning was motorized in a step of 10 μm. The field of view in the 

lateral plane and diffraction-limited axial depth of field produced by the system 

were theoretically estimated as 480 and 1.8 μm, respectively. Initially, the 

c-ISFODS was calibrated with a standard confocal microscope (Bio-Rad 

MRC-600, Bio-Rad Laboratories, Hercules, CA, USA) for 1-mm thick alginate 

matrix embedded with fluorescent beads (ϕ = 10 μm, F-8836, Invitrogen) and 

stained cells. For long-term cell-based studies, c-ISFODS was installed in a 

conventional cell culture incubator as Figure 22. 
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Figure 22. Investigated confocal in situ fluorescence optical detection system in 

a conventional cell culture incubator. 

 

3.1.2. Investigation of 3D Cell-Based Assays 

HCT-116, a colon cancer cell line, was cultured in T-flasks in McCoy’s 

5a medium with 10% FBS with 37 °C temperature and 5 % CO2. For cell 

staining, cell cytotoxicity, and cell-invasion assays, a simple cell culture device 

was constructed by attaching a single, circular chamber to a glass slide and a 

1-mm-thick silicone gasket, as shown in Figure 23. In the cell staining assay, 

cell staining solution, 1 μM Celltracker Orange CMRA (Invitrogen, Carlsbad, 

Calif.) was applied on 3D alginate matrix. In the cell cytotoxicity assay, 5 % 

Triton X-100 solution in DPBS was applied on the 3D matrix 20 min after cell 
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staining solution. For cell invasion, a Boyden chamber assay was used to 

investigate cell migration through 3D extracellular matrix. 

 

 

Figure 23. The schematics of the 3D cell culture assays for studies of (a) cell 

staining, (b) cell cytotoxicity and cell invasion with (c) MatrigelTM and (d) 

alginate extracellular matrices. 
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3.2. Results 

3.2.1. Measurements of 3D Cell Staining Assays 

 

 

Figure 24. Fluorescent intensity measured by the c-ISFODS for cell-stained 

solution (celltracker orange) applied on the 3D alginate-cell matrix at t = 0 min. 

Solid curves represent calculated trends based on a transport model with 

diffusivity D=2.4 × 10−10 m2/s. 

 

Figure 24 presents the measured axial distribution of fluorescence 

intensity when cell-staining solution diffuses down through 3D alginate-cell 

matrix. Cells in the top layers of the 3D matrix are exposed sooner to the 

staining solution than those in the bottom layers. The diffusion of the staining 

solution makes the fluorescence intensity increase over time, and the fluorescent 
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intensity is almost always higher in an upper layer until the solution is 

sufficiently diffused. Note that the diffusion characteristics look different 

depending on the axial location of cells. In the upper layers (z = 0.35 and 0.43 

mm: z is the depth from surface), fluorescent intensity increases quickly, 

whereas it increases slowly in the lower (z = 0.62 and 0.75 mm). This is well 

explained with a transport model as shown in Figure 24. Here, the solid curves 

represent theoretical increase in the fluorescence, which is in good agreement 

with measured fluorescence, except near the bottom of the 3D matrix (z = 0.75 

mm). The disparity in the case of z = 0.75 mm or larger is due to a time delay 

associated with the cellular uptake of fluorescence not considered in the model 

and cell density variation. The inset shows the relationship between axial 

location and staining time when half of the cells in a layer become stained. The 

relationship is almost linear (R=0.94335) and provides an average axial staining 

speed as 57 μm/min. 

 

3.2.2. Measurements of 3D Cell Cytotoxicity Assays 
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Figure 25. Fluorescent intensity measured with cell cytotoxicity solution 

applied at t = 20 min. Diffusivity was assumed as D=2.4 × 10−10 m2/s. 

 

Figure 25 shows the axial distribution of fluorescence intensity 

measured over 150 min for cell cytotoxicity assay. An initial increase in 

fluorescence intensity due to the cell staining solution is followed by a decrease 

as a result of Triton X-100 solution after 20 min. The effect of Triton X-100 

solution kicks in sooner in the middle so that peak fluorescence is achieved 

approximately at 28-th minute, while it is later at 46-th minute in the lower 

layer (z = 0.82 mm). During this period, the effect of the cytotoxic solution is 

mixed with the diffusion of staining solution. The staining effect is stronger in 

the middle layer so that overall fluorescence intensity can increase slightly, 
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which appears as a kink. Soon, the effect of cytotoxic solution dominates and 

cellular fluorescence decreases exponentially. The cytotoxicity model agrees 

well with the experimental data: R = 0.9058 for z = 0.68 mm and R = 0.9790 for 

z = 0.82 mm. 

 

3.2.3. Long-term Measurements of 3D Cell Invasion 

Assays in Chemo-attraction Chambers 

 

 

Figure 26. Fluorescent intensity measured for cell-invasion assay cultured in 

MatrigelTM and alginate matrix. 

 

Using a long-term cell-based assay, I compared the cell invasion in 
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MatrigelTM and alginate hydrogel. For quantitative evaluation, relative axial 

movement (Δz) was defined as 

 

∆z
∑
∑

∑
∑

 

 

where summations are performed from z=z0 to zt. z0 and zt denote an initial and 

a final axial point respectively. fz represents the fluorescence intensity measured 

at the axial points. The time when an experiment is over is t. Overall, Δz 

represents an average axial distance over which cells have traveled over time t. 

Figure 26 shows Δz measured with HCT-116 cells in the cell-invasion assay. In 

a MatrigelTM-based cell-invasion assay, cells moved to chemo-attractant 

(McCoy’s 5 media with 10 % FBS) by 150 μm during a span of 24 h. Cell 

invasion was found to follow exponential axial movement with R = 0.9953. Cell 

invasion due to chemo-attraction was initially linear at the velocity of 0.83 

μm/min, which is consistent with the literature [53]. The invasion rate decreased 

monotonically as chemo-attractors became homogeneously distributed [54], and 

cells eventually stopped invasion. In contrast, Δz = 15 μm in the direction away 

from chemo-attractor for alginate-based assays, possibly due to expansion of 

alginate matrix. The drastically different behavior of the cells in MatrigelTM and 

alginate stems mainly from the fact that MatrigelTM is a naturally derived 

basement membrane matrix. In contrast, alginate does not contain components 
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that can be digested by cellular proteases and, thus, much more resistant to 

cell-invasion process than MatrigelTM. 
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3.3. Summary 

 

In summary, I describe the development of a compact and portable in 

situ confocal fluorescence detection system that allows real-time monitoring of 

cellular changes in 3D microfluidic cell cultures. For proof-of-concept, the 

system was applied to short-term assays of cell staining and cell cytotoxicity 

and also a long-term measurement using a cell-invasion assay. This novel 

system should be advantageous in monitoring cellular process in 3D gels 

enhancing in vitro studies on cell physiology. 

 

*J. H. Sung (Department of Biomedical Engineering, Cornell 

University) mainly contributed to investigate 3D cell-based assays. 
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CHAPTER III. 

IN SITU FLUORESCENCE 

OPTICAL DETECTION FOR 

HIGH-RESOLUTION IMAGING 

OF 3D CELL-BASED ASSAYS 
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1. DIGITAL MICROMIRROR DEVICE BASED 

MULTI-CONFOCAL FLUORESCENCE 

OPTICAL IMAGING 

  

 In this chapter, I address this limit by using a DMD-based ISFOD 

(DMD-ISFODS) for studying 3D cell cultures. The DMD-ISFOD is designed to 

provide fluorescence signals from 3D cell cultures with enhanced depth 

resolution by employing a DMD for fast lateral scanning. Also, the 

DMD-ISFODS allows us to monitor biological responses with flexible optical 

sectioning strength because an aperture can be adjusted during observation. For 

example, a DMD can be used to form multiple pinholes, multiple line slits, or 

an S-matrix based pseudorandom sequence to reduce photobleaching and 

photodamage while improving resolution via structured illumination 

[55,56,57,58]. A DMD consists of multiple micromirror arrays which can be 

controlled electronically [59,60]. Thus, lateral scanning can be implemented in 

a short time compared to using a motorized stage and structured wavefront 

modulation can be performed for flexible fluorescence microscopy. 

Furthermore, a DMD is compact and portable in size, making a DMD-ISFODS 

much smaller than one based on motorized stages. To date, DMDs have been 

evaluated in confocal microscopy for imaging 2D cultures [61,62] and used in 
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optical computed tomography of tissue samples with moderate thickness up to 

20 μm [63]. Also, compressive sensing microscopy based on a DMD was 

investigated for optical sectioning of pollen grains [64]. Time-resolved 3D 

confocal fluorescence microscopy was developed using a DMD with limited 

maximum scan thickness [65]. 

 In this study, I have constructed a DMD-ISFODS to be installed in a 

conventional cell culture incubator and tested initially with a USAF target for 

resolution evaluation and fluorescence microbeads as cell substitutes. I have 

then applied the DMD-ISFODS to real-time monitoring of cell statics in 3D cell 

cultures. 
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1.1. Materials and Methods 

1.1.1. System Construction of DMD-ISFODS 

 

 

Figure 27. Schematic of the DMD-ISFODS for imaging 3D cell cultures. LED, 

light-emitted diode; Ex., excitation filter; BS, beam splitter; Obj., imaging 

objective lens; Em., emission filter; RLs, relay lenses; DMD, digital 

micromirror device; CCD, charge-coupled device camera. 

 

Figure 27 illustrates a simple schematic of the DMD-ISFODS. The 

optical detection system consists of three parts: microscope arm, detection arm, 

and DMD. The microscope arm is made up of a light emitted diode (LED; λ0 = 

447.5 nm, OT16-5100-RB, Rhopoint Components, Hurst Green, UK), an 
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excitation filter (Ex; 455/70, Chroma Technology, Bellows Falls, VT, USA), a 

beam splitter (BS; CM1-BS013, Thorlabs, Newton, NJ, USA), and an objective 

lens (OB; Olympus, Tokyo, Japan). Various objective lenses were tested for 

optimal performance. Excitation and emission wavelengths of the 

DMD-ISFODS can be easily changed by replacing LEDs and filter sets. In 

order to extend an image focal plane to DMD, an achromatic lens (L; f = 100 

mm, AC254-100-A-ML, Thorlabs) is placed between the microscope arm and 

the DMD. The depth scan was performed by a linear motorized stage (M; 

M00UTM100CC1DD, Newport, Irvine, CA) at a speed of 5 μm/sec. The 

detection arm consists of a matched achromatic doublet pair (LP; f1 = f2 = 100 

mm, MAP10100100-A, Thorlabs) that is attached to an adjustable-length lens 

tube for focusing, an emission filter (Em; 540/25, Chroma Technology), and a 

charge-coupled device (CCD) camera (QIC-F-M-12, pixel size: 4.65 × 4.65 μm2, 

Qimaging, Surrey, BC, Canada). For the acquisition of fluorescence signals in 

sectioned images, a CCD camera with a high dynamic range is desired. The 

microscope arm and the DMD are aligned in the same axis while the detection 

arm is tilted 24° for the CCD camera in the detection arm to acquire optical 

signals from on-state micro-mirrors only. For alignment of a DMD, I employ 

two rotation stages (RSM-2, Nam-il Optical Components, Incheon, Korea) and 

a linear translation stage (ACS-26, Nam-il). In addition, a rotation stage and a 

linear translation stage (BTS-25, Nam-il) are attached to a CCD camera for 
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obtaining precise alignment of a CCD camera with the DMD. The DMD 

(DiscoveryTM 3000 kit, Texas Instrument, Dallas, TX, USA) is based on a 0.7 

XGA chip (1024 × 786, mirror size: 13.68 × 13.68 μm2), a DMD controller and 

an ALP-3, a supporting board for external communication to a personal 

computer. DMD pattern-scanning and acquisition of images are controlled by a 

customized program written by LABVIEWTM (National Instruments, Austin, 

TX, USA). 

 

1.1.2. Scanning and Image Reconstructing Strategies 

 

 

Figure 28. (a) 2D optical set-up of the DMD-ISFODS for imaging 3D cell 

cultures. The DMD-ISFODS consists of a microscopic arm, a DMD module, 

and a detection arm. (b) Scanning strategy of multiple pinhole apertures used in 

acquisitions of fluorescence images by DMD-ISFODS. 
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Multiple pinhole apertures were used for a DMD to produce 

fluorescence images with fast image acquisition. In particular, 48 × 35 pinhole 

arrays were employed for lateral scanning as Figure 28 illustrated. Each pinhole 

aperture was a single on-state DMD micro-mirror pixel sized 13.68 × 13.68 μm2 

and scanned in a 9 × 9 matrix of a 187.14 × 187.14 μm2 area. The separation 

between pinholes is an indicator of image clarity, because pinholes farther apart 

would enhance depth resolution at the expense of slower scanning. For our 

study, pinholes were separated by 8 pixels, which was the closest distance with 

no visible image crosstalk. A final image was reconstructed from the intensity 

measured by the CCD through pinhole aperture arrays and after background 

correction in a 696 × 520 elements for each lateral scan. I tested two image 

reconstruction algorithms, (max - min) and [{summation of (image-min)} + 

min], for 3D optical sectioning images [13]. After adjusting the algorithm to 

make it less prone to background noise, I have mainly employed the latter, 

which is given by 

 

, , , min	 ,  
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Figure 29. Flow chart of the image reconstruction and post-processing 

algorithm: In(x, y): each sub-image acquired by DMD-ISFODS and N: number 

of measured sub-images. 

 

The overall image reconstruction scheme is presented in Figure 29. 

Based on this scheme, the reconstruction of a single lateral image took 

approximately 3-4 seconds. For the determination of the axial point spread 

function (PSF) of the DMD-ISFODS, measured intensity of fluorescence 

microbeads was deconvoluted as follows: first, I assumed the shape of a single 

fluorescence microbead as a perfect sphere and the emission intensity 

distribution as a constant. Fluorescence intensity of microbeads (diameter ϕ = 

10 μm) is then given by 	 	 	 √25	 	  with |z| < 5. Here, z denotes the 

depth axis. 
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1.1.3. Sample Preparations 

The 3D matrix for evaluating DMD-ISFODS was alginate-based and 

embedded with fluorescent beads or stained cells and was 1 mm thick in a 

single circular chamber fabricated on a PDMS (Polydimethylsiloxane) substrate. 

Fluorescent beads were sized to be 10 μm in diameter (F8836, Invitrogen, 

Carlsbad, CA, USA). For cell imaging, I have used A431 human epidermoid 

carcinoma cell-line that was obtained from the ATCC (Manassas, VA, USA). 

Cells were cultured in T-flasks in Eagle’s Minimum Essential Medium with 10 % 

fetal bovine serum (FBS) in a mammalian cell culture incubator with 37 °C 

temperature and 5 % CO2. The details of cell culture protocol and preparation of 

3D cell cultures in extracellular matrix and cell culture systems are described 

elsewhere [10]. 
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1.2. Results 

1.2.1. PSF Estimation of DMD-ISFODS 

 

 

Figure 30. (a) Axial PSF: open symbols represent measured data with Gaussian 

fits using different objectives (black, □: 100× and NA = 0.90; red, ○: 50× and 

NA = 0.50; blue, : 20× and NA = 0.40). The DOF was respectively measured 

to be ± 6.3, 10.2, and 28.7 μm. (b) Measured 2D and 3D image of a fluorescent 

bead. 

 

Axial PSF of the DMD-ISFODS was measured using various types of 

objective lenses on fluorescence beads as shown in Figure 30. The depth of 

focus (DOF) was ± 6.3 μm with an objective lens at 100× and NA = 0.90, which 

is in good agreement with the Berek formula. Overall imaging performance of 
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the DMD-ISFODS is diffraction-limited. Note that in analyzing 3D cell cultures, 

an extremely long working distance is required because the cultures can be 

easily several hundred μm thick while sub-cellular optical sectioning may not 

be critical. For this reason, I used an objective lens with lower magnification 

(20×, NA = 0.40) in actual acquisition of images, in which case measured DOF 

was ± 28.7 μm, because its large working distance allows depth scanning 

through a thick 3D cell culture extracellular matrix. 

 

1.2.2. Evaluation of DMD-ISFODS 

 

 

Figure 31. Comparison of images of 10 μm fluorescent microbeads acquired by 

wide-field microscopy and DMD-ISFODS. 

 



 

82 
 

Next, 10 μm fluorescence microbeads, which were 2D deposited on a 

slide-glass and 3D distributed in an alginate extracellular matrix, were captured 

by DMD-ISFODS as Figure 31 and Figure 32. Figure 32(a) presents the image 

stacks of 3D embedded fluorescence microbeads acquired by DMD-ISFODS. 

The depth is indexed by h such that h = 0 represents the bottom of 3D matrix 

and h = 1 mm the top. 

 

 

Figure 32. (a) Image stacks measured by DMD-ISFODS. (b) DMD-ISFODS 

and wide-field images of fluorescence microbeads embedded in 3D alginate 

matrix in z-sections. h represents the z-location from the bottom of the 3D 

matrix. 
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In total, 37 images were captured for a 1-mm scan, although only 9 

images are shown in Figure 32(a) for image presentation. Figure 32(b) shows 

the images of fluorescent beads captured by DMD-ISFODS. For comparison, 

wide-field images are provided. Wide-field microscopy here is based on the 

same optical set-up illustrated in Figure 27, except that the DMD does not 

produce pinhole aperture arrays and all DMD pixels reflect light. As expected, 

the fluorescence images taken by multiple pinhole aperture-based 

DMD-ISFODS provide much more crisp images of the beads by filtering the 

out-of-focus component of scattered light, although out-of-focus fluorescence is 

not completely blocked because of a large DOF. The large DOF is entailed by 

the long working distance that is needed for visualizing a thick 3D matrix. 

 

 

Figure 33. Image stacks of DMD-ISFODS when axial positions of fluorescence 
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microbeads are represented different colors. 

 

For quantitative comparison of multiple pinhole aperture-based 

DMD-ISFODS and wide-field microscopy, I have introduced image blur ratio 

of a single fluorescence microbead as Eq. 5. 

 

 	 	 	
	 	 	 	 	

	 	 	 	
 (5) 

 

Image blur ratio here is defined as the ratio of the number of pixels 

with non-zero intensity to the total number of pixels that are analyzed. This 

ratio can represent the amount of in-focus component over out-of-focus blur and 

be an indicator of image clarity when the DOF is much larger than the pixel size. 

Under the definition, measured images are sharper with a smaller image blur 

ratio. In Figure 31 and Figure 32, I have analyzed 52 fluorescence microbead 

images, each occupying an area of 35 × 35 pixels. Image blur ratio was 

determined as 0.18 ± 0.04 for DMD-ISFODS and as 0.43 ± 0.16 for wide-field 

images. In other words, DMD-ISFODS provides improved images over 

wide-field microscopy by 2.5 times in terms of image clarity as Figure 34. 
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Figure 34. Image blur ratio of fluorescence images acquired by wide-field 

microscopy and DMD-ISFODS. 

 

1.2.3. Imaging of Cell Cultures 

For imaging cells embedded in the 3D matrix, scanning was limited to 

a relatively short distance under 100 μm, because fluorescence emission 

efficiency of intracellular labels was low compared to that of fluorescent beads. 

However, similar to Figure 4, improved images of cells were obtained with 

DMD-ISFODS as it removes background fluorescence more efficiently, as 

clearly shown when A and B are compared in Figure 35(a) and (b). C in Figure 

5 also presents improvement of blurs in capturing cells in the focal plane. 

Regarding the limit in the scanning distance, I believe that the use of a more 
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sensitive detector such as an EMCCD, possibly combined with a coherent light 

source, would improve the efficiency and the scanning distance, although this 

would make DMD-ISFODS less portable. 

 

 

Figure 35. Fluorescence images of cells measured by wide-field microscopy and 

DMD-ISFODS. 

 

The image clarity of DMD-ISFODS can further be improved, for 

example, by using structured illumination, which may require a high-power 

laser and a highly sensitive photo-imager because of low spatial filtering 

efficiency of a DMD [66]. Also, pinhole aperture scanning schemes may be 

improved: for example, modified scrambled-block Hadamard ensemble 

provides effective elimination of out-of-focus components [64].  
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1.3. Summary 

In this chapter, I have designed and implemented a DMD-based 

fluorescence imaging system in situ for analyzing 3D cell cultures. The 

DMD-ISFODS was found to improve the clarity of fluorescence images over 

wide-field microscopy by 2.5 times by removing out-of-focus optical signals 

based on sophisticated scanning of multiple pinhole apertures. In contrast to 

optical detection systems developed previously, DMD-ISFODS can provide 

both lateral and axial information of thick biological samples over a very long 

working distance. The smallest depth resolution achieved was 6.3 μm with a 

100× objective lens. The feasibility was demonstrated over full 1-mm scanning 

through 3D alginate-based matrix embedded with fluorescent microbeads and 

A431 human carcinoma cells. This study suggests two directions of further 

research. First, both illumination and detection arms need multiple pinhole 

aperture scanning for additional improvement of image clarity. Also, complex 

multiple-layered microfluidic devices should be developed. 
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2. STRUCTURED ILLUMINATION BASED 

FLUORESCENCE OPTICAL IMAGING 

FOR CELL-BASED ASSAYS 

  

In this chapter, I investigate in situ fluorescence optical detection based 

on structured-light illumination with subtractive image reconstruction 

(SLI-ISFODS). Subtractive image reconstruction of SIM can achieve improved 

resolution by removing the out-of-focus fluorescence that may remain without 

being clearly filtered after image reconstruction, in the case of conventional 

SIM. The resolution enhancement resulting from subtractive reconstruction of 

SIM images can be derived from confocal microscopy based on subtractive 

imaging approaches using tunable apertures [12,67,68,69,70,71,72]. A digital 

micromirror device (DMD) that consists of micromirrors controllable with on–

off states is used to modulate illumination by generating structured patterns 

[59,60]. Because of the convenience to modulate wavefronts of light 

illumination, DMDs have been employed for SIM in many studies 

[15,61,73,74]. To evaluate and compare the axial sectioning performance 

between subtractive SIM and wide-field images, I measured fluorescent 

microbeads with 10 μm diameter that were deposited in a monolayer and 

embedded in a thick 3D matrix. I treat imaging through the 3D matrix 
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separately because of the growing interest in 3D cell cultures for the distinctive 

behaviors from two-dimensional (2D) counterparts [75,76] and because of 

different system requirements (e.g., a long working distance and less emphasis 

on subcellular axial sectioning). For subtractive reconstruction of fluorescent 

microbeads, I take two images: the mean of sectioned images with different tilt 

angles of illumination patterns and the subtraction of the mean and wide-field 

images with a scaling factor (γ). An eventual goal of this study is to evaluate the 

improvement enabled by the subtractive reconstruction on the images acquired 

by wide-field and structured-light illumination. 
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2.1. Materials and Methods 

2.1.1. Investigation of SLI-ISFODS 

 

 

Figure 36. Schematic of SLI-ISFODS using a DMD. L, fiber-coupled laser; BC, 

beam collimator; BE, beam expander; SR, speckle reducer; RLs, relay 

achromatic lenses; BS, beam splitter; Obj., objective lens; Em., emission filter; 

CCD, charge-coupled device camera. 

 

To evaluate image reconstruction schemes, I have SLI-ISFODS that 

employs a DMD to implement structured-light illumination. Figure 36 

illustrates the schematics of SLI-ISFODS, which consists mainly of two parts: 

an illumination arm that produces structured illumination by projecting grid 
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patterns onto a DMD, and a microscopic arm that excites fluorescent samples 

and acquires fluorescence images. Light for fluorescence excitation (λex = 488 

nm) was produced by an Argon-ion laser (35-LAP-431-230, Melles Griot, 

Carlsbad, CA, USA), which was coupled with an optical fiber (M32L02, 

Thorlabs, Newton, NJ, USA) through a fiber collimator (F220SMA-A, 

Thorlabs), and expanded five times by a beam expander (BE05M, Thorlabs). 

After reduction of speckle noise by a rotating diffuser (LSR-3010-1, Optotune 

AG, Dietikon, Switzerland), excitation light was spatially modulated or 

“structured” by a DMD (DiscoveryTM 3000 kit, Texas Instrument, Dallas, TX, 

USA). The DMD can project binary images imported from a personal computer 

in the forms of a 0/1 state of each micromirror (e.g., in the 0 state, a 

micromirror reflects excitation light to the microscopic arm with patterns loaded 

on the DMD). For the delivery of structured illumination to a sample, four 

achromatic relay lenses (L1: f1 = 100 mm, AC254-100-A-ML, Thorlabs; L2: f2 = 

75 mm, PCX-25.4B-075, Lambda Research Optics, Inc., Costa Mesa, CA, USA; 

L3 and L4: f3 = f4 = 100 mm, MAP10100100-A, Thorlabs) were employed in the 

microscopic arm. Structured illumination through four relay lenses, a beam 

splitter (CM1-BS1, Thorlabs), and an objective lens (LMPlanFLN (×20, NA 

0.40), Olympus, Tokyo, Japan) excited the sample. Modulated fluorescence 

images and wide-field images were captured by a CCD camera 

(10-QIC-F-M-12-A, Qimaging, Surrey, BC, Canada) with an emission filter 
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(FF03-525/50-25, Semrock, Inc., Rochester, NY, USA) to detect only 

fluorescent signals from the sample. For the modulation of excitation light and 

the delivery of structured illumination, the illumination arm was tilted by 24 deg 

and the microscopic arm was aligned in the same axis of the DMD. For 

precision alignment of the DMD to both arms, manual rotation (RSM-2, Nam-il 

Optical Components, Incheon, South Korea) and linear translation (ASC-26, 

Nam-il) stages were employed. For the axial scanning of the sample, a linear 

motorized stage (UTM100CC1DD, Newport, Irvine, CA, USA) was used in the 

microscopic arm. 

 

 

Figure 37. 2D schematic of SLI-ISFODS using a DMD with binary patterns 

loaded onto a DMD for structured illuminations. 

 

2.1.2. Reconstruction Algorithm of Subtractive SIM 
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Fluorescence Images 

 

To modulate in-focus components in fluorescence images, sinusoidal 

patterns shown in Figure 37 were employed in the DMD for structured 

illumination to excite fluorescent samples. Sinusoidal patterns can be described 

as 

 

 , 	  (6) 

 

,  is a sinusoidal pattern loaded on the DMD. v0 and ϕ are a 

spatial frequency and a spatial phase of the sinusoidal pattern. In this study, I 

have employed three different phases (ϕ = 0, 2π/3 and 4π/3) to modulate 

fluorescence images. Also, ,  has been tilted with a tilting angle θ = 0, 

π/4, π/2 and 3π/4. I assigned ,  < 1 in sinusoidal patterns to be on-state 

and ,  ≥ 1 as off-state for binary operation of a DMD. In all, 12 

modulated images were produced at a single z-position for structured-light 

illumination and compared with a wide-field fluorescence image. 

If Iin-focus(x,y) represents the contribution to overall fluorescent intensity 

without structured modulation by photons from the focal plane and Iout-of-focus(x,y) 

represents the rest, fluorescence intensity in the focal plane captured by a CCD 

camera in the SLI-ISFODS, Iimage(x,y), is given by 
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 , , , ,  (7) 

 

where IS(x,y) denotes intensity modulation by structured illumination resulting 

from patterned mirror reflection ,  in a DMD. In Eq. (7), it is assumed 

that out-of-focus fluorescence components change little by structured 

illumination unless the z-position is within the depth of focus (DOF) from the 

focal plane. Considering that IS(x,y) is proportionate to , , Eq. (7) can be 

rearranged as follows [12]: 

 

 , , , ,  (8) 

 

ISIN(x,y) and ICOS(x,y) are in-focus fluorescence intensities that are 

captured by the SLI-ISFODS when illuminating light is structured by sin ϕ and 

cos ϕ. ICON(x, y) represents an un-modulated fluorescence component. From Eq. 

(8), in-focus fluorescence component Iin-focus(x,y) is related to ISIN(x, y) and 

ICOS(x,y) by 

 

 , , ,  (9) 

 

For the calculation of axial images, including only in-focus fluorescence 
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components, ISIN(x,y) and ICOS(x,y) should be extracted from Iimage(x,y). To 

estimate the three unknown images ICON(x,y), ISIN(x,y), and ICOS(x,y), I need at 

least three independent output images—for example, Iϕ=0(x,y), Iϕ=2π/3(x,y), and 

Iϕ=4π/3(x,y), which were captured by structured illumination with three different 

phases (ϕ = 0, 2π/3 and 4π/3). Because 

 

 /

/

 (10) 

 

where 

 

 	 	 	

	 	
 (11) 

 

the three unknowns needed for the reconstruction of axial images can be 

calculated by the inverse of the algebraic equations as follows: 

 

 /

/

 (12) 
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The transpose in Eq. (12) allows for the inverse operation of R to find ICON(x,y), 

ISIN(x,y), and ICOS(x,y). To reduce image artifacts that are introduced by the 

reconstruction algorithm, I have acquired four axial fluorescence images at 

different tilting angles of θ = 0, π/4, π/2, and 3π/4. A mean fluorescence image 

(Ia) was evaluated by the average of the four axial fluorescence images as 

 

 /  (13) 

 

The estimation of the mean fluorescence images reduces the fixed pattern noise 

that appears in the reconstructed axial images if only a single tilting angle is 

used. The fixed pattern noise in axial and mean fluorescence images is 

discussed Subsection 3.C. 

Subtractive fluorescence images have higher sectioning capability with 

improved axial resolution by subtracting wide-field images (Iw) that include 

both in-focus and out-of-focus components from mean fluorescence images that 

include only in-focus component [77,78,79,80]. With a scaling factor γ, 

subtractive fluorescence images can be obtained as Is = Ia − γIw. The scaling 

factor needs to be selected to eliminate out-of-focus fluorescence components 

while keeping an in-focus component so that improved fluorescence images are 

obtained from subtractive SIM—that is, if 
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  (14) 

 

 	  (15) 

 

then subtractive fluorescence Is can be made to contain only in-focus 

components by selecting γ = p/(p + q) because 

 

  (16) 

 

The way that the subtractive SIM achieves resolution enhancement as described 

in Eqs. (14)–(16) suggests that this approach should be much more effective on 

the enhancement of axial resolution. I will see that lateral resolution also may 

be improved moderately. Intensity degradation can occur in subtractive SIM 

because in-focus components may be subtracted. Furthermore, desired image 

information in in-focus components may be lost if subtracted with an overly 

high scaling factor. 
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Figure 38. Flow chart of the reconstruction algorithmic for conventional and 

subtractive SIM images. 

 

The overall procedure of the subtractive image reconstruction scheme 

for structured-light illumination is illustrated in Figure 38. At first, wide-field 

and SIM images are acquired with three different phases (ϕ = 0, 2π/3, and 4π/3) 

and four different tilting angles (θ = 0, π/4, π/2, and 3π/4) at each axial position 

(z). A LabviewTM program manages image acquisition, including pattern 

generation for the DMD and axial position control of a sample. Iin-focus(x,y) is 

then reconstructed for each θ by Eq. (9). From the reconstructed Iin-focus(x,y), 

mean fluorescence images (Ia) are produced by Eq. (13) and are used to 

reconstruct the subtractive SIM images (Is) by subtracting the wide-field images 
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(Iw) from the mean images (Ia) with a scaling factor γ. In this study, I use γ to be 

0.07, 0.14, and 0.21. The image reconstruction process is programmed in 

MATLAB. To compensate for the intensity degradation in the reconstruction 

process, mean and subtractive images are rescaled by the maximum wide-field 

image intensity. Post-image processing, visualization of 3D image stacks, and 

evaluation of point-spread functions (PSFs) are performed by Image. 

 

2.1.3. Sample Preparations 

 

To study image reconstruction schemes using the SLI-ISFODS with 

structured illumination, two types of sample assays of fluorescent microbeads in 

2D monolayer and 3D matrix were measured. I have used fluorescent 

microbeads (F-8836, Invitrogen, Carlsbad, California, USA) with 10 μm 

diameter and λ = 505/515 nm excitation/emission wavelengths, which are 

optically similar to mammalian cells that express green fluorescence protein. 

I have implemented 3D cell-based assays with a thick 3D alginate gel 

matrix embedded with fluorescent microbeads. Alginate gel has been used as 

the extracellular matrix in various 3D cell-based assays. First, I dissolved 0.2 g 

alginate powder (180947, Sigma-Aldrich, St. Louis, MO, USA) in 10 mL 5% 

HEPES solution (H0887, Sigma-Aldrich); 2 % alginate solution (100 μL) was 

blended with 3.6 × 105 fluorescent microbeads, and 10 μL of 
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alginate-fluorescent microbeads solution was then fed to a circular chamber 

with 1 mm thickness. For the jellification of alginate-fluorescent microbeads 

solution, a polycarbonate membrane filter (φ = 8 μm, K800A025A, Advantech 

MFS, Inc., Dublin, California, USA) was placed above the chamber, and a 30 

μM calcium chloride (CaCl2) (C4901, Sigma-Aldrich) solution was treated on 

the filter. Ca2+ ions in CaCl2 solution can then transform alginate solution into 

gel. After 30 min, the membrane filter was removed and 1 mm 

alginate-fluorescent microbeads gel matrix could be measured. 
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2.2. Results and Discussion 

2.2.1. Experimental Confirmation for 2D Monolayer 

Assays and Axial Point Spread by Subtractive 

SIM 

The performance of axial sectioning by subtractive reconstruction of 

SIM was first assessed with fluorescent microbeads deposited in a 2D 

monolayer on a slide glass. At each axial point, I acquired 12 SIM images that 

correspond to the combination of phase ϕ and tilting angle θ and a wide-field 

image. Axial scanning was performed along the z axis in a 1 μm axial step over 

a total scanning distance of 100 μm—that is, 1300 images, including wide-field 

images, were taken in total for a microbead assay in a monolayer. Figure 39 

presents the 3D image stacks from wide-field imaging, mean fluorescence that 

represents conventional SIM, and subtractive SIM with γ = 0.07; Z = 0 and 100 

μm represent the bottom (glass surface) and the top of the assay. Wide-field 

images shown in Figure 39(a) suffer significantly from out-of-focus blur, which 

is aggravated by saturated intensity. In contrast, even compared with the 

conventional SIM images presented in Figure 39(b), subtractive SIM images in 

Figure 39(c) show significant improvement in image resolution and offer vivid 

clarity. Although I focus on the enhancement of axial resolution in this study, I 

emphasize that the improvement spans lateral resolution, although the 

improvement of lateral resolution in the x-y plane may be less dramatic than that 
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of axial resolution along the z axis. Also shown are orthogonal images (y-cut) 

measured at y = 332 [pixel] from the image stacks of wide-field imaging and 

conventional and subtractive SIM. The improvement in lateral and axial 

resolution of fluorescent microbeads is qualitatively confirmed by comparing 

the orthogonal images. 

 

 

Figure 39. 3D image stacks and orthogonal views (y-cut) of fluorescent 

microbeads with 10 μm diameter in a 2D monolayer on a slide glass: (a) 

wide-field imaging, (b) conventional SIM, and (c) subtractive SIM with γ = 

0.07. Labels on x and z axis in the orthogonal views represent spatial scales (50 

μm). Intensity profiles across the lines of the orthogonal views are also 

presented in terms of fluorescence normalized by the maximum: (d) wide-field 

imaging, (e) conventional SIM, and (f) subtractive SIM with γ = 0.07. 
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For quantitative evaluation of the improvement of lateral resolution, I 

have defined image contrast C as C = (Imax – Imin)/Imax, where Imax and Imin 

represent maximum and minimum fluorescence intensity. For an ideal imaging 

system, C = 1. With no contrast, C = 0. I have calculated contrast C in 

diffraction-limited pixels for the data presented in Figs. 39(d)–39(f) and counted 

the number of pixels (NC>0.5), the contrast of which exceeds 0.5. NC>0.5 correlates 

with the capability of representing abrupt changes in the fluorescent intensity 

and thus can be a measure of image clarity. In Figs. 39(d)–39(f), C was 

evaluated in 2 μm pixels. NC>0.5 is obtained as 1, 21, and 38 out of 365 total 

counts of contrast, for wide-field imaging and images of conventional and 

subtractive SIM. Because the profiles compare lateral resolution, the results 

confirm significant resolution enhancement by more than an order of magnitude 

in the lateral plane using SIM compared with wide-field imaging and also 

suggest that lateral resolution may further improve using subtractive SIM 

because of the complete removal of out-of-focus fluorescence components. 
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Figure 40. Axial PSFs measured of wide-field imaging and from images of 

conventional and subtractive SIM (γ = 0.07, 0.14 and 0.21). 

 

Figure 40 presents PSFs obtained by wide-field imaging and SIM of a 

fluorescent microbead based on conventional and subtractive image 

reconstruction. After fitting measured data to Gaussian curves and evaluating 

the FWHM of the PSFs, I have obtained FWHM of wide-field imaging as 29 

μm. In contrast, FWHM measured in conventional SIM was measured to be 22 

μm. For subtractive SIM, FWHM depends on the scaling factor and was 

measured to be 17, 11, and 5.3 μm with γ = 0.07, 0.14, and 0.21, respectively. 

Here, γ was obtained as 0.21 from Sanchez-Ortiga et al. [77] and decreased in 

accordance with reduced wide-field intensity. In other words, conventional SIM 
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improves axial resolution by 32% (= 29/22), which can be further enhanced 

with subtractive SIM by 4.2 times (= 22/5.3). Usually, out-of-focus 

fluorescence degrades PSFs significantly, for example, with the fluorescent 

intensity of microbeads in Figure 39(a) laterally aggregated, the axial FWHM 

for wide-field imaging becomes much broader to be 690 μm because of the 

broadband noise contribution from the fluorescence emitted from neighboring 

microbeads. In a typical tightly packed microbead assay, it would be extremely 

difficult to detect and axially isolate a fluorescent microbead of 10 μm diameter 

without suffering from out-of-focus blur. In this case, FWHM measured in 

conventional SIM was 22 μm, which indicates resolution enhancement by 31 

times (= 690/22) in regard to the axial sectioning capability over wide-field 

imaging. For the laterally aggregated fluorescent intensity of microbeads, 

FWHMs were estimated using subtractive SIM as 15, 11, and 7.9 μm with γ = 

0.07, 0.14, and 0.21, respectively. 

Subtractive reconstruction with γ = 0.14 and 0.21 causes partial loss of 

desired in-focus components and thus reduces signal-to-noise ratio (SNR), from 

which an overly subtractive approach may suffer [81]. The ratio of signal 

intensities measured in the axial focal plane is given by I(γ = 0.14)/I(γ = 0.07) = 

0.248 and I(γ = 0.21)/I(γ = 0.07) = 0.0654. This indicates that SNR is degraded 

by 6 and 12 dB as γ increases from 0.07 to 0.14 and 0.21, assuming that noise 

does not change and is much smaller than the signal. The loss is associated with 



 

106 
 

the difficulty of obtaining FWHMs in the SLI-ISFODS with low NA (in our 

case, NA = 0.40), unless images are properly deconvolved. In contrast, 

subtractive SIM with γ = 0.07 provides enhanced axial resolution by 70% (= 

29/17) over wide-field imaging and additional resolution enhancement by 30% 

(= 22/17) over conventional SIM without any loss of contrast in measured 

fluorescence intensity. In this regard, γ = 0.07 appears to be an optimum. The 

result underlines the importance of careful selection of a scaling factor γ in 

subtractive SIM. 

 

2.2.2. Experimental Confirmation of Subtractive SIM 

for 3D Matrix 

Figure 41 presents 3D image stacks measured by subtractive SIM. The 

3D assay was axially scanned along the z axis in a 5 μm step over a total 

scanning distance of 1000 μm (i.e., in total, 2600 images were captured, 

including wide-field images). Although axial scanning can be finer with 

sufficient computational power and resources, the 5 μm step was determined 

largely in line with the DOF, which is DOF = 2λ/NA2 = 6.4 μm. 
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Figure 41. 3D image stacks and orthogonal views (y-cut) of 3D microbead 

assays in a 1 mm thick alginate gel matrix: (a) wide-field imaging, (b) 

conventional SIM, and (c) subtractive SIM (γ = 0.07). Labels in the orthogonal 

views represent different spatial scales in the x and z axis (50 and 250 μm). 

Orthogonal views are also presented: (d) wide-field imaging, (e) conventional 

SIM, and (f) subtractive SIM with γ = 0.07. Horizontal and vertical lines in the 

orthogonal views represent those along which intensity profiles are provided in 

Figure 42. 

 

First, image degradation is quite clear in wide-field imaging, compared 

with SIM images, because of the contribution from out-of-focus fluorescence. 

Improvement of image resolution because of SIM was substantial both in axial 

and lateral directions, although the enhancement produced by subtractive SIM 

over conventional SIM was relatively less significant. NC>0.5 is obtained as 5, 7, 

and 11 for Figure 42(a), respectively, for wide-field imaging and images of 
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conventional and subtractive SIM. NC>0.5 = 1, 6, and 9 for Figure 42(b). In other 

words, the contrast clearly supports the improvement of lateral resolution by 

SIM over wide-field imaging. It can be further enhanced by using subtractive 

SIM, although the enhancement seems to vary depending on the fluorescent 

intensity distribution (e.g., the amount of residual out-of-focus fluorescence in 

an image). Figures 42(c) and 42(d) confirm axial improvement in resolution by 

SIM based on subtractive image reconstruction over wide-field imaging and 

conventional SIM. For Figure 42(c), NC>0.5 = 2, 3, and 10 out of 200 counts of 

overall contrast for wide-field imaging and images of conventional and 

subtractive SIM. For Figure 42(d), NC>0.5 = 1, 3, and 9. In other words, 

compared with wide-field imaging, subtractive SIM improves resolution by an 

order of magnitude. Compared with conventional SIM, axial resolution is 

approximately twice enhanced by subtractive SIM. These results are in good 

agreement with what I observed in the PSFs that were measured with a 

monolayer assay. 
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Figure 42. Intensity profiles across the lines of the orthogonal views presented 

in Figure 41 in terms of fluorescence normalized by the maximum: (a) z = 900 

μm and (b) z = 545 μm along the x axis, (c) z = 145 μm and (d) z = 238 μm 

along the z axis. The intensity profile in the top, middle, and bottom of each 

figure is respectively from wide-field imaging, conventional SIM, and 

subtractive SIM with γ = 0.07. 

 

The scanning time is bounded by the exposure time of a CCD camera 

for a 1 mm alginate matrix: the exposure time for each partial image is 

approximately 100 ms because of low fluorescence efficiency. This limit is not 

specific to SIM. In fact, SIM does not require pinhole scanning, thus there can 
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be potential gain in the image acquisition speed over confocal scanning 

microscopy. Including post-processing, scanning time is estimated to be less 

than 2 s per frame, which can be alleviated by optimizing the θ and ϕ scheme 

and employing an imaging sensor with high sensitivity. 

 

2.2.3. Grid Pattern Noise 

 

 

Figure 43. Grid pattern noise that appears in SIM: (a) θ = 0, (b) π/4, (c) π/2, and 

(d) 3π/4. Reduced grid pattern noise: (e) mean fluorescence image of SIM, 

given by Eq. (8), and (f) subtractive SIM. 

 

SIM is afflicted with image artifacts, such as grid pattern noise shown 

in Figure 43. Sources that cause the grid pattern noise have been discussed in 
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earlier studies associated with unstable excitation light during image acquisition, 

nonsinusoidal grating patterns, mismatch of phase angles of pattern shifts, and 

nonlinear photobleaching [82,83,84]. Although SIM images acquired at a 

particular tilt angle suffer from severe grid pattern noise as shown in Figs. 

43(a)–43(d), mean fluorescence images reconstructed from multiple tilt angles 

in structured illuminations are subjected to reduced pattern noise [see Figure 

43(e)]. The grid pattern noise visible from subtractive image reconstruction of 

SIM is no worse as shown in Figure 43(f), because subtractive SIM is based on 

mean fluorescence images. 

For quantitative comparison, if I define noise contrast (NC) as NC = 

NI/Imax, where NI is the intensity difference due to grid pattern noise, NC = 32 % 

in the SIM image at θ = 0 of Figure 43(a)—that is, pattern grid noise accounts 

for approximately 30 % of intensity fluctuation. In the mean fluorescence image 

of Figure 43(e), NC was calculated to be 9.7 %. With subtractive SIM in Figure 

43(f), NC = 6.1 %. In other words, mean or subtractive SIM reduces the grid 

pattern noise by one third. 

 

2.2.4. Notch Spatial Filtering 

As the extended studies of SLI-ISFODS, I apply a set of notch spatial 

filters for the elimination of grid pattern noise in the image post-processing of 

SIM. A notch filter can reject a band of spatial frequencies in the pre-defined 



 

112 
 

neighborhoods around a center frequency, so it can be used for either positive or 

negative grid patterns, for example, 60 Hz AC noise [85,86,87]. The notch 

filtering begins with optical transfer function (OTF) of a fluorescence image 

that is acquired by SIM with a single tilt angle with grid pattern noise. Spectral 

components of the OTF are then associated with grid pattern noise. Multiple 

notch spatial filters are applied to eliminate grid pattern noise without any loss 

of processing time for 3D image stacks in SIM. Although I focus on the SIM for 

3D cell-based assays, the approach described here should be applicable to 

super-resolved optical sectioning by SIM in general. 

Figure 44(a) shows a SIM image typical of a pollen grain which was 

captured with three phases (ϕ = 0, 2/3 and 4/3) and a single tilt angle (θ = 0) 

and reconstructed by standard SIM. The image in Figure 2a suffers significantly 

from grid pattern noise which consists mainly of three spectral components of 

different amplitudes and widths in the OTF. The spectral components are 

represented as symmetric pairs about the origin as shown in Figure 44(b) (A, B, 

and C). The widths and the positions of the three spectral components in the 

Fourier domain are determined by the tilt angle (θ) and the period of input 

images of structured light illumination. Although the amplitudes of the OTF 

depend on the acquired images, both the tilt angle and the period are fixed 

during the acquisition of SIM images. Therefore, I have established a set of 

three notch filters (Figure 44(c)) for the elimination of symmetrically paired 
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spectral peaks that are responsible for grid pattern noise. Each notch filter 

employs a Gaussian rejection transfer function as follows: 

 

 

Figure 44. (a) SIM image and (b) OTF of a fluorescent pollen grain. Arrows 

indicate spectral components associated with grid pattern noise. (c) Rejection 

characteristics of the designed notch spatial filter. (d) SIM image and (e) OTF 

of the fluorescent pollen grain after notch filtering. 

 

 , 	
, ,

 (17) 
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Di(u, v), i = 1, 2, is the distance from the center frequency of the notch 

filter to the origin and given by 

 

 ,  (18) 

 ,  (19) 

 

where u and v represent the axis in the Fourier domain. M and N are the number 

of spatial frequencies in the Fourier domain in the u and v axis, respectively. u0 

and v0 denote the center frequency of each notch filter. D0 is the distance 

between the band center and the origin. In the normalized Fourier space (-  kx 

< , -  ky < ), the center frequency of the three notch spatial filters is 

(0.0718,-0.0788), (0.121,-0.114), and (0.160,-0.148). Each notch spatial 

filter has a width of (0.0144, 0.0192) in the Fourier space. Multiplication of 

fluorescence images with the designed notch filter in the Fourier domain 

eliminates the spectral components derived from grid pattern noise (Figure 44(d) 

and (e)) and mostly reduces grid pattern noise in the reconstructed fluorescence 

image. 

To evaluate the performance of notch spatial filtering in SIM, I have 

reconstructed images under four distinct scenarios: (I) standard SIM image 
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acquired at a single tilt angle (θ = 0), (II) reconstruction by averaging partial 

images acquired at four tilt angles (θ = 0, /4, /2, and 3/4), (III) image that 

was acquired at a single tilt angle and notch-filtered, and (IV) image that was 

acquired at a single tilt angle, notch-filtered, and reconstructed with a 

subtractive approach (IIV = IIII - Iwide-field,  = 0.07).  represents the amount of 

wide-field fluorescence in a SIM image. 

 

 

Figure 45. SIM images of pollen grains: (a) acquired at a single tilt angle, (b) 

reconstructed by averaging four partial images (θ = 0, /4, /2, and 3/4), (c) 

acquired at a single tilt angle and notch-filtered, and (d) acquired at a single tilt 

angle, notch-filtered, and reconstructed with a subtractive approach. 
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Figure 45 presents the images reconstructed under each scheme as an 

axial projection from 3D image stacks, where each axial projection is based on 

the maximum intensity selection of pixels in fluorescence image slices. 

Compared to the standard SIM image presented in Figure 45(a), averaging of 

partial images is moderately successful to reduce grid pattern noise. The best 

result is achieved with the use of notch spatial filters. For quantitative 

comparison of the enhancement, I have defined noise standing-wave ratio 

(NSWR) as NSWR = (Ipeak + Itrough)/(Ipeak − Itrough), where Ipeak and Itrough denote 

the highest and the lowest local fluorescence intensity in a single sinusoidal 

fluctuation that arises from grid pattern noise [88,89,90]. Reduced grid pattern 

noise would increase NSWR. Figure 45 also presents NSWR for the four 

reconstruction scenarios. The results confirm the visual observation: averaging 

produces moderate improvement by twice, while notch spatial filtering reduces 

pattern noise significantly by more than 18 times. Surprisingly, subtractive 

image reconstruction, while effective in removing background fluorescence and 

enhancing axial resolution over standard SIM, does not have a noticeable 

positive effect in terms of reducing grid pattern noise. In fact, there seems to be 

slight penalty by 14% for using subtractive reconstruction. 

In other words, the result suggests that while notch spatial filtering 

significantly reduces grid pattern noise, axial resolution may be a setback. The 

effect of notch filtering on image resolution has been investigated by comparing 
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3D image stacks of fluorescent pollen grains acquired by wide-field microscopy 

(Figure 46(a)), SIM with a single tilt angle (Figure 46(b)), SIM with four tilt 

angles (Figure 46(c)), subtractive SIM at  = 0.07 with four tilt angles (Figure 

46(d)), SIM with a single tilt angle and notch spatial filters (Figure 46(e)), and 

subtractive SIM with a single tilt angle and notch spatial filters (Figure 46(f)). 

Figure 46 shows that the subtractive reconstruction algorithm for SIM, if 

combined with notch spatial filters, tends to enhance the axial resolution in the 

measured 3D fluorescence image stacks. 

 

 

Figure 46. 3D image stack of pollen grains: (a) wide-field microscopy, (b) SIM 

with a single tilt angle, (c) SIM averaged from four partial images, (d) 

subtractive SIM, (e) SIM with a single tilt angle and notch spatial filters, and (f) 
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subtractive SIM with a single tilt angle and notch spatial filters. 

 

Another aspect of noise spatial filtering for the reduction of grid pattern 

noise is the time overhead to the overall reconstruction of axial sections of SIM 

images. Compared to the scenario I as a reference, partial image acquisition and 

averaging need more reconstruction and post-processing time because the 

amount of matrix calculation increases as the number of tilt angles. Notch 

spatial filtering may impose an additional reconstruction load for applying 

image filters in the Fourier domain. 

 

 

Figure 47. FOM normalized by standard SIM with respect to the exposure time 

of a single partial image (ts). 
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For quantitative assessment of the overall image quality and the timing 

load imposed by the image acquisition and the reconstruction, a figure-of-merit 

(FOM) is defined as FOM = NSWR/[AR(in m)·t(in sec)], where t is the time 

consumed for each reconstruction scenario (I, II, III, and IV). Axial resolution 

(AR) was measured as a full-width-at-half-maximum of an axial point-spread 

function when a fluorescent bead was imaged and reconstructed. A larger FOM 

is preferred while FOM is related to the exposure time of a single partial image 

(ts) through t. Figure 47 shows FOM for the four reconstruction schemes with 

respect to ts. First of all, averaging of partial images with multiple tilt angles 

shows a much lower FOM compared to the reconstruction using a single tilt 

angle because of additional time consumption needed for both the partial image 

acquisition and the reconstruction. On the other hand, notch spatial filtering 

produces a remarkably higher FOM by more than 8.77 times compared to that 

of standard SIM. FOM in the case of using notch filters combined with a 

subtractive approach for axial resolution enhancements is also higher than that 

of standard SIM by more than 9.46 times, even higher by 8% than that of using 

only notch spatial filters, because of the enhancement in the axial resolution. 

This result indicates notch spatial filtering, if used in combination with 

subtractive reconstruction algorithm, may enhance overall image quality of SIM 

by almost 10 times with very little processing overhead.  
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2.3. Summary 

I have investigated subtractive image reconstruction in SIM. The 

subtractive reconstruction algorithm was assessed with fluorescent microbead 

assays in a 2D monolayer and 3D-thick matrix using the SLI-ISFODS. The 

system employs a DMD as a spatial light modulator, where phase and tilting 

angle are varied in a grid pattern to implement specific image reconstruction 

schemes. 

Measured PSFs indicate that subtractive SIM enhances axial resolution 

by 30 % compared with conventional SIM. Lateral resolution also improves 

primarily due to the effective removal of out-of-focus fluorescence. The effects 

were confirmed both in 2D and 3D assays. Subtractive SIM also was found to 

reduce grid pattern noise significantly. 

In the extend studies for the reduction of grid pattern noise in 

SLI-ISFODS, I report reduction of grid pattern noise in SIM by application of 

notch spatial filters in the Fourier domain. The results based on wide-field and 

SIM images of pollen grains indicate that notch spatial filtering reduces pattern 

noise significantly by more than 18 times compared to that of standard SIM. 

Overall image quality can be enhanced by almost ten times in terms of a FOM 

when notch spatial filters are combined with subtractive image reconstruction. 

The approach is expected to provide a simple method of removing SIM image 

artifacts for various applications of cell-based assays.  
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3. EXTRAORDINARY TRANSMISSION 

BASED SUPER-RESOLVED AXIAL 

SECTIONING OF LIVE CELLS 

In classical Bethe’s theory, light would undergo extremely low 

transmission through a subwavelength aperture [91]. In 1998, Ebbesen and 

co-workers reported that subwavelength apertures in an optically thick metal 

film can amplify transmitted light amplitude by several orders of magnitude 

based on combined surface plasmon and diffractive coupling effects [92]. 

Previous studies have numerically analyzed the extraordinary transmission 

(EOT) as well as the dependence on materials and structures [93,94,95,96], and 

also investigated the feasibility of EOT to implement enhanced sensing 

techniques [ 97 , 98 , 99 , 100 , 101 ]. Several approaches were attempted to 

understand comprehensive behavior of EOT by creating nanoscale fields 

through various apertures that can be useful to achieve high image resolution 

[102,103,104]. Nevertheless, relatively little efforts have been made to take 

advantage of EOT in practical biomedical applications, particularly in live cell 

imaging. 

In this chapter, the feasibility of axially scanning super-resolution 

microscopy of live cells based on EOT was explored. This requires an optimum 

design of subwavelength apertures to create EOT in such a way that a 
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subdiffraction-limited spot is produced at an axial point that is located much 

deeper than typical penetration depth in a controllable way. To find an optimum 

aperture structure, optical properties of EOT through linear arrays of 

subwavelength apertures were first calculated. For this feasibility study, the 

linear aperture arrays were designed such that each aperture implements light 

transmission with a different penetration depth. A conceptual illustration of 

EOT-based super-resolved depth imaging for live cell microscopy is presented 

in Figure 48. By sampling with a linear array of apertures and differentiating the 

fluorescence measured by neighboring apertures in the linear array, one may 

obtain super-resolved depth information. There are two potential issues, 

however, for this approach to be practical. First, lateral resolution is effectively 

sacrificed to obtain sufficient depth resolution. Second, apertures in an array 

take the images of different points in the lateral plane so that images 

reconstructed by sampling and differentiation may not provide axial information 

of an identical lateral point. Although the two issues cannot be completely 

overcome under the current scheme, they can be alleviated by adopting more 

apertures in an array, i.e., higher array density. Increasing the array density 

requires the availability of sophisticated fabrication technology, possibly with 

the capability of illuminating a single aperture in a switching manner. In this 

work, we confirm experimentally that the penetration depths produced by EOT 

of light through linear subwavelength aperture arrays are in good agreement 
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with calculation and demonstrate super-resolved depth imaging of live cells 

based on EOT. 

 

 

Figure 48. A schematic illustration of super-resolved axial scanning by linear 

aperture arrays for EOT. 

 

3.1.  Materials and Methods 

3.1.1. Simulation of Electromagnetic Fields 

In theoretical calculation, dispersion relation based analytical models 

provide little information on the near-field and the effect of plasmonic 

evanescent waves produced by metallic subwavelength apertures [ 105 ]. 

Therefore, numerical calculation was mainly performed using rigorous coupled 

wave analysis (RCWA) to quantify penetration depths of light in EOT based on 
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near-field distribution. RCWA has been successfully used to explain near-field 

optical characteristics created by subwavelength nanostructures [106,107,108]. 

15 x 15 spatial harmonic orders were employed to ensure convergence. 

 

3.1.2. Design of Nanoaperture Arrays 

It has been reported that electromagnetic field intensity in EOT through 

a single aperture is strongly affected by incident light wavelength 

[109,110,111,112,113,114]. To find optimized structures for live-cell imaging, 

the wavelength was fixed at 488 nm for excitation of Cy3-fluorescence which is 

widely used in cell staining. Gold was chosen as the material because of good 

biocompatibility [115,116]. Numerical calculation was performed to understand 

the effects of geometrical parameters such as aperture diameter (ϕ), separation, 

and array period (). An ideal aperture array would have the apertures 

collocated to image an identical lateral location at different depths. Current 

scheme of EOT-based super-resolved axial sectioning requires the apertures to 

be laterally spread mainly because each aperture sees a different depth and 

cannot be collocated. In this regard, apertures with a shorter period, i.e., a 

smaller separation between neighboring apertures tend to provide higher 

precision due to improved lateral colocalization. However, as the array period 

increases, it was found that fields under EOT through neighboring apertures 

interfere with each other, which results in the energy redistribution within 
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spatial modes and creates axial side lobes. As the array period approaches the 

aperture diameter, the fields become eventually coupled with strong side lobe 

modes. The optimum aperture separation was therefore determined as 800 nm, 

which is large enough to exclude coupling of light fields in EOT through 

neighboring apertures. Aperture size changes only in one lateral direction (x 

axis). Because one linear array consists of 11 apertures, array period  = 8.8 m 

in the x-axis. One dimensional lateral axis is denoted by the y-axis. In both x 

and y axis, center-to-center distance between apertures is 800 nm, regardless of 

the aperture size. Axial coordinate along the depth is represented by the z-axis. 

 

3.1.3. Optical Set-up 

Figure 49 shows the optical schematic used for creating EOT with 

subwavelength aperture arrays. The aperture arrays are fabricated on a substrate 

that is index-matched to an objective lens (60x, CFI Apo TIRF 60x Oil, NA = 

1.49, Nikon, Tokyo, Japan) and illuminated by a 488-nm wavelength laser 

(Sapphire 488-20, Coherent, Dieburg, Germany) that is collimated and 

p-polarized. Fluorescence images are then relayed and captured by an EM-CCD 

camera (C9100-12, Hamamatsu, Hamamatsu city, Japan) through a filter set 

(B-2A, Nikon), which consists of an excitation bandpass filter (F1, 470 CWL, 

Nikon), a dichromatic longpass mirror (DM, λcutoff = 500 nm), and an emission 

longpass filter (F2, λcutoff = 515 nm). 
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Figure 49. Optical set-up (CO: collimator, PO: polarizer, DM: dichromatic 

mirror, M: mirror, F1: excitation filter, F2: emission filter, RL: relay lenses, and 

OB: objective lens). Inset on the top is an SEM image of a fabricated linear 

aperture array. 

 

3.1.4. Fabrication of Nanoaperture Arrays 

Subwavelength aperture arrays were fabricated by evaporating a 5-nm 

thick gold film on a BK7 cover glass substrate. For adhesion, a 2-nm thick 

chrome layer was deposited between glass substrate and gold film. 

Subwavelength aperture arrays were defined on the gold film by electron beam 

(E-beam) lithography using a negative polymer resist (ARN-7520, Allresist 
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GmbH, Strausberg, Germany). The patterns were then transferred to form 

50-nm thick apertures by a lift-off process using evaporation of gold. The inset 

in Figure 49 presents a scanning electron microscopy (SEM) image of a single 

linear aperture array. A single array consists of identically spaced 11 apertures 

of a different size. The aperture diameter increases from ϕ = 200 to 400 nm 

with a 20-nm difference, i.e., ∆ϕ = 20 nm, which was selected due to strong 

EOT effects that appear in the range. For experimental demonstration, we have 

fabricated the aperture arrays in an overall size of 800 × 800 m2 so that the 

size is large enough to image multiple target cells as shown in Figure 50. For 

control experiments, we fabricated planar thin film samples of gold at 55-nm 

thickness without surface apertures on 2-nm thick chromium and a BK7 

substrate. 

 

 

Figure 50. A SEM image of mouse macrophage-like cell line (RAW264.7 cells) 
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cultured on linear aperture arrays. 

 

3.1.5. Control Experiments Using Fluorescein 

For experimental confirmation of numerical results, we have measured 

light intensity produced by aperture arrays by imaging fluorescein uniformly 

coated on the aperture arrays. Fluorescein is a fluorescent tracer used in various 

applications as a reference for confirmation and comparison of field 

enhancement [117,118,119]. In this work, fluorescein was employed at a 

concentration of 10 μM in 2% alginate gel solution, which is diluted by 5% 

HEPES-DI water solution. 

 

3.1.6. Cell Cultures 

For wide biological applications in cell imaging, we tested with human 

cervical adenocarcinoma cell line (HeLa cells) and mouse macrophage-like cell 

line (RAW264.7 cells) which have different morphology types. Flat and 

nanostructured metal surfaces were sterilized by 70% ethanol for 10 min and 

then dried in lamina flow hood under ultraviolet light. Human cervical 

adenocarcinoma cell line of HeLa cells and mouse macrophage-like cell line of 

RAW264.7 cells were cultured on the metal surface in Dulbecco’s Minimum 

Essential Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 

2 mM L-glutamine, and penicillin and streptomycin in a 5% CO2 incubator. For 
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scanning electron microscopy (SEM), cells were fixed with 2.5% 

glutaraldehyde overnight at 4oC. The cells were subjected to critical point 

drying. 

Before cell imaging based on EOT through subwavelength aperture 

arrays, biocompatibility of cell with the samples was confirmed. While it has 

been known that cells have good attachment on metal film or nanostructures 

[120,121,122], it was also reported that cells may have poor adhesion on a very 

thin nanostructures [123]. In regard to our aperture arrays, the aperture depth 

was determined to be 50 nm, a thickness that can be formed by the lift-off in a 

reproducible manner. We have confirmed overall good attachment and 

compatibility of the fabricated aperture arrays to both the cell lines, as shown in 

Figure 2. For SEM of cultured cells, cells were sputtered with gold after fixation 

following the procedure described in Ref. [124]. 

For the feasibility of EOT based super-resolved depth imaging of live 

cells, RAW 264.7 cells were cultured. The cells were stained with 1 μg/mL of 

cholera toxin subunit B (CT-B) conjugated Alexa Fluor® 488 (C-34775, 

Invitrogen), on linear subwavelength aperture arrays in an area of 100 x 100 

μm2, which are enough to cover several cells on chip. Cholera toxin subunit B 

Alexa 488 attaches to cells by binding to ganglioside, a component of the cell 

plasma membrane that modulates cell signal transduction events [125]. 
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3.2. Results and Discussion 

3.2.1. Numerical Results 

 

 

Figure 51. Calculated near-field distribution of EOT through a linear aperture 

array shows that light penetrates more deeply through a larger aperture. The 

aperture diameter ranges from 200 to 400 nm. An SEM image of fabricated 

apertures is overlayed in the x-axis. 

 

Figure 51 shows the axial field intensity (|E|2) produced by 

subwavelength apertures of a different size ranging from ϕ = 200  400 nm in 

diameter. In this result, we can see clearly that transmitted light creates an 

evanescent field with deeper penetration through a larger aperture as designed. 

When an aperture is very small, the light penetration approaches that of thin 
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films without apertures leading to no transmission. Figure 52, where penetration 

depths (zp) defined as the axial distance at which normalized field amplitude 

|E(z)| is equals to 0.8 are plotted, shows that as the diameter ϕ is reduced to 200 

nm, the penetration depth approaches 35 nm. For apertures of an intermediate 

size, the penetration depth changes linearly with the aperture diameter. If the 

aperture is enlarged to 400 nm in diameter, the coupling between neighboring 

transmitted fields kicks in and the light penetration along the optical axis of an 

aperture increases sub-linearly with the aperture diameter and becomes almost 

saturated. 

 

 

Figure 52. Plot of penetration depths (zp) defined as the axial distance at which 

normalized field amplitude |E(z)| is equals to 0.8. Penetration depths are shown 
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to follow a sigmoidal distribution with the aperture diameter. 

 

Extremely high depth resolution is ensured, as the penetration depth 

difference between neighboring apertures ∆ , , ~
 where 

N denotes the number of apertures in an array, is much smaller than the 

diffraction-limited axial resolution. Because of sub-linear increase of 

penetration depths for larger apertures, the relation between the aperture 

diameter and the penetration depths zp becomes sigmoidal, rather than linear, as 

shown in Figure 52. Axial resolution is determined by the penetration depth 

difference Δzp, which follows a Lorentz distribution. The near-field coupling 

causes the Lorentz fitting of zp to be of lower correlation for larger apertures. If 

we call the full imaging depth , ,  = 480 nm the dynamic range of 

the system and considering that we have only a limited number of apertures in 

an array, there exists a trade-off between axial resolution and dynamic range, 

which is a direct consequence of the trade-off between axial and lateral imaging 

resolution. Axial resolution is the worst near the medium aperture and improves 

for smaller and larger apertures. With the current design, the best and the worst 

axial resolution in the dynamic range are estimated as 20 and 125 nm, 

respectively. We compared axial resolution of EOT with that of wide-field and 

confocal fluorescence microscopy. According to Rayleigh criterion, axial 

resolution of wide-field fluorescence microscopy is derived as: 
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  . (20) 

 

In Eq. (20), n is the refractive index of sample media and λ is the peak 

wavelength of fluorescence emission. NA denotes numerical aperture of an 

objective lens. Wide-field microscopy using the current optical system, the 

resolution is calculated as Rwide-field = 696 nm. In addition, axial resolution of 

confocal fluorescence microscopy is determined as: 

 

 	  (21) 

 

where Caxial is a coefficient (0.61 ~ 0.88) related to the size of the pinhole 

aperture (0.25 ~ 1.00 AU) used in confocal microscopy. Using Eq. (21), axial 

resolution of confocal microscopy is obtained to be in the range of 224 ~ 308 

nm. In other words, numerical results suggest that EOT-based axial scanning 

would provide an axial resolution that is improved by more than twice 

compared to confocal microscopy. Improvement is expected to be more than 

five times if compared to wide-field imaging. 

 

3.2.2. Control Experiments Using Fluorescein 
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Figure 53. Near-field distribution of EOT through a linear aperture array 

measured of uniform fluorescein control confirms numerical results. 

 

Figure 53 and 54 demonstrates normalized fluorescence intensity 

measured of fluorescein coated on linear aperture arrays. The fluorescence 

image of linear aperture arrays (inset) and the intensity distribution averaged 

over 30 linear aperture arrays are presented in Figure 53 and in good agreement 

with the numerical results of Figure 51. Because of uniform fluorescein 

distribution, penetration depths zp are proportional to the fluorescence intensity 

I at apertures. Indeed, measured intensity peak difference ΔI shows a good 

Lorentz fit L(z) (R = 0.88720), which confirms the numerical results. Assuming 

that gravitational effect is negligible, Figure 53 indicates that a uniform axial 

distribution of fluorescence would create a Lorentzian relation between axial 

intensity difference and aperture diameter. Note that in fact, aperture diameter 

represents an axial coordinate z. Moreover, the Lorentzian curve L(z) obtained 
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in Figure 54 can be used as an optical transfer function (OTF) for axial 

deconvolution of fluorescence images. 

 

 

Figure 54. Measured fluorescent intensity on the linear aperture array. In the 

inset is the intensity difference between neighboring apertures. 

 

3.2.3. Super-Resolved Axial Imaging of Live Cells 
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Figure 55. Images of mouse macrophage-like cell line (RAW264.7 cells): (a) 

wide-field microscopy and (b) on linear aperture arrays for EOT. Insets show 

the target cell. 

 

Figure 55a presents a wide-field image of RAW264.7 cells measured 

on the aperture arrays. The wide-field image is weakly overlayed with the 

fluorescence excited by a broadband light source through the apertures. In 

contrast to this overlayed fluorescence in wide-field image, fluorescence 

excitation by EOT at normal incidence, which appears in Figure 55b, clearly 

shows well-defined and isolated images of fluorescence for each aperture. The 

inset of Figure 55b represents an overlay of a cell in wide-field image (shown in 

the rectangle of Figure 55a) and the corresponding image of the cell by 

EOT-based fluorescence. 
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Figure 56. Measured fluorescent image of the target cell in the yz plane. 

 

The fluorescence intensity image ,  obtained at each aperture 

array for the cell in the inset of Figure 55b is presented in Figure 56. In 

,
~ , ~

, the indices i and j represent the number of apertures in the 

field of view in the respective axis. In the x-axis, apertures of different sizes 

address different axial depths in the z axis, i.e., , 	 , ,. 

Therefore, from the imaging theory [126], 

 

 , ∗ , ,   (22) 

 

where * denotes convolution operation. From Eq. (3), deconvolution can be 
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performed with the obtained OTF to produce ,  for the 

subdiffraction-limited axial fluorescence image profiles in the yz plane. No 

florescence variation was assumed along the x-axis so that EOT through each 

aperture correctly probes the fluorescence in the depth axis. Obviously, this 

assumption is not always realistic, thus misregistration due to the fluorescence 

variation in the x-axis may exist. 

 

 

Figure 57. (a) Fluorescent image after deconvolution. (b) Axial intensity 

profiles at sampled lateral points. 

 

Figure 57a shows the measured axial fluorescence profile after 

deconvolution, in which a uniform profile represents no axial changes in 

fluorescence. If we take axial profiles that correspond to y = 362, 386, and 434, 

as shown in Figure 57b, and because Alexa Fluor® 488 was conjugated to 

specifically bind to gangliosideGM1, making it a powerful tool for retrograde 

labeling of neurons. 
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3.2.4. Discussion 

Current design of EOT-based linear aperture arrays is optimized to 

achieve axial super-resolution by sacrificing a lateral dimension and trading off 

with misregistration in the x axis. This limits the concept to applications with 

one-dimensional variations in the lateral plane. The issue can be alleviated 

using several approaches: first, the lateral plane can be pixelated with partial 

pixels similar to an implementation of a 3D display [127], in which each partial 

pixel is an aperture of a different size that images a specific axial depth. The 

number of partial pixels within a pixel represents the number of points at which 

axial scanning may be performed and, ultimately, the dynamic range of axial 

scanning if axial resolution is fixed. In addition, one may employ temporal 

addressing of each partial pixel using a spatial light modulator [128,129], in 

case it is difficult to fabricate multiple partial pixels in an area below the 

diffraction limit. 
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3.3.  Summary 

In this preliminary study, the feasibility of axially scanning 

super-resolution microscopy of live cells based on EOT was investigated. 

Despite of sacrificing a lateral dimension and trading off with misregistration in 

the x axis, EOT based super-resolution fluorescence microscopy of live cells 

can be integrated to various biological applications such as microfluidic cell 

culture platforms with high-resolution optical monitoring of live cells. On the 

other hand, temporal addressing of partial nanoaperture pixels using a spatial 

light modulator and aperture arrays designing to minimize sacrificed lateral 

dimension should be achieved to overcome the restriction of EOT based 

super-resolution fluorescence imaging. 

 

*K. Kim (Max Planck Institute for the Science of Light) and I equally 

contributed to design nanoaperture arrays, calibrate using Fluorescein, and 

study cell-based studies. Y. Oh (Graduate School of Electrical and Electronic 

Engineering, Yonsei University) mainly contributed to fabricate metallic 

nanoaperture arrays by e-beam lithography. Also, S. Y. Kim and A. L. Kim 

managed RAW264.7 cell cultures and CT-B fluorescence stains. 
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CHAPTER IV. 

CONCLUSION 
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1. SUMMARY OF THE THESIS 

 

This dissertation aims to investigate in situ fluorescence optical 

detection or imaging systems for various microfluidic 3D cell-based assays and 

to analyze specific cellular dynamics and activities. 

At first, the w-ISFODS was investigated to measure P450 enzymatic 

activity of 3D cultured HepG2 cells in the microfluidic cell culture systems. The 

w-ISFODS could detect fluorescent signals from resorufin, which is 

bio-transformed from the ethoxyresorufin by P450 enzymatic activity, 

accumulated in reservoirs. The w-ISFODS is appropriate to this indirect 

fluorescence measurement, but it could measure the averaged enzymatic 

activities of total cells in a microfluidic cell culture system only. 

Next, several ISFODSs were developed with confocal and structured 

illumination fluorescence microscopic techniques to surmount the limitation of 

w-ISFODS. The λ-ISFODS showed the feasibility of spectroscopic 

measurements of various cell-based assays. The c-ISFODS allowed in situ 

monitoring of specific changes in the 3D cell cultures, using confocal 

fluorescence detection with axial scanning.  

As extended studies of optical detection systems, the DMD-ISFODS, 

which is an improved version of the c-ISFODS using the DMD, offers both 

lateral and axial scanning based on the integration of multiple pinhole apertures 
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and motorized stage. Also, the SLI-ISFODS using both general SIM and 

subtractive reconstruction algorithms provides the fluorescent images with 

substantially improved axial resolution and scanning speed. Lateral resolution 

of the fluorescent images also improved due to the reduction of out-of-focus 

fluorescence components. Through their advancements, the SLI-ISFODS could 

be used for various biomedical applications including the microfluidic 3D 

cell-based assays. Furthermore, EOT-AIM showed the possibility to acquire 

super-resolution axial resolved images of biological samples above metallic 

nanoaperture arrays. 
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2. FUTURE WORKS 

2.1. Specific Microfluidic 3D Cell-Based Assays 

Through the development in theoretical models, fabrication techniques, 

3D cell culture skills and experimental applications, well-defined microfluidic 

3D cell-based assays can be progressed to in vitro organ-on-a-chips offering cell 

culture environments that are similar to in vivo. Today, several research groups 

have suggested various organ-on-a-chips that can model in vivo organs, for 

example, brain [130], heart [131], lung [132], liver [20], stomach [133] and gut 

[134,135]. 
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Figure 58. Conceptual artwork of in vitro gut-on-a-chip with optical 

measurements. 

 

As MRI (Magnetic resonance imaging) or endoscopy for the detection 

of cancer in in vivo human organs, ISFODSs suggested in Chapter II.1 ~ III.2 

can measure specific cellular dynamics or behaviors that are expressed by a 

fluorescent indicator in in vitro organ-on-a-chips. By the collaborative work 

with Nano-bio Laboratory in Hongik University, the SLI-ISFODS with 

subtractive SIM reconstruction algorithm has been applied for the time-lapse 

3D detection of cell dynamics in a gut-on-a-chip in Figure 58 as a conceptual 

artwork. In the preliminary study in optical measurements of the gut-on-a-chip, 

the SLI-ISFODS can acquire 3D fluorescence images stack of 1 μm fluorescent 
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microbeads embedded in an extracellular matrix of the gut-on-a-chip as Figure 

59. 

 

 

Figure 59. z-projected 3D fluorescence images stack of 1 μm fluorescent 

microbeads embedded in an extracellular matrix of the gut-on-a-chip. 

 

2.2. Improvement to Super-resolution Imaging 

In general optical imaging systems, lateral and axial resolutions are 

bounded by the diffraction limit which can be derived by the wave theory [136]. 

Super-resolution means a class of methods that can offer enhanced resolutions 

in an imaging system with breaking the diffraction limit [137]. 

Structured light illumination and reconstruction in the SLI-ISFODS can 



 

147 
 

be progressed to super-resolution fluorescence imaging. Since the first 

introduction of SSIM, the saturated excitation based SIM, by Gustafsson [138], 

structured light illumination and reconstruction have been used in the 

development of various super-resolution fluorescence optical imaging systems 

[14,15,139]. 

Furthermore, the integration of structured light illumination and 

reconstruction to other super-resolution or high-resolution optical imaging 

techniques can achieve more enhanced resolution in acquired fluorescence 

images. For example, Gao et al. suggested SR-SIM that means the combination 

of structured light illumination and Bessel beam light-sheet fluorescence 

microscopy [140,141]. Also, Figure 60 illustrates super-resolution fluorescence 

imaging system by the integration of structured light illumination to the metallic 

nano-structure supported total internal reflection fluorescence microscope 

(TIRFM) [142,143,144]. 
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Figure 60. A conceptual artwork of the integration of structured light 

illumination to the metallic nano-structure supported total internal reflection 

fluorescence microscope (TIRFM). 

 

2.3. Miniaturized ISFODS 

Through the convergence of several advantages in microfluidics and 

optics, optofluidics have been rapidly developed and employed in various 

applications such as lab-on-a-chip devices, biosensors and molecular detectors 

[145,146]. For instance, Arpali et al. introduced the preliminary study of 

microfluidic cell culture systems attached to miniaturized structured light 

illuminator and photo-detector [147]. Also, several research groups suggested a 

lens-free holographic optical imaging system that can be integrated to various 
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microfluidic lab-on-a-chip devices [148,149,150]. Along the same lines, the 

ISFODSs introduced in Chapter II.1 ~ III.2 can be miniaturized and integrated 

to various microfluidic cell culture systems as optofluidic devices. For the 

preliminary study of implementing an emission filter (λcutoff = 610 nm) in 

microfluidic cell culture systems, Sudan (III)-PDMS conjugated microfluidic 

devices have been progressed as Figure 61. 

 

 

Figure 61. Single-chamber based microfluidic devices consisting of (a) PDMS 

and (b) 0.625 mM Sudan (III)-PDMS. (c) Transmission spectra of microfluidic 

devices composed of PDMS and Sudan (III)-PDMS with various concentrations 

of Sudan (III). 

 

2.4. Optical Manipulation and Stimulation 

Recently, cell or particle manipulation using optical tweezing systems 

has been progressed in several research groups [25, 151 , 152 ]. In the 

investigation of the optical tweezing systems, the DMD provides high speed 
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and degree-of-freedom of manipulation because controllable structured light can 

be generated by high-speed operable micromirrors. Since Chiou et al. firstly 

introduced DMD-based optoelectronic tweezer for particle manipulations, 

several optical/optoelectronic tweezing systems have been developed [153,154]. 

The integration of the DMD-based optical/optoelectronic tweezing system to 

microfluidic cell culture systems offers various functional applications such as 

cell manipulation, cell sorting, and drug/toxin release. 

Along the same lines on optical/optoelectronic tweezers, the DMD 

based structured light illuminator can be implemented to a high-resolution 

optical stimulation platform. Wang et al. introduced the feasibility of the 

DMD-based structured light illuminator as the optical stimulation platform to 

study neural activities with electrodes [27]. Also, Kocabas et al. suggested the 

control of inter-neuron activities in C. Elegans by the multi-color (λ1 = 480, λ2 = 

540 nm) optical stimulation platform using the DMD [155]. Figure 62 illustrates 

the fluorescence optical imaging and stimulating platform using a TIRFM with 

metallic nano-structures and electrodes. 
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Figure 62. A conceptual artwork of the fluorescence optical imaging and 

stimulating platform using a TIRFM with metallic nano-structures and 

electrodes. 
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ABSTRACT (IN KOREAN) 
 

 

3차원 세포 배양 마이크로 미세유체칩을 위한 형광 

측정의 개발 

 

연세대학교 대학원 전기전자공학과 

최 종 률 

 

본 논문에서는 마이크로 미세유체칩 내 3차원으로 배양된 세포를 

분석하기 위한 형광 측정의 개발을 연구하였다. 

우선 마이크로 미세유체칩 내 3차원으로 배양된 간 세포의 P450 

효소 반응을 측정 및 분석할 수 있는 광시야각 형광 검출 기반의 형광 측정 

시스템을 개발하였다. 본 광학 측정 시스템은 P450 효소 반응으로부터 

변환된 산물인 레조루핀의 형광 신호를 검출하는 원리에 기반을 둔다. 

세포의 수 등 다양한 조건에서의 실험을 통해 본 광학 측정 시스템은 

3차원으로 배양된 세포의 특정 반응을 정량적으로 측정 및 분석할 수 

있다는 결론을 획득하였다. 이와 반대로, 광시야각 형광 검출 기반의 본 

시스템으로는 마이크로 미세유체칩 내 세포 전체의 특정 반응의 평균만 
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획득할 수 있다는 한계 또한 확인하였다. 

이러한 한계를 극복하기 위해서 공초점 형광 현미경과 구조 조명 

형광 현미경의 두 가지 광학 검출 및 이미징 방식이 형광 측정 시스템에 

적용되었다. 그 중 하나인 공초점 형광 측정 시스템은 하나의 고정된 핀홀을 

이용해 3차원으로 배양된 세포의 특질(세포 생장성 등) 및 특정 반응을 종축 

스캐닝하여 측정할 수 있었다. 본 연구의 연장선으로 진행된, 정전구동형 

마이크로거울 어레이로 형성된 여러 개의 핀홀 어레이를 이용한 다공초점 

형광 이미징 시스템의 개발에서는 세포외 기질 내 3차원으로 분포된 형광 

마이크로비드 및 배양된 세포의 형광 이미지를 획득할 수 있었다. 

마지막으로 종축 해상도 및 스캐닝 속도의 향상을 위해 구조 조명 

형광 현미경 기술을 적용한 형광 이미징 시스템을 개발하였다. 기존 구조 

조명 형광 현미경의 재구축 알고리즘과 광시야각 형광 현미경 조건에서의 

이미지와의 감쇄 재구축 알고리즘의 결합을 통해 이전의 다공초점 형광 

이미징 시스템보다 향상된 종축 해상도 및 스캐닝 속도를 획득할 수 있었다. 

본 구조 조명 기반 형광 이미징 시스템은 다양한 마이크로 미세유체칩 내 

3차원으로 배양된 세포의 측정에 범용적으로 이용될 수 있을 것으로 

기대한다. 

--------------------------------------------------------------------------------------------------------- 

핵심되는 말:  형광 측정 및 이미징 3차원 세포 배양 

 공초점 형광 현미경 구조 조명 형광 현미경 

 정전구동형 마이크로거울 어레이 

  



 

154 
 

PUBLICATION LIST 
 

 

[1] J. Choi and D. Kim, “Fluorescence image detection and 

reconstruction by subtractive light illumination using a digital 

micromirror device,” the Proceedings of SPIE Vol. 8618: Emerging 

Digital Micromirror Device Based Systems and Applications V, 861808 

(2013). 

[2] J. Choi and D. Kim, “Enhanced image reconstruction of 3D 

fluorescent assays by subtractive structured light illumination 

microscopy,” Journal of the Optical Society of America A 29(10), 

2165-2173 (2012). 

[3] J. Choi, K. Kim and D. Kim, “In situ fluorescence optical detection 

using a digital micromirror device (DMD) for 3D cell-based assays,” 

Journal of the Optical Society of Korea 16(1), 42-46 (2012). 

[4] J. Choi, Y. Oh and D. Kim, “Design of multiple nanoring-based 

metallic nanophotonic superlens,” the Proceedings of SPIE Vol. 8264: 

Integrated Optics: Devices, Materials, and Technologies XVI, 82641A 

(2012). 

[5] Y. Oh, J. Choi, K. Kim and D. Kim, “Enhanced light transmission 



 

155 
 

through a metallic nanolens consisting of multiple nanorings,” the 

Proceedings of SPIE Vol. 7941: Integrated Optics: Devices, Materials, 

and Technologies XV, 794119 (2011). 

[6] J. Choi, J. H. Sung, M. L. Shuler and D. Kim, “Investigation of 

portable in situ fluorescence optical detection for microfluidic 3D cell 

culture assays,” Optics Letters 35(9), 1374-1376 (2010). 

[7] J. Choi, J. H. Sung, M. L. Shuler and D. Kim, “Confocal 

fluorescence detection of cell-based assays using a digital micromirror 

device,” the Proceedings of SPIE Vol. 7596: Emerging Digital 

Micromirror Device Based Systems and Applications II, 759608 (2010). 

[8] J. Choi, J. H. Sung, M. L. Shuler and D. Kim, “Confocal 

fluorescence detection for 3D cultured mammalian cells in a microfluidic 

cell culture system,” the Proceedings of SPIE Vol. 7586: Imaging, 

Manipulation, and Analysis of Biomolecules, Cells, and Tissues VIII, 

75680X (2010). 

[9] J. H. Sung, J. Choi, D. Kim and M. L. Shuler, “Fluorescence optical 

detection in situ for real-time monitoring of cytochrome P450 enzymatic 

activity of liver cells in multiple microfluidic devices,” Biotechnology 

and Bioengineering 104(3), 516-525 (2009). 

  



 

156 
 

BIBLOGRAPHY 

 
[1] A. Jablonski, “Efficiency of anti-Stokes fluorescence in dyes”, Nature 131(3319), 

839-840 (1933). 

[2] J. W. Lichtman and J.-A. Concehello, “Fluorescence microscopy,” Nat. Methods 

2(12), 910-919 (2005). 

[3] H. R. Petty, “Fluorescence microscopy: established and emerging methods, 

experimental strategies, and applications in immunology,” Microsc Res Tech. 70(8), 

687-709 (2007). 

[4] M. Chalfie, Y. Tu, G. Euskirchen, W. W. Ward and D. C. Prasher, “Green fluorescent 

protein as a marker for gene expression,” Science 263(5148), 802-805 (1994). 

[5] J.-A. Conchello and J. W. Lichtman, “Optical sectioning microscopy,” Nat. Methods 

2(12), 920-931 (2005). 

[6] J. B. Pawley, “Handbook of biological confocal microscopy,” 3rd ed.: Springer 

(2006). 

[7] J. H. Sung, J. Choi, D. Kim, and M. L. Shuler, "Fluorescence optical detection in 

situ for real-time monitoring of cytochrome P450 enzymatic activity of liver cells in 

multiple microfluidic devices," Biotechnology and Bioengineering, 104(3), 516-525 

(2009). 

[8] V. Bansal, S. Petal, and P. Saggau, “High-speed addressable confocal microscopy for 

functional imaging of cellular activity,” J. Biomed. Opt. 11(3), 034003 (2006). 

[9] B. R. Boruah and M. A. A. Neil, “Laser scanning confocal microscope with 

programmable amplitude, phase, and polarization of the illumination beam,” Rev. Sci. 

Instrum. 80(1), 013705 (2009). 

[10] J. Choi, J. H. Sung, M. L. Shuler, and D. Kim, "Investigation of portable in situ 

fluorescence optical detection for microfluidic 3D cell culture assays," Optics Letters, 

35(9), 1374-1376, (2010). 

[11] J. Choi, K. Kim, and D. Kim, "In situ fluorescence optical detection using a digital 

micromirror device (DMD) for 3D cell-based assays," Journal of the Optical Society of 

Korea, 16(1), 42-46 (2012). 

 



 

157 
 

 
[12] C. H. Wong, N. G. Chen, and C. J. R. Sheppard, “Study on potential of structured 

illumination microscopy utilizing digital micromirror device for endoscopy purpose,” in 

Biophotonics, Nanophotonics and Metamaterials, 2006, International Symposium on 

Metamaterials (IEEE, 2006), pp. 218–222. 

[13] M. A. A. Neil, R. Juskaitis, and T. Wilson, “Method of obtaining optical sectioning 

by using structured light in a conventional microscope,” Opt. Lett. 22, 1905–1907 

(1997). 

[14] L. Schermelleh, P. M. Carlton, S. Haase, L. Shao, L. Winoto, P. Kner, B. Bruke, M. 

C. Cardoso, D. A. Agard, M. G. L. Gustafsson, H. Leonhardt, and J. W. Sedat, 

“Subdiffraction multicolor imaging of the nuclear periphery with 3D structured 

illumination microscopy,” Science 320, 1332–1336 (2008). 

[15] R. Fiolka, L. Shao, E. H. Rego, M. W. Davidson, and M. G. L. Gustafsson, 

“Time-lapse two-color 3D imaging of live cells with doubled resolution using structured 

illumination,” Proc. Natl. Acad. Sci. U.S.A. 109, 5311–5315 (2012). 

[16] J. Choi and D. Kim, "Enhanced image reconstruction of 3D fluorescent assays by 

subtractive structured light illumination microscopy," Journal of the Optical Society of 

America A, 29(10), 2165–2173, October 1, 2012. 

[17] J. El-Ali, P. K. Sorger, and K. F. Jensen, “Cells on chips,” Nature 442, 403-411 

(2006). 

[18] M. H. Wu, S. B. Huang, and G. B. Lee, “Microfluidic cell culture systems for drug 

screening,” Lab Chip 10(8), 939-956 (2010). 

[19] J. H. Sung and M. L. Shuler, “In vitro microscale systems for systematic drug 

toxicity study,” Bioprocess Biosyst Eng. 33(1), 5-19 (2010). 

[20] J. H. Sung, C. Kam, and M. L. Shuler, “A microfluidic device for a 

pharmacokinetic-pharmacodynamic (PK-PD) model on a chip,” Lab Chip. 10(4), 

446-455 (2010). 

[21] N. K. Inamdar and, J. T. Borenstein, “Microfluidic cell culture models for tissue 

engineering,” Curr Opin Biotechnol. 22(5), 681-689 (2011). 

[22] J. H. Sung and M. L. Shuler, “A micro cell culture analog (microCCA) with 3-D 

hydrogel culture of multiple cell lines to assess metabolism-dependent cytotoxicity of 

 



 

158 
 

 
anti-cancer drugs,” Lab Chip. 9(10), 1385-1394 (2009). 

[23] S. B. Huang, S. S. Wang, C. H. Hsieh, Y. C. Lin, C. S. Lai, and M. H. Wu, “An 

integrated microfluidic cell culture system for high-throughput perfusion 

three-dimensional cell culture-based assays: effect of cell culture model on the results of 

chemosensitivity assays,” Lab Chip. 13(6), 1133-1143 (2013). 

[24] M. Padgett and R. D. Leonardo, “Holographic optical tweezers and their relevance 

to lab on chip devices,” Lab Chip. 11(7), 1196-1205 (2011). 

[25] J. S. Kwon, S. P. Ravindranath, A. Kumar, J. Irudayaraj, and S. T. Wereley, 

“Opto-electrokinetic manipulation for high-performance on-chip bioassays,” Lab Chip. 

12(23), 4955-4959 (2012). 

[26] A. M. Leifer, C. Fang-Yen, M. Gershow, M. J. Alkema, and A. D. T. Samuel, 

“Optogenetic manipulation of neural activity in freely moving Caenorhabditis elegans,” 

Nat. Methods 8(2), 147-152 (2011). 

[27] S. Wang, S. Szobota, Y. Wang, M. Volgraf, Z. Liu, C. Sun, D. Trauner, E. Y. Isacoff, 

and X. Zhang, “All optical interface for parallel, remote, and spatiotemporal control of 

neuronal activity,” Nano Lett. 7(12), 3859-3863 (2007). 

[28] T. Oh, J. H. Sung, D. A. Tatosian, M. L. Shuler, and D. Kim, “Real-time 

fluorescence detection of multiple microscale cell culture analog device in situ,” 

Cytometry A 71(10), 857-865 (2007). 

[29] D. A. Tatosian, M. L. Shuler, and D. Kim, “Portable in situ fluorescence cytometry 

of microscale cell-based assays,” Opt. Lett. 30(13), 1689-1691 (2005). 

[30] M. T. Donato, N. Jimenez, J. V. Castell, and M. J. Gomez-Lechon, 

“Fluorescence-based assays for screening nine cytochrome P450 (P450) activities in 

intact cells expressing individual human P450 enzyme,” Drug Metab. Dispos. 32(7), 

699-706 (2004). 

[31] D. M. Stresser, S. D. Turner, A. P. Blanchard, V. P. Miller, and C. L. Crespi, 

“Cytochrome P450 fluorometric substrates: Identification of isoform-selective probes 

for rat CYP2D2 and human CYP3A4,” Drug Metab. Dispos. 30(7), 845-852 (2002). 

[32] J. P. Camp and J. T. Capitano, “Induction of zone-like liver function gradients in 

HepG2 cells by varying culture medium height,” Biotechnol. Prog. 23(6), 1485-1491 

 



 

159 
 

 
(2007). 

[33] S. M. Coward, C. Selden, A. Mantalaris, and H. J. Hodgson, “Proliferation rates of 

HepG2 cells encapsulated in alginate are increased in a microgravity environment 

compared with static cultures,” Artif. Organs 29(2), 152-158 (2005). 

[34] M. T. Donato, M. J. Gomez-Lechon, and J. V. Castell, “A microassay for measuring 

cytochrome P4501A1 and P450IIB1 activities in intact human and rat hepatocytes 

cultured on 96-well plates,” Anal. Biochem. 213(1), 29-33 (1993). 

[35] J. H. Kelly and N. L. Sussman, “A fluorescent cell-based assay for cytochrome 

P-450 isozyme 1A2 induction and inhibition,” J. Biomol. Screen. 5(4), 249-254 (2000). 

[36] A. Sin, K. C. Chin, M. F. Jamil, Y. Kostov, G. Rao, and M. L. Shuler, “The design 

and fabrication of three-chamber microscale cell culture analog devices with integrated 

dissolved oxygen sensors,” Biotechnol. Prog. 20(1), 338-345 (2004). 

[37] K. Viravaidya, A. Sin, and M. L. Shuler, “Development of a microscale cell culture 

analog to probe naphthalene toxicity,” Biotechnol. Prog. 20(1), 316-323 (2004). 

[38] M. C. Cushing and K. S. Anseth, “Materials science. Hydrogel cell cultures,” 

Science 316(5828), 1133-1134 (2007). 

[39] A. Sivaraman, J. K. Leech, S. Townsend, T. Iida, B. J. Hogan, D. B. Stolz, R. Fry, L. 

D. Samson, S. R. Tannenbaum, and L. G. Griffith, “A microscale in vitro physiological 

model of the liver: Predictive screens for drug metabolism and enzyme induction,” Curr. 

Drug Metab. 6(6), 569-591 (2005). 

[40] J. H. Kelly, “Mar 1 Permanent human hepatocyte cell line and its use in a liver 

assist device (LAD),” US Patent 5,290,684 (1994). 

[41] S. Wilkening, F. Stahl, and A. Bader, “Comparison of primary human hepatocytes 

and hepatoma cell line Hepg2 with regard to their bio-transformation properties,” Drug 

Metab. Despos. 31(8), 1035-1042 (2003). 

[42] K. De Smet, T. Bruning, M. Blaszkewicz, H. M. Bolt, A. Vercruysse, and V. 

Rogiers, “Biotransformation of trichloroethylene in collagen gel sandwich cultures of 

rat hepatocytes,” Arch Toxicol. 74(10), 587-592 (2000). 

[43] N. A. Murfi and M. L. Shuler, “Induction of cytochrome P-4501A1 activity in 

response to sublethal stresses in microcarrier-attached Hep G2 cells,” Biotechnol. Prog. 

 



 

160 
 

 
11(6), 659-663 (1995). 

[44] A. Ghanem and M. L. Shuler, “Combining cell culture analogue reactor designs 

and PBPK models to probe mechanisms of naphthalene toxicity,” Biotechnol. Prog. 

16(3), 334-345 (2000). 

[45] L. M. Sweeney, M. L. Shuler, J. G. Babish, and A. Ghanem, “A cell culture 

analogue of rodent physiology: Application to naphthalene toxicology,” Toxicol. In 

Vitro, 9(3), 307-316 (1995). 

[46] H. Halliwell, “Free radicals, antioxidants and human disease: Curiousity, cause or 

consequence?,” Lancet. 344(8924), 721-724. 

[47] B. Halliwell and J. M. C. Gutteridge, “Free radicals in Biology and Medicine,” 2nd 

ed.: Clarendron Press (1985). 

[48] J. C. Dekkers, L. J. P. Doornen, and C. G. Han, “The role of antioxidant vitamins 

and enzymes in the prevention of exercise-induced muscle damage,” Sports Med. 21(3), 

213-238 (1996). 

[49] M. Kaczmarski, J. Wojicicki, L. Samochowiee, T. Dutkiewicz, and Z. Sych, “The 

influence of exogenous antioxidants and physical exercise on some parameters 

associated with production and removal of free radicals,” Pharmazie. 54(4), 303-306 

(1999). 

[50] M. A. R. Bhuiyan, M. Z. Hoque, and S. J. Hossain, “Free radical scavenging 

activities of Zizyphus mauritiana,” World Journal of Agricultural Science 5(3), 318-322 

(2009). 

[51] L. Rackova, M. Oblozinsky, D. Kostalova, V. Kettmann, and L. Bezakova, “Free 

radical scavenging activity and lipoxygenase inhibition of Mahonia aquifolium extract 

and isoquinoline alkaloids,” J. Inflamm 4(1), 15 (2007). 

[52] S. Kwon and L. P. Lee, “Micromachined transmissive scanning confocal 

microscope,” Opt. Lett. 29(7), 706-708 (2004). 

[53] W. Tan, A. L. Oldenburg, J. J. Norman, T. A. Desai, and S. A. Boppart, “Optical 

coherence tomography of cell dynamics in three-dimensional tissue models,” Opt. 

Express 14(16), 7159-7171 (2006). 

[54] S. Toetsch, P. Olwell, A. Prina-Mello, and Y. Volkov, “The evolution of chemotaxis 

 



 

161 
 

 
assays from static models to physiologically relevant platforms,” Integr. Biol. 1(2), 

2009. 

[55] A. L. P. Dlugan and C. E. MacAulay, “Update on the use of digital micromirror 

devices in quantitative microscopy,” Proc. SPIE 3604, 253-262 (1999). 

[56] M. Liang, R. L. Stehr, and, A. W. Krause, “Confocal pattern period in 

multiple-aperture confocal imaging system with coherent illumination,” Opt. Lett. 

22(11), 751-753 (1997). 

[57] P. J. Verveer, Q. S. Hanley, P. W. Verbeek, L. J. van Vliet, and T. M. Jovin, “Theory 

of confocal fluorescence imaging in the programmable array microscopy (PAM),” J. 

Microsc. 189(3), 192-198 (1998). 

[58] V. Bansal, S. Patel, and P. Saggau, “A high speed confocal laser-scanning 

microscope based on acousto-optic deflectors and a digital micromirror device,” in Proc. 

IEEE Conference on Engineering in Medicine and Biology (Cancun, Mexico, 2003), pp. 

2124-2127. 

[59] D. Dudley, W. M. Duncan, and J. Slaughter, “Emerging digital micromirror device 

(DMD) applications,” Proc. SPIE 4985, 14-25 (2003). 

[60] D. Lee, “Optical system with 4 μm resolution for maskless lithography using 

digital micromirror device,” J. Opt. Soc. Korea 14(3), 266-276 (2010). 

[61] Q. S. Hanley, P. J. Verveer, M. J. Gemkow, D. Arndt-Jovin, and T. M. Jovin, “An 

optical sectioning programmable array microscope implemented with a digital 

micromirror device,” J. Microsc. 196(3), 317-331 (1999). 

[62] T. Fukano and A. Miyawaki, “Whole-field fluorescence microscope with digital 

micromirror device: imaging of biological samples,” Appl. Opt. 42(19), 4119-4124 

(2003). 

[63] R. Chamgoulov, P. Lane, and C. MacAulay, “Optical computed- tomographic 

microscope for three-dimensional quantitative histology,” Cellular Oncol. 26(5), 

319-327 (2004). 

[64] Y. Wu, P. Ye, I. O. Mirza, G. R. Arce, and D. W. Prather, “Experimental 

demonstration of an optical-sectioning compressive sensing microscope (CSM),” Opt. 

Express 18(24), 24565-24578 (2010). 

 



 

162 
 

 
[65] M. Schellenberg, E. Peev, M. Kloster, J. Napier, and W. Neu, “Time-resolved 3D 

confocal fluorescence microscopy on living cells,” Proc. SPIE 7376, 737612 (2010). 

[66] Y. Fainman, E. Botvinick, J. Price, and D. Gough, “3-D quantitative imaging of the 

microvasculature with the Texas Instruments digital micromirror device,” Proc. SPIE 

4457, 137-144 (2001). 

[67] M. A. A. Neil, A. Squire, R. Juskaitis, P. I. H. Bastiaens, and T. Wilson, “Wide-field 

optically sectioning fluorescence microscopy with laser illumination,” J. Microsc. 

197(1), 1–4 (2000). 

[68] T. Wilson, M. A. A. Neil, and R. Juskaitis, “Real-time threedimensional imaging of 

macroscopic structures,” J. Microsc. 191(2), 116–118 (1998). 

[69] L. Wang, M. C. Pitter, and M. G. Somekh, “Wide-field highresolution structured 

illumination solid immersion fluorescence microscopy,” Opt. Lett. 36(15), 2794–2796 

(2011). 

[70] S. J. Hewlett and T. Wilson, “Resolution enhancement in three-dimensional 

confocal microscopy,” Machine Vis. Appl. 4(4), 233–242 (1991). 

[71] M. Martinez-Corral, M. T. Caballero, E. H. K. Stelzer, and J. Swoger, “Tailoring 

the axial shape of the point spread function using the Toraldo concept,” Opt. Express 

10(1), 98–103 (2002). 

[72] G. Boyer, “New class of axially apodizing filters for confocal scanning microscopy,” 

J. Opt. Soc. Am. A 19(3), 584–589 (2002). 

[73] T. Fukano, A. Sawano, Y. Ohba, M. Matsuda, and A. Miyawaki, “Differential Ras 

activation between caveolae/raft and non-raft microdomains,” Cell Struct. Funct. 32(1), 

9–15 (2007). 

[74] S. Delica and C. M. Blanca, “Wide-field depth-sectioning fluorescence microscopy 

using projector-generated patterned illumination,” Appl. Opt. 46(29), 7237–7243 

(2007). 

[75] F. Pampaloni, E. G. Reynaud, and E. H. K. Stelzer, “The third-dimension bridges 

the gap between cell culture and live tissue,” Nat Rev Mol Cell Biol. 8(10), 839–845 

(2007). 

[76] B. A. Justice, N. A. Badr, and R. A. Felder, “3D cell culture opens new dimensions 

 



 

163 
 

 
in cell-based assays,” Drug Discovery Today 14(1), 102–107 (2009). 

[77] E. Sanchez-Ortiga, C. J. R. Sheppard, G. Saavedra, M. Martinez-Corral, A. Doblas, 

and A. Calatayud, “Subtractive imaging in confocal scanning microscopy using a CCD 

camera as a detector,” Opt. Lett. 37(7), 1280–1282 (2012). 

[78] R. Heintzmann, V. Sarafis, P. Munroe, J. Nailon, Q. S. Hanley, and T. M. Jovin, 

“Resolution enhancement by subtractive of confocal signals taken at different pinhole 

sizes,” Micron 34(6), 293–300 (2003). 

[79] G. Boyer and V. Sarafis, “Two pinhole superresolution using spatial filters,” Optik 

112(4), 177–179 (2001). 

[80] M. Martinez-Corral, M. T. Caballero, C. Ibanez-Lopez, and V. Sarafis, “Optical 

sectioning by two-pinhole confocal fluorescence microscopy,” Micron 34(6), 313–318 

(2003). 

[81] R. Heintzmann, T. M. Jovin, and C. Cremer, “Saturated patterned excitation 

microscopy—a concept for optical resolution improvement,” J. Opt. Soc. Am. A 19(8), 

1599–1609 (2002). 

[82] M. J. Cole, J. Siegel, S. E. D. Webb, R. Jones, K. Dowling, M. J. Dayel, D. 

Parsons-Karavassilis, P. M. W. French, M. J. Leve, L. O. D. Sucharov, M. A. A. Neil, R. 

Juskaitis, and T. Wilson, “Time-domain whole-field fluorescence lifetime imaging with 

optical sectioning,” J. Microsc. 203(Pt 3), 246–257 (2001). 

[83] L. H. Schaefer, D. Shuster, and J. Schaffer, “Structured illumination microscopy: 

artifact analysis and reduction utilizing a parameter optimization approach,” J. Microsc. 

216(Pt 2), 165–174 (2004). 

[84] T. Xian and X. Su, “Area modulation grating for sinusoidal structure illumination 

on phase-measuring profilometry,” Appl. Opt. 40(8), 1201–1206 (2001). 

[85] S. C. Pei and C. C. Tseng, “Elimination of AC interference in electrocardiogram 

using IIR notch filter transient suppression,” IEEE Trans Biomed. Eng. 42(11), 

1128-1132 (1995). 

[86] G. S. Furno and W. J. Tompkins, “A learning filter for removing noise interface,” 

IEEE Trans Biomed. Eng. 30(4), 234-235 (1983). 

[87] K. O. Jung, S. J. Kim, and D. H. Kim, “An approach to reducing the distortion 

 



 

164 
 

 
caused by vibration in scanning electron microscope images,” Nucl. Instrum. Meth. A 

676(1), 5-17 (2012). 

[88] R. G. Rockwell, “Low noise klystron amplifiers,” IRE Trans Electron Devices 6(4), 

428-437 (1959). 

[89] H. F. Huang, Q. Chu, and J. K. Xiao, “A novel power plane structure for EMC 

design for modern system in package,” in Microwave and Millimeter Wave Technology, 

2008. ICMMT 2008. International Conference on (IEEE, 2008), pp. 495–498. 

[90] G. Lei, R. W. Techentin, and B. K. Gilbert, “Power distribution noise suppression 

using transmission line termination techniques,” in Electrical Performance of Electronic 

Packaging, 1996., IEEE 5th Topical Meeting (IEEE, 1996), pp. 100–102. 

[91] H. A. Bethe and F. C. Von der Lage, “Method of determining the energies and wave 

functions in solides,” Phys. Rev. 65(1), 255 (1944). 

[92] T. W. Ebbessen, H. J. Lezec, H. F. Ghaemi, T. Thio and P. A. Wolff, “Extraordinary 

optical transmission through sub-wavelength hole arrays,” Nature 391(6668), 667-669 

(1998). 

[93]L. Yin, V. K. Vlasko-Vlasov, A. Rydh, J. Pearson, U. Welp, S. H. Chung, S. K. Gray, 

G. C. Schatz, D. B. Brown, and C. W. Kimball, “Surface plasmons at single nanoholes 

in Au films,” Appl. Phys. Lett. 85(3), 467-469 (2004). 

[94] L. Martin-Moreno, and F. J. Gareia-Vidal, “Optical transmission through circular 

hole arrays in optically thick metal films,” Opt. Express 12(16), 3619-3628 (2004). 

[95] S. H. Chang, S. K. Gray, and G. C. Schatz, “Surface plasmon generation and light 

transmission by isolated nanoholes and arrays of nanoholes in thin metal films,” Opt. 

Express 13(8), 3150-3163 (2005). 

[96] J. Wenger, D. Gerard, P-F. Lenne, H. Rigneault, N. Bonod, E. Popov, D. Marguet, 

C. Nelep, and T. Ebbesen, “Biophotonics applications of nanometric apertures,” Int. J. 

Mater. Product Technol. 34(4), 488-506 (2009). 

[97] J. Braun, B. Gompf, T. Weiss, H. Giessen, M. Dressel and U. Hübner, “Optical 

transmission through subwavelength hole arrays in ultrathin metal films,” Phys. Rev. B 

84(15), 155419 (2011). 

[98] A. A. Yanik, M. Huang, O. KAmohara, A. Artar, T. W. Geisbert, J. H. Connor, and 

 



 

165 
 

 
H. Altug, “An optofluidic nanoplasmonic biosensor for direct detection of live viruses 

from biological media,” Nano Lett. 10(12), 4962-4969 (2010). 

[99] R. Gordon, D. Sinton, K. L. Kavanagh and A. G. Brolo, “A new generation of 

sensors based on extraordinary optical transmission,” Acc. Chem. Res. 41(8), 

1049-1057 (2008). 

[100] K. R. Rodriguez, H. Tian, J. M. Heer and J. V. Coe, “Extraordinary infrared 

transmission resonance of metal microarrays for sensing nanocoating thickness,” J. 

Phys. Chem. C 111(32), 12106-12111 (2007). 

[101] A. Karabchevsky, O. Krasnykov, M. Auslender, B. Hadad, A. Goldner, I. 

Abdulhalim, “Theoretical and experimental investigation of enhanced transmission 

through periodic metal nanoslits for sensing in water environment,” Plasmon. 4(4), 

281-292 (2009). 

[102] W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon subwavelength 

optics,” Nature 424(6950), 824-830 (2003). 

[103] C. Genet, and T. W. Ebbesen, “Light in tiny holes,” Nature 445, 39-46 (2007). 

[104] H. J. Lezec, A. Degiron, E. Devaux, R. A. Linke, L. Martin-Moreno, F. 

Garcia-Vidal, and T. W. Ebbesen, “Beaming light from a subwavelength aperture,” 

Science 297(5582), 820-822 (2002). 

[105] H. B. Chan, Z. Marcet, D. Carr, J. E. Bower, R. Cirelli, E. Ferry, F. P. Klemens, J. 

F. Miner, C-.S. Pai and J. A. Taylor, “Transmission enhancement in an array of 

subwavelength slits in aluminum due to surface plasmon resonances,” Bell Labs Tech. J. 

10(3), 143-150 (2005). 

[106] T. R. Jensen, L. Kelley, A. Larzarides, and G. C. Schatz, “Electrodynamics of 

noble metal nanoparticles and nanoparticle clusters,” J. Cluster Sci. 10(2), 295-317 

(1999). 

[107] M. Huang, F. Zhao, Y. Cheng, N. Xu, and Z. Xu, “Origin of laser-induced 

near-subwavelength ripples: interference between surface plsamons and incident laser,” 

ACS Nano 3(12), 4062-4070 (2009). 

[108] C. Deeb, R. Bachelot, J. Plain, A-L. Baudrion, S. Jradi, A. Bouhelier, O. Soppera, 

P. K. Jain, L. Huang, C. Ecoffet, L. Balan, and P. Royer, “Quantitative analysis of 

 



 

166 
 

 
localized surface plasmons based on molecular probing,” ACS Nano 4(8), 4579-4586 

(2010). 

[109] X-.F. Ren, G.-P. Guo, Y-.F. Huang, Z.-W. Wang and G.-C. Gao, “Plasmon assisted 

transmission of single photon wavepacket,” Metamaterials 1(2), 106-109 (2007). 

[110] J. R. Knab, A. J. L. Adam, M. Nagel, E. Shuner, M. A. Seo, D. S. Kim and P. C. 

M. Planken, “Terahertz near-field vectorial imaging of Subwavelength apertures and 

aperture arrays,” Opt. Express 17(17), 15072-15086 (2009). 

[111] B. Ai, Y. Yu, H. Möhwald and G. Zhang, “Novel 3D Au nanohole arrays with 

outstanding optical properties,” Nanotechnol. 24(3), 035303 (2013). 

[112] E. Altewischer, M. P. van Exter and J. P. Woerdman, “Plasmon-assisted 

transmission of entangled photons,” Nature 418(6895), 304-306 (2002). 

[113] F. van Beijnum, C. Rétif, C, C. B. Smiet, H. Liu, P. Lalanne and M. P. van Exter, 

“Quasi-cylindrical wave contribution in experiments on extraordinary optical 

transmission,” Nature 492(7429), 411-414 (2012). 

[114] F. Przybilla, C. Genet and T. W. Ebbesen, “Long vs. short-range orders in random 

subwavelength hole arrays,” Opt. Express 20(4), 4697-4709 (2012). 

[115] M. Mrksich, C. S. Chen, Y. Xia, L. E. Dike, D. E. Ingber and G. M. Whitesides, 

“Controlling cell attachment on contoured surfaces with self-assembled monolayers of 

alkanethiolates on gold,” Proc. Natl. Acad. Sci U. S. A. 93(20), 10775-10778 (1996). 

[116] E. R. Edelman, P. Seifert, A. Groothuis, A. Morss, D. Bornstein, C. Rogers, 

“Gold-coated NIR stents in porcine coronary arteries,” Circulation 103(3), 429-434 

(2001). 

[117] Y. Zhang, A. Dragan and C. D. Geddes, “Metal-enhanced fluorescence from tin 

nanostructured surfaces,” J. Appl. Phys. 107(2), 024302 (2010). 

[118] K. Aslan, M. J. R. Previte, Y. Zhang and C. D. Geddes, “Metal-enhanced 

fluorescence from nanoparticulate Zinc films,” J. Phys. Chem. C 112(47), 18368-18375 

(2008). 

[119] A. Dorfman, N. Kumar and J. Hahm, “Nanoscale ZnO-enhanced fluorescence 

detection of protein interactions,” Adv. Mater. 18(20), 2685-2690 (2006). 

[120] A. Dolatshahl-Plrouz, T. Jensen, D. C. Kraft, M. Foss, P. Kingshott, J. L. Hansen, 

 



 

167 
 

 
A. N. Larsen, J. Chevallier and F. Besenbacher, “Fibronecin adsorption, cell adhesion, 

and proliferation on nanostructured tantalum surfaces,” ACS Nano 4(5), 2874-2882 

(2010). 

[121] S. Turner, L. Kam, M. Isaacson, H. G. Craighead, W. Shain and J. Turner, “Cell 

attachment on silicon nanostructures,” J. Vac. Sci. Technol. B 15(6), 2848-2854 (1997). 

[122] R. Carbone, I. Marangi, A. Zanardi, L. Giorgetti, E. Chierici, G. Berlanda, A. 

Podestà, F. Fiorentini, G. Bongiorno, P. Piseri, P. G. Pelicci and P. Milani, 

“Biocompatibility of cluster-assembled nanostructured TiO2 with primary and cancer 

cells,” Biomaterials 27(17), 3221-3229 (2006). 

[123] T. M. Manhabosco, L. A. M. Martins, S. M. Tamborim, M. Ilha, M. Q. Vieira, F. C. 

R. Guma and I. L. Müller, “Cell response and corrosion behavior of electrodeposited 

diamond-like carbon films on nanostructured titanium,” Corr. Sci 66(1), 169-176 

(2013). 

[124] K. Kim, D. J. Kim, E.-J. Cho, J.-S. Suh, Y.-M. Huh, and D. Kim, 

"Nanograting-based plasmon enhancement for total internal reflection fluorescence 

microscopy of live cells," Nanotechnol. 20(1), 015202 (2009). 

[125] M. Stoeber, I. K. Stoeck, C. Hänni, C. K. Bleck, G. Balistreri, and A. Helenius, 

“Oligomers of the ATPase EHD2 confine caveolae to the plasma membrane through 

association with actin,” EMBO J. 31(10), 2350-2364 (2012). 

[126] J. W. Goodman, Introduction to Fourier Optics (Roberts and Co. Publishers, 

Greenwich Village, CO, U.S.A., 3rd ed., 2004) Ch. 6. 

[127] M. W. Jones, G. P. Nordin, J. H. Kulick, R. G. Lindquist, and S. T. Kowel, 

“Real-time three-dimensional display based on the partial pixel architecture,” Opt. Lett. 

20, 1418-1420 (1995). 

[128] B. Gjonaj, J. Aulbach, P. M. Johnson, A. P. Mosk, L. Kuipers and A. Lagendijk, 

“Active spatial control of plasmonic fields,” Nat. Photonics 5(6), 360-363 (2011). 

[129] T. S. Kao, E. T. Rogers, J. Y. Ou and N. I. Zheludev, ““Digitally” addressable 

focusing of light into a subwavelength hot spot”, Nano Lett. 12(6), 2728-2731 (2012). 

[130] L. M. Griep, F. Wolbers, B. de Wagenaar, P. M. ter Braak, B. B. Weksler, I. A. 

Romero, P. O. Couraud, I. Vermes, A. D. van der Meer, and A. van den Berg, “BBB ON 

 



 

168 
 

 
CHIP: microfluidic platform to mechanically and biochemically modulate blood-brain 

barrier function,” Biomed. Microdevices 15(1), 145-150 (2013). 

[131] A. Grosberg, P. W. Alford, M. L. McCain, and K. K. Parker, “Ensembles of 

engineered cardiac tissues for physiological and pharmacological study: Heart on a 

chip,” Lab Chip 11(24), 4165-4173 (2011). 

[132] D. Huh, B. D. Matthews, A. Mammoto, M. Montoya-Zavala, H. Y. Shin, and D. E. 

Ingber, “Reconstituting organ-level lung functions on a chip,” Science 328(5986), 

1662-1668 (2010). 

[133] L. Li, O. Lieleg, S. Jang, K. Ribbeck, and J. Han, “A microfluidic in vitro system 

for the quantitative study of the stomach mucus barrier function,” Lab Chip 12(20), 

4071-4079 (2012). 

[134] J. H. Sung, J. Yu, D. Luo, M. L. Shuler, and J. C. March, “Microscale 3-D 

hydrogel scaffold for biomimetic gastrointestinal (GI) tract model,” Lab Chip 11(3), 

389-392 (2011). 

[135] H. J. Kim, D. Huh, G. Hamilton, and D. E. Ingber, “Human gut-on-a-chip 

inhabited by microbial flora that experiences intestinal peristalsis-like motions and flow,” 

Lab Chip 12(12), 2165-2174 (2012). 

[136] M. Bron and E. Wolf, Principle of Optics, Cambridge Univ. Press, any edition. 

[137] B. Huang, H. Babcock, and X. Zhuang, “Breaking the diffraction barrier: 

Super-resolution imaging of cells,” Cell 143(7), 1047-1058 (2010). 

[138] M. G. L. Gustafsson, “Nonlinear structured-illumination microscopy: Wide-field 

fluorescence imaging with theoretically unlimited resolution,” Proc. Natl. Acad. Sci. 

102(37), 13081-13086 (2005). 

[139] J. Chen, Y. Xu, X. Lv, X. Lai, and S. Zeng, “Super-resolution differential 

interference contrast microscopy by structured illumination,” Opt. Express 21(1), 

112-121 (2013). 

[140] L. Gao, L. Shao, C. D. Higgins, J. S. Poulton, M. Peifer, M. W. Davidson, X. Wu, 

B. Goldstein, and E. Betzig, “Noninvasive imaging beyond the diffraction limit of 3D 

dynamics in thickly fluorescent specimens,” Cell. 151(6), 1370-1385 (2012). 

[141] T. A. Planchon, L. Gao, D. E. Milkie, M. W. Davidson, J. A. Galbraith, C. G. 

 



 

169 
 

 
Galbraith, and E. Betzig, “Rapid three-dimensional isotropic imaging of living cells 

using Bessel beam plane illumination,” Nat. Methods 8(5), 417-423 (2011). 

[142]K. Kim, J. Choi, K. Ma, R. Lee, K. Yoo, C. Yun, and D. Kim, "Nanoislands-based 

random activation of fluorescence for visualizing endocytotic internalization of 

adenovirus," Small 6(12), 1293-1299 (2010). 

[143]K. Kim, J. Yajima, Y. Oh, W. Lee, S. Oowada, T. Nishizaka, and D. Kim, 

"Nanoscale localization sampling based on nanoantenna arrays for super-resolution 

imaging of fluorescent monomers on sliding microtubules," Small 8(6), 892-900 (2012). 

[144] A. Sentenac, K. Belkebir, H. Giovannini, and P. C. Chaumet, “High-resolution 

total-internal-reflection fluorescence microscopy using periodically nanostructured 

glass slides,” J. Opt. Soc. Am. A 26(12), 2550-2557 (2009). 

[145] C. Monet, P. Domachuk, and B. J. Eggleton, “Integrated optofluidics: A new river 

of light,” Nat. Photonics 1(2), 106-114 (2007). 

[146] C. Monet, P. Domachuk, C. Grillet, M. Collins, B. J. Eggleton, M. 

Cronin-Golomb, S. Mutzenich, T. Mahmud, G. Rosengarten, and A. Mitchell, 

“Optofluidics: a novel generation of reconfigurable and adaptive compact architectures,” 

Microfluidics and Nanofluidics 4(1), 81-95 (2008). 

[147] S. A. Arpali, C. Arpali, A. F. Coskun, H. Chiang, and A. Ozcan, “High-throughput 

screening of large volumes of whole blood using structured illumination and fluorescent 

on-chip imaging,” Lab Chip 12(23), 4968-4971 (2012). 

[148] X. Zhang, I. Khimji, U. A. Gurkan, H. Safaee, P. N. Catalon, H. O. Keles, E. 

Kayaalp, and U. Demirci, “Lensless imaging for simultaneous microfluidic sperm 

monitoring and sorting,” Lab Chip 11(15), 2535-2540 (2011). 

[149] J. Balsam, M. Ossandon, Y. Kostov, H. A. Bruck, and A. Rasooly, “Lensless 

CCD-based fluorometer using a micromachined optical Söller collimator,” Lab Chip 

11(5), 941-949 (2011). 

[150] A. Greenbaum, W. Luo, T. Su, Z. Göröcs, L. Xue, S. O. Isikman, A. F. Coskun, O. 

Mudanyali, and A. Ozcan, “Imaging without lenses: achievements and remaining 

challenges of wide-field on-chip microscopy,” Nat. Photonics 9(9), 889-895 (2012). 

[151] S. Yang, T. Yu, H. Huang, M. Ku, L. Hsu, and C. Liu, “Dynamic manipulation and 

 



 

170 
 

 
patterning of microparticles and cells by using TiOPc-based optoelectronic 

dielectrophoresis,” Opt. Lett. 35(12), 1959-1961 (2010). 

[152] S. Lin, S. Hung, J. Jeng, T. Guo, and G. Lee, “Manipulation of micro-particles by 

flexible polymer-based optically-induced dielectrophoretic devices,” Opt. Express 20(1), 

583-592 (2012). 

[153] P. Y. Chiou, A. T. Ohta, and M. C. Wu, "Massively parallel manipulation of single 

cells and microparticles using optical images," Nature 436(7049), 370-372 (2005). 

[154]A. Jamshidi, P. J. Pauzauskie, P. J. Schuck, A. T. Ohta, P. Y. Chiou, J. Chou, P. D. 

Yang, and M. C. Wu, "Dynamic manipulation and separation of individual 

semiconducting and metallic nanowires," Nat. Photonics 2(2), 85-89 (2008). 

[155] A. Kocabas, C. Shen, Z. V. Guo, and S. Ramanathan, “Controlling interneuron 

activity in Caenorhabditis elegans to evoke chemotactic behavior,” Nature 490(7419), 

273-277 (2012). 


