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ABSTRACT 

 

DEVELOPMENT OF MULTIMODAL IMAGING SYSTEM COMBINED WITH 

LASER MICROBEAM FOR NANOSCALE MANIPULATION 

AND CHARACTERIZATION  

 

Ninad Ingle, M.S. 

 

The University of Texas at Arlington, 2011 

 

Supervising Professor: Samarendra Mohanty 

 Optical microscopy has fascinated biologists for probing and observing cellular structure 

while performing scientific research. While numerous wide-field and scanning microscopic 

techniques are being developed for probing cellular structure and function with high spatial and 

temporal resolution, mapping of complete biochemical, material and structural properties of the 

cell in three dimensions requires integration of multiple microscopic imaging techniques. In this 

thesis, conventional phase contrast microscopy and epifluorescence microscopy techniques 

were combined with other imaging methods such as digital holography microscopy (DHM) also 

known as quantitative phase microscopy, atomic force microscopy (AFM), near-field scanning 

optical microscopy (NSOM), total internal reflection fluorescence microscopy (TIRFM) and 

multiphoton microscopy (MPM). Introductory chapter will describe the importance of each 

technique and how the shortcoming of one technique is overcome by inclusion of other. 

Characterization of laser microbeam induced nanoscale manipulation was achieved using this 

multimodal imaging system. 



 

v 
 

 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS ................................................................................................................iii 
 
ABSTRACT ..................................................................................................................................... iv 
 
LIST OF ILLUSTRATIONS..............................................................................................................vii 
 
LIST OF TABLES ............................................................................................................................. x 
 
Chapter  Page 

 
1. INTRODUCTION ............................................................................................................. 1 

 
1.1 Motivation ......................................................................................................... 1 
 
1.2 Phase Contrast Microscopy (PCM) .................................................................. 2 

 
1.3 Digital Holographic Microscopy (DHM) ............................................................ 4 

 
1.4 Epifluorescence Microscopy ............................................................................ 5 
 
1.5 Atomic Force Microscopy (AFM) ...................................................................... 9 
 
1.6 Near-field Scanning Optical Microscopy (NSOM) .......................................... 11 
 
1.7 Total Internal Reflection Microscopy (TIRFM) ............................................... 13 
 
1.8 Multiphoton Microscopy (MFM) ...................................................................... 15 

 
2.  BUILDING THE MULTIMODAL SYSTEM.................................................................... 17 

 
 2.1 Phase Contrast Microscopy (PCM)  ............................................................... 17 
  
 2.2 Digital Holography Microscopy (DHM) ........................................................... 18 
 

2.2.1 Numerical calculation in digital holographic image  
reconstruction .......................................................................................... 19 

 
 2.3 Epifluorescence Microscopy .......................................................................... 21 
  
 2.4 Integration of AFM and NSOM ....................................................................... 22 
  
 2.4.1 Measuring forces in SPM ............................................................... 23 



 

vi 
 

 
 2.5 Theory and alignment of laser for TIRFM ...................................................... 26 
  
 2.5.1 High Numerical Aperture Objective ................................................ 27 
 
 2.6 Ultrafast laser alignment for MPM .................................................................. 29 
 
 

3.  EXPERIMENTAL DATA, RESULTS AND DISCUSSION ............................................ 34 
 

3.1 DHM-AFM imaging of polystyrene particles ................................................... 34 
 
3.2 High resolution AFM - NSOM - MPM imaging of PLGA nanoparticles  ......... 37 
 
3.3 Shape transformation of carbon nanoparticles subsequent to  
 laser micro-irradiation registered using AFM ................................................. 39 
 
3.4 Live AFM imaging of laser microbeam assisted cellular nanosurgery ........... 42 

 
 

4.  SUMMARY AND FUTURE WORK .............................................................................. 46 
 
APPENDIX 
 

A. ABBREVATIONS .......................................................................................................... 48 
 

B.  PUBLICATIONS AND PRESENTATIONS IN CONFERENCES ................................. 50 
 
REFERENCES ............................................................................................................................... 53 
 
BIOGRAPHICAL INFORMATION .................................................................................................. 56 

 



 

vii 
 

LIST OF ILLUSTRATIONS 

Figure           Page 
 
1.1 Schematic configuration for phase contrast microscopy. Light passing  
 through the phase ring is first concentrated onto the specimen by the  
 condenser. Undeviated light enters the objective and is advanced by  
 the phase plate before interference at the rear focal plane of the objective ............................. 3 
 
1.2 Schematic of typical filter cube used for fluorescence excitation in an  
 upright microscope .................................................................................................................... 6 
 
1.3 Beam deflection system using a laser and photodector to measure the  
 beam position (www.nanonics.co.il) ........................................................................................ 10 
 
1.4 Schematic of different modes of NSOM performed using fiber-optic probe ............................ 11 
 
1.5 Total internal reflection from Snell’s law. Total internal reflection can be  
 viewed as a special case of Snell’s law. Snell’s law by itself however  
 cannot describe the near-field evanescent wave. As we shall see in chapter 2,  
 the complete description of TIR requires Fresnel reflection theory ......................................... 13 
 
1.6 (a) Difference between Epi illumination and TIRF illumination (b) In  
 TIRFM, only those fluorophore molecules that are near the cover  
 glass interface are excited ....................................................................................................... 14 
 
2.1 Schematic of phase contrast microscope. HL: halogen lamp, PP:  
 Phase plate; CL: condenser lens; MO: microscope objective; PR:  
 phase ring, M: mirror ................................................................................................................ 17 
 
2.2 Mach-Zehnder interferometer based DHM combined onto the already  
 existing PCM. HL: halogen lamp, PP: Phase plate; CL: condenser  
 lens; MO: microscope objective; PR: phase ring; M: mirror; L1: 532 nm  
 laser for DHM; BS: 50/50 Beam Splitter .................................................................................. 19 
 
2.3 Imaging system coupled with epifluorescence technique. HL: halogen  
 lamp, PP: Phase plate; CL: condenser lens; MO: microscope objective;  
 PR: phase ring; M: mirror; L1: 532 nm laser for DHM; BS: 50/50 Beam  
 Splitter; Fl.: Fluorescence excitation source; Ex. F: Excitation Filter;  
 Em. F: Emission Filter, DM: Dichroic Mirror ............................................................................ 22 
 
2.4 Force acting on the probe as a function of its distance with respect to sample ...................... 24 
 
 
 
 
 



 

viii 
 

2.5 Integration of AFM/NSOM with the existing imaging system. HL:  
 halogen lamp, PP: Phase plate; CL: condenser lens; MO: microscope  
 objective; PR: phase ring; M: mirror; L1: 532 nm laser for DHM; BS:  
 50/50 Beam Splitter; Fl.: Fluorescence excitation source; Ex. F:  
 Excitation Filter; Em. F: Emission Filter, DM: Dichroic Mirror; L2: 532 nm  
 laser for NSOM; L3: 473 nm laser for NSOM; FC: Fiber Coupler;  
 PMT: Photo Multiplier Tube ..................................................................................................... 26 
 
2.6 TRIF Microscopy (www.olympusmicro.com) ............................................................................ 27 
 
2.7 Working area comparison of high NA objectives ..................................................................... 28 
 
2.8 Imaging system coupled with TIRF laser. HL: halogen lamp, PP:  
 Phase plate; CL: condenser lens; MO: microscope objective;  
 PR: phase ring; M: mirror; L1: 532 nm laser for DHM; BS: 50/50  
 Beam Splitter; Fl.: Fluorescence excitation source; Ex. F: Excitation  
 Filter; Em. F: Emission Filter, DM: Dichroic Mirror; L2: 532 nm laser  
 for NSOM/TIRF; L3: 473 nm laser for NSOM/TIRF; FC: Fiber Coupler;  
 PMT: Photo Multiplier Tube ..................................................................................................... 29 
 
2.9 Multimodal imaging system combined with ultrafast laser microbeam  
 for multiphoton imaging and simultaneous implementation as laser  
 tweezer and scissor. HL: halogen lamp, PP: Phase plate; CL:  
 condenser lens; MO: microscope objective; PR: phase ring; M: mirror;  
 L1: 532 nm laser for DHM; BS: 50/50 Beam Splitter; Fl.: Fluorescence  
 excitation source; Ex. F: Excitation Filter; Em. F: Emission Filter,  
 DM: Dichroic Mirror; L2: 532 nm laser for NSOM/TIRF; L3: 473 nm  
 laser for NSOM/TIRF; FC: Fiber Coupler; PMT: Photo Multiplier Tube;  
 L4: Tunable Ti: Sapphire Laser; BE: Beam Expander; S: Shutter;P: Polarizer ....................... 31 
 
2.10 Actual multimodal imaging and manipulation system ............................................................ 33 
 
3.1 DHM-AFM images of two attached polysterene microspheres  
 (radius: 3µm). (a) Bright field image, (b) corresponding phase map,  
 (c) Gray value (phase)  profile along the line (drawn in b). (d) AFM  
 intensity (height) map, (e) 3D topographic reconstruction, (f) height  
 profile (in µm) of the particless along the line (drawn in d) ...................................................... 35 
 
3.2 DHM-AFM images of fluorescence polystyrene particles co-registered  
 with bright-field, phase-contrast and epi-fluorescence. (a) Bright-field,  
 (b) Phase-contrast, (c) Fluorescence, (d) Bright-field with AFM tip,  
 (e) Interference fringes, (f) Quantitative phase map, (g) AFM intensity  
 map, (h) AFM topographic image ............................................................................................ 36 
 
3.3 MPM image of two adhering polystyrene beads ...................................................................... 37 
 
3.4 Phase contrast (a) and epifluorescence (b) image of entire field of  
 view and (c, d) zoomed image of ROI respectively ................................................................. 38 
 
3.5 AFM-NSOM-MPM images of PLGA nanoparticles (a) AFM intensity map,  
 (b) NSOM image, (c) MPM image (d) AFM 3D topography (e) Height profile  
 (in nm) as a function of position (in µm) drawn along the line (shown in a) ............................ 39 



 

ix 
 

 
3.6 AFM intensity image of CNP (a) before and (b) after laser micro-irradiation.  
 Profile of CNP along (c) minor axis and (d) along major axis after and  
 before laser micro-irradiation ................................................................................................... 40 
 
3.7 AFM topographic map of CNP-clusters (a) before and (b) after laser  
 micro-irradiation. Height profile of the CNP-cluster (marked inside  
 ellipse) along its length (c) before and (d) after laser micro-irradiation ................................... 41 
 
3.8 Phase contrast image of dried RBC (a) before and (b) after exposure to  
 laser pulses of 5 ms, 10 ms and 20 ms duration. Plot of grayscale  
 intensities along a line drawn across the laser-irradiated spots for 5ms  
 (c), 10ms (d) and 20ms (e) ...................................................................................................... 43 
 
3.9 AFM topographic image of RBC membrane (a) before and (b) after making  
 perforations using laser microbeam exposure of 5, 10 and 20 ms.  
 Height profiles of the RBC membrane along a line passing through  
 the center of laser micro-irradiation (c) 5ms, (d) 10 ms and (e) 20ms .................................... 44 
 
3.10 Comparative results of width of the perforation at different laser  
 exposure as measured using phase contrast and AFM imaging ............................................ 45



 

x 
 

LIST OF TABLES 

 
Table               Page 
 
1.1 Fluorescent protein properties ................................................................................................. 17 

2.1 Selection criteria of different modes for performing simultaneous  
imaging using selected techniques .................................................................................................. 6 



 

1 
 

 

CHAPTER 1 

INTRODUCTION 

This dissertation will discuss my research involving a rather specialized development of 

a multimodal microscope. In an attempt to completely understand specific dynamic changes 

occurring in biological cells during various cell functions and/or micromanipulation, I carefully 

selected seven microscopic imaging techniques which were combined with laser microbeam 

onto a single Biophysics platform. While the term microscope is familiar to most people, the 

principles of most of the recently developed microscopic techniques needs better 

understanding. This chapter will provide a brief introduction to these techniques allowing the 

reader to gain a better understanding of my research. The following chapters will detail the 

methodology of building this experimental setup. The later chapter of this work will include much 

of the results, data and conclusion I have produced while working over the last three long 

semesters. 

1.1 Motivation 

Biological cells fabricate and assemble proteins and other biomolecules into diverse 

networks with striking complexity and functionality. Such networks are critical components in the 

complicated machinery of the cell as they participate in a host of cellular functions and are 

important for protection against many diseases. The structures of networks are responsible for 

the shape conformation of the cell taking place while performing cellular functions. Not only this 

but information regarding conformational changes taking place during widely practiced 

optoporation technique: to inject dyes, drugs, DNA and other macromolecules through transient 

pore formation via a femtosecond laser pulse or shockwave generation could also lead to 

important information.  Thus nanoscale resolution imaging of intact networks in their native 

conformation should yield information that could create the ability to optimize specific cellular 
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functions, to engineer new functions and to strengthen a cell’s defense against disease.

 Currently there exists no single technique that can examine the dynamic structural and 

conformational changes at molecular level. While other high resolution techniques such as 

electron microscopy, x-ray crystallography and magnetic resonance spectroscopy can yield 

structural information with exquisite detail, these techniques are not well suited for in vitro 

studies. In comparison, optical microscopy is minimally perturbative and is routinely used under 

physiological conditions. Also, optical microscopy has an added advantage of studying cell 

interaction with external force since it is not restricted with specific working conditions. 

An integrated multimodal imaging system was hence built in order to gain complete 

knowledge about the sample once loaded onto the stage. Though this thesis was conducted 

considering imaging of biological cells, it proves to be an important tool in imaging of non-

biological samples, specially nano-particles which fall under the diffraction limited spot size of 

optical imaging where they can only be detected but not resolved. 

1.2 Phase Contrast Microscopy (PCM) 

Principles defined by Fritz Zernike, use of phase contrast microscopy in early 1950’s 

brought about a revolution in optical microscopy which enabled visualization of transparent 

specimens like living cells, thin tissue slices, microorganisms etc. with high-contrast. Most of the 

biological samples are transparent due to the size and light absorption characteristics. Such 

samples that do not absorb light are called phase objects because they slightly alter the phase 

of the light diffracted by the specimen, usually by retarding such light approximately 1/4 

wavelength as compared to the undeviated direct light passing through or around the specimen 

unaffected. This characteristic slowing down of light is attributed to refractive index and/or 

thickness of the sample objects. These objects do not affect the amplitude of the light passing 

through and hence the minute phase changes are hardly noticeable to human eye or CCD 

camera. In phase contras microscopy, a ring annulus (phase ring) is placed in position directly 

under the lower lens of the condenser at the front focal plane of the condenser, conjugate to the 



 

3 
 

 

objective rear focal plane (see figure 1.1). The diffracted light passing through the sample which 

lags behind by approximately 1/4 wavelength, arrives at imaging plane out of step (out of phase) 

with the undeviated surrounding light, in interference, essentially undiminished in intensity. This 

makes details in the image almost invisible due to lack in contrast.  

 

Figure 1.1 Schematic configuration for phase contrast microscopy. Light passing  
through the phase ring is first concentrated onto the specimen by the condenser.  

Undeviated light enters the objective and is advanced by the phase plate  
before interference at the rear focal plane of the objective[2]. 

 



 

4 
 

 

To speed up the direct undeviated zeroth order light, a phase plate is installed with a 

ring shaped ‘phase shifter’ attached to it at the rear focal plane of the objective. The narrow 

area of the phase ring is optically thinner than the rest of the plate which allows undeviated light 

passing through the phase ring travels a shorter distance in traversing the glass of the objective 

than does the diffracted light. In short, the phase ring speeds-up the undeviated light such that it 

is half wavelength out of phase to the diffracted light2. The diffracted and direct light can now 

interfere destructively so that the details of the specimen appear dark against a lighter 

background and thereby improving the contrast. 

 Though phase contrast microscopy has revolutionized optical imaging of biological 

samples, it lacks quantitative measurement of refractive index or thickness of the specimen. 

And also formation of bright phase halos surrounding boundaries of specimen induces artifacts 

in the images formed. This motivated us for combining the technique with digital holographic 

microscopy (DHM), also known as quantitative phase contrast imaging, which is not only 

capable of sensing nanoscale changes in material and shape of specimen but also quantitate 

the refractive index. 

1.3 Digital Holographic Microscopy 

The principle of holography was introduced by Denis Gabor in 19483, as a technique where 

wavefronts from an object were recorded and reconstructed in such a way that not only the 

amplitude but also the phase of the wave field were recovered. Later in 1967, J. Goodman 

demonstrated the feasibility of numerical reconstruction of holographic images using a 

densitometer-scanned holographic plate4. Schnars and Jueptner, in 1994, were the first to use a 

CCD camera connected to a computer as the input, completely eliminating the photochemical 

process, in what is now referred to as digital holography5. Digital holography is now an 

emerging imaging technique which combines digital recording with traditional holography. 

Various useful and special techniques have been developed to enhance the capabilities and to 

extend the range of applications. By solving numerically the Fresnel propagation equation, 
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phase information about the sample under investigation can be retrieved from a single CCD 

recording. Digital holography offers an excellent approach for quantitative phase imaging. A 

hologram consisting of the interference between the object and the reference beams is 

recorded by a CCD camera and the holographic image is numerically reconstructed using 

diffraction theory. Calculation of the complex optical field allows direct access to both the 

amplitude and phase information of the optical field, and by numerical focusing; the images can 

be obtained at any distance from a single recorded hologram. Digital holography also allows 

use of numerous digital processing techniques for enhancing the optical field information in 

ways that are difficult or impossible in real time processing. Microscopic imaging by digital 

holography has been applied for imaging of microstructures and biological systems6, 8-12. Since, 

digital holographic microscopy allows determination of dynamic changes in the phase of 

microscopic objects with sub-wavelength accuracy, dynamic change of optical thickness profile 

during interaction of microscopic objects with cells could be determined.  

1.4 Epifluorescence Microscopy 

British scientist Sir George G. Stokes first described fluorescence in 1852 and was 

responsible for coining the term when he observed that the mineral fluorspar emitted red light 

when it was illuminated by ultraviolet light14. Early in the nineteenth century many samples were 

found to fluoresce naturally. However it was not until the 1930s that the use of fluorochromes 

was initiated in biological investigations to stain tissue components, bacteria and other 

pathogens14. 

Since then the development of fluorescence microscopy has led to betterment in 

imaging of naturally fluorescent samples in biological science as well as materials science. This 

was possible due attributes that are not readily available in other contrast modes with traditional 

optical microscopy. The basic function of a fluorescence microscope is to irradiate the specimen 

with a desired and specific band of wavelengths, and then to separate the much weaker emitted 

fluorescence from the excitation light. A fluorescence microscope essentially equipped with a 
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high-intensity light source (usually a mercury arc lamp) that emits light in a broad spectrum from 

visible through ultraviolet. A special bandpass filter allows only a narrow band of emitted 

spectrum to pass through which then impinges on a dichroic beam splitter and is reflected 

through the objective lens and onto the sample. Pigment molecules within the specimen, either 

intrinsic or applied, absorb the light and reirradiate the energy at a longer wavelength 

(fluoresce). The fluorescence is collected by the objective which passes through the dichroic 

splitter which is then filtered using another bandpass filter to block wavelength any other than 

fluorescence.  

 

Figure 1.2 Schematic of typical filter cube used for fluorescence  
excitation in an upright microscope. 

 

The discovery of green fluorescent protein in the early 1960s ultimately heralded a new 

era in cell biology by enabling investigators to apply molecular cloning methods, fusing the 

fluorophore moiety to a wide variety of protein and enzyme targets, in order to monitor cellular 

processes in living systems using optical microscopy and related methodology. Fluorescence 

Dichroic Mirror 

Emission Filter 

Excitation Filter 
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microscopy makes use of molecules, such as green fluorescent protein (GFP), that emit colored 

light when illuminated with light of a specific wavelength. Molecules like GFP can be used to 

label proteins of interest and can reveal information about the relationships of molecules within 

cells15. A similar bandpass filter for longer wavelength (than the excitation wavelength) is used 

to let only pass the fluorescence light. In this way the objective lens is used as both the 

illumination condenser and the fluorescence light collector. Wide range of inherently fluorescent 

proteins and their derivatives are most commonly utilized to track Live cell fluorescence 

microscopy is now the most common approach for studying dynamic cellular events. With the 

advent of fluorescent labeling techniques has made studying dynamic processes in living cells 

almost a commonplace. 

Table 1.1 Fluorescent protein properties 

Protein 
(Acronym) 

Excitation 
Maximum 

(nm) 

Emission 
Maximum 

(nm) 

Relative 
Brightness 

(% of 
EGFP) 

GFP (wt) 395/475 509 48 
Green Fluorescent Proteins 

EGFP 484 507 100 
Emerald 487 509 116 

Superfolder 
GFP 

485 510 160 

Azami Green 492 505 121 
mWasabi 493 509 167 
TagGFP 482 505 110 

TurboGFP 482 502 102 
AcGFP 480 505 82 

ZsGreen 493 505 117 
T-Sapphire 399 511 79 

Blue Fluorescent Protein 
EBFP 383 445 27 
EBFP2 383 448 53 
Azurite 384 450 43 

mTagBFP 399 456 98 
ECFP 439 476 39 

Cyan Fluorescent Proteins 
mECFP 433 475 39 
Cerulean 433 475 79 

CyPet 435 477 53 
AmCyan1 458 489 31 

Midori-Ishi Cyan 472 495 73 
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Table 1.1 - Continued 

TagCFP 458 480 63 
mTFP1 (Teal) 462 492 162 

Yellow Fluorescent Proteins 
EYFP 514 527 151 
Topaz 514 527 169 
Venus 515 528 156 

mCitrine 516 529 174 
YPet 517 530 238 

TagYFP 508 524 118 
PhiYFP 525 537 144 

ZsYellow1 529 539 25 
mBanana 540 553 13 

Orange Fluorescent Proteins 
Kusabira 
Orange 

548 559 92 

Kusabira 
Orange2 

551 565 118 

mOrange 548 562 146 
mOrange2 549 565 104 
dTomato 554 581 142 
dTomato-
Tandem 

554 581 283 

TagRFP 555 584 142 
TagRFP-T 555 584 99 

DsRed 558 583 176 
DsRed2 563 582 72 

DsRed-Express 
(T1) 

555 584 58 

DsRed-
Monomer 

556 586 10 

mTangerine 568 585 34 
Red Fluorescent Proteins 

mRuby 558 605 117 
mApple 568 592 109 

mStrawberry 574 596 78 
AsRed2 576 592 8 
mRFP1 584 607 37 
JRed 584 610 26 

mCherry 587 610 47 
HcRed1 588 618 1 

mRaspberry 598 625 38 
dKeima-Tandem 440 620 21 
HcRed-Tandem 590 637 19 

mPlum 590 649 12 
AQ143 595 655 11 
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 Epifluorescence is a wide-field technique which has revolutionized imaging biological 

cells to understand their dynamic function. Though this technique is capable of detecting single 

molecules, it is limited by the diffraction limit of incident light and cannot resolve beyond the 

diffraction limited resolution given by: 

� �  1.22�
�. 	.  

Where, λ is the wavelength of incident light and N.A. is the numerical aperture of focusing lens 

(microscope objective in most cases). In biological cells most cell function takes place by a 

large assembly of proteins that cross the plasma membrane. Since protein-protein interactions 

take place at the membrane-media interface, it is necessary to resolve these while imaging. 

Another class of optical techniques that beat the diffraction limit is included in the realm of near-

field microscopy. Hence the need to combine it with near-field scanning optical microscopy; 

where fluorescence excitation is done point-by-point while fluorescence is still detected in wide 

field.  

1.5 Atomic Force Microscopy (AFM) 

 Scanning probe microscopy (SPM) since first reported by G. Binnig and H. Rohrer in 

the year 1981 continues to be an innovative and rapidly growing field of research17. Scanning 

tunneling microscope being the first of its kind, of the many SPMs, AFM is currently the one that 

is being used most for biomedical research. The advances in AFM to perform tapping mode and 

then its ability to be used in liquids made it to be the most eye-seeking technology in biological 

research18.  

AFM involves a cantilever probe scanning over the sample surface and the deflections 

in the cantilever are recorded as a measure of surface roughness. When these deflections are 

plotted with X-Y position of the probe, a clear surface topography of the sample surface can be 

obtained. This technique includes a laser hitting back of the cantilever and the reflected beam is 

recorded by a photodiode (figure 1.3). Any change in the deflection of the cantilever is recorded 

by the position-sensitive photo detector as a function of change in reflected beam.   
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Figure 1.3 Beam deflection system using a laser and photodector to measure the beam position 
(www.nanonics.co.il) 

 

In early days the cantilever used to be metallic with a flat head making it impractical to 

perform simultaneous optical imaging. This made researchers to blindly scan surfaces randomly 

without giving them a free choice of selected area scanning. But with the recent invention of 

cantilevered fiber-optic probe, it was possible to place the probe selectively over region of 

interest, more specifically an individual cell in biological experiments. This configuration of AFM 

inspired us to combine other optical imaging techniques which we already did as discussed in 

the previous sections. Sections 1.4 and 1.5 describe use of fluorescence to understand different 

cell functions. As Epifluorescence is a wide field technique, it gives information from 

fluorescence excited from the entire depth of the sample. To break through the diffraction limit 

of Epifluorescence technique and to understand the changes taking place at the membrane 

level, NSOM was combined with it. Both these techniques still lack the ability to precisely 

observe what is happening at the cell membrane-substrate interface. To probe this region of the 

cell, total internal reflection microscopy (TIRFM) was implemented. 
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1.6 Near-field Scanning Optical Microscopy (NSOM) 

Diffraction limit is still a bane for optical imaging including wide-field fluorescence 

technique described above. In an attempt to eke out all the resolution possible from a system, 

scientists have come up with many other super-resolution fluorescence and near-field 

techniques. Also most of the protein-protein interactions and other modifications take place at 

the membrane level; there is a need to opt for near field excitation which would excite 

fluorescence point-to-point from the sample surface. This is exactly what is achieved in NSOM 

where a tapered fiber-optic probe couple with excitation laser wavelength is brought in close 

vicinity of the sample surface using coarse positioning. The probe is then made to scan over the 

surface in a raster scan method while the fluorescence detection can be either wide-field (using 

microscope objective) or near-field:  fluorescence is coupled back thorough the same fiber-optic 

probe and then led to the detector. In this case, the fluorescence signal is weak and hence a 

photo multiplier tube (PMT) is used instead of CCD camera. A PMT essentially amplifies the 

fluorescence signal and its output is plotted against the X-Y position while scanning.  

 

Figure 1.4 Schematic of different modes of NSOM performed using fiber-optic probe. 
 

NSOM is a relatively new field, having really only existed in practice for the last ∼15 

years and naming conventions are still being developed. NSOM is the acronym most commonly 

used in North America, while SNOM is more popular in Europe. Within the realm of NSOM there 

are many variations. There are two main branches of NSOM: aperture type and apertureless. 
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Both rely on a particular scanning probe technique—atomic force microscopy (AFM) for fine 

control of a probe. Aperture type NSOM involves a hollow AFM tip with an opening at the distal 

end of 50-80 nm wide. Light is focused down the center of the tip until only some small fraction 

exits the narrow aperture as much is lost as it travels down the tip. By scanning this hollowing 

tip over a sample, a local light source provides near-field excitation. Either far-field or near-field 

detection can be employed with this technique. Apertureless NSOM, relies on a solid AFM tip 

aligned within the central focus of an excitation beam. Detection of light signals in this case is 

always done in the far-field. Unfortunately both types of NSOM begin with the letter A, so the 

acronym “ANSOM” has been used to refer to both types of techniques, although it is slightly 

more common to use ANSOM in reference to apertureless-NSOM. Within each branch of 

NSOM there are several variations still of each technique. As we are interested in combining the 

attributes of fluorescence microscopy with AFM, the particular flavor we practice in our lab is 

fluorescence-aperture less-NSOM. The term FANSOM, has been coined and used in a limited 

way, however, to avoid any ambiguity with a related aperture type technique, the preferred 

terminology in our lab is Tip-Enhanced Fluorescence Microscopy or TEFM. 

In general, NSOM technique has revealed presence of certain proteins at the 

membrane surface which was previously unknown and could not be imaged using wide-field 

fluorescence technique. Moreover NSOM also breaks the diffraction limit and hence taking the 

lateral resolution down to few tens of nm16. This technique proves to be a vital one in 

compliment to wide-field fluorescence technique. For all the imaging techniques combined 

together till now, DHM can quantitate phase (related to optical thickness or refractive index 

times physical thickness) of the sample. To measure the physical thickness of the sample, 

atomic force microscopy (AFM) has till now been extensively used. Since a fiber-optic 

cantilevered probe is used in NSOM, the same probe can be used to perform AFM. This made 

addition of AFM to the already existing system even easier. 
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1.7 Total Internal Reflection Microscopy (TIRFM) 

In 1981, D. Axelrod20,21 demonstrated total internal reflection fluorescence microscopy 

(TIRFM) to be an effective technique to study cell-substrate contact. When light is incident from 

inside of a higher-index n1 medium into a lower-index one n2, with the angle of incidence greater 

than the critical angle given by θc = sin-1(n2/n1), all of the incident light is reflected back to the 

first medium (Figure 1.8). There is no propagating field in the second medium, except for the 

evanescent wave, whose amplitude decays exponentially over a distance of a fraction of a 

wavelength. Although the evanescent field is non-propagating, it can modulate the phase of the 

reflected n1 wave either through inhomogeneous refractive indices in the n2 medium, frustrated 

TIR (fTIR) geometries, or, if suitable dye molecules are placed in the evanescent field, they can 

absorb energy from the field and fluoresce. All these processes can be used for near-field 

microscopy. 

 

Figure 1.5 Total internal reflection from Snell’s law. Total internal reflection can be viewed as a 
special case of Snell’s law. Snell’s law by itself however cannot describe the near-field 

evanescent wave. As we shall see in chapter 2, the complete description of  
TIR requires Fresnel reflection theory. 

 

TIRFM, reveals localization of fusion protein in cell focal adhesions at the substrate 

interface in dramatic contrast to the blur produced by out-of-plane fluorescence in the epi-
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illumination image. While this provides excellent functional imaging, on the other hand, 

information on the morphology of the cellular membrane surface is largely absent in TIRFM. 

Figure 1.9 depicts a TIRFM system as proposed by Axelrod. It is intended to be implemented as 

an added feature on an existing microscope platform. Laser illumination brought in to a prism 

underneath the sample, such that the laser beam goes into TIR and propagates within near-field 

into the sample of interest, exciting added fluorophores to produce a form of dark-field 

microscopy. 

 

Figure 1.6 (a) Difference between Epi illumination and TIRF illumination (b) In TIRFM, only 
those fluorophore molecules that are near the cover glass interface are excited22 
 

In TIRFM, fluorophores within ~100 nm of the coverslip’s surface are excited by the TIR 

evanescent field and give off a fluorescent signal which is then imaged. Fig. 1.6a depicts the 

difference between TIRF and traditional epi-illumination. As we can see in Fig. 1.6b, only those 

fluorophore molecules that are near the cover glass interface are excited in TIRF. TIRFM 

imagery reveals localization of fusion protein in cell focal adhesions at the substrate interface in 

dramatic contrast to the blur produced by out-of-plane fluorescence in the epi-illumination 

image. Although TIRFM is limited to investigation of structures and processes occurring at or 
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near the coverslip-specimen interface, it is simultaneously fortuitous that many questions of 

current interest in the biological and biomedical sciences can be probed at the cell membrane. 

Recent technical advances have greatly facilitated a wider range of applications of TIR 

microscopy. While TIRFM provides for excellent functional imaging, TIRFM only allows for 

imaging of morphology at the cell-substrate interface and information deep inside the cell is 

absent.  

1.8 Multiphoton Microscopy (MPM) 

Since its first demonstration23 in 1991, the applications of MPM have been reported in a 

variety of imaging tasks. In traditional optical microscopy, like confocal microscopy, the contrast 

is generated through light-matter interactions involving only one photon in an elementary 

process22. Therefore, the result depends linearly on the incident light intensity. Nonlinear 

techniques, on the other hand, are fundamentally novel in that they use multiple photons 

interactions for contrast generation. The nonlinear nature of these interactions leads to 

qualitatively new imaging properties. MPM is a form of laser-scanning microscopy that uses 

nonlinear multiphoton excitation to generate fluorescence only within a thin raster-scanned 

plane and nowhere else. The photon absorption in the out-of-focus area is thus avoided, which 

is quite different than the situation of confocal microscopy, where single-photon absorption 

occurs within the entire excitation light cone. Such property further reduces photodamage and 

thus increases the viability of the sample, which is crucial for long-term imaging. Due to the 

localization, excitation-based three-dimensional resolution is also provided with no need for 

spatially resolved detection through a confocal pinhole.  

There are several different types of nonlinear processes that occur when light interacts 

with matter. Multiphoton-excited fluorescence and second harmonic generation (SHG) are the 

most commonly observed nonlinear processes. In SHG, the frequency of incident light source is 

doubled with resulting light coming out of the sample would be exactly half-wavelength of 
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incident light. SHG is an inherent property of any material and can be avoided by selecting 

narrow bandpass filter in the detection path.  

MPM has now become the technique of choice for fluorescence microscopy in deep 

tissue imaging and in live animals. These types of applications define the most important niche 

for MPM -- high-resolution imaging of physiology, morphology and cell-cell interactions in intact 

tissues or live animals. Multi-photon excitation can be a superior alternative to confocal 

microscopy due to its deeper tissue penetration, efficient light detection and reduced 

phototoxicity. Properly applied, it is capable of measuring calcium transients 500 µm deep in a 

mouse brain, or quantifying blood flow by imaging shadows of blood cells as they race through 

capillaries24.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



BUILDING THE MULTIMODAL SYSTEM

2.1 Phase Contrast Microscopy

PCM involves use of a simple 

onto the sample and a phase contrast microscope objective which has the phase plate (as 

described in section 1.1). The entire system was built on an inverte

microscope. Figure 1.1 shows the entire basic configuration including the PCM 

later microscopic techniques were combined.

Figure 2.1 Schematic of phase contrast microscope.
condenser lens; MO: microscope objective; PR: phase ring, M: mirror.
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CHAPTER 2 

BUILDING THE MULTIMODAL SYSTEM 

2.1 Phase Contrast Microscopy (PCM) 

PCM involves use of a simple annular ring along with the condenser lens to focus white light 

onto the sample and a phase contrast microscope objective which has the phase plate (as 

described in section 1.1). The entire system was built on an inverted Nikon Ti

microscope. Figure 1.1 shows the entire basic configuration including the PCM onto which the 

later microscopic techniques were combined. 

Figure 2.1 Schematic of phase contrast microscope. HL: halogen lamp, PP: Phase plate; CL: 
r lens; MO: microscope objective; PR: phase ring, M: mirror.

  

with the condenser lens to focus white light 

onto the sample and a phase contrast microscope objective which has the phase plate (as 

d Nikon Ti-Eclipse 

onto which the 

 

HL: halogen lamp, PP: Phase plate; CL: 
r lens; MO: microscope objective; PR: phase ring, M: mirror. 
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While no major alignment is required to do to perform PCM, the height of the condenser 

lens with annular ring need to be adjusted accordingly to achieve the best contrast. A halogen 

lamp is used as the white light source. The sample is observed using a phase 3, 100X 1.3 N.A. 

microscope objective and the images are acquired using a Photometrics KoolSnap K4 CCD 

camera interfaced with a computer. 

2.2 Digital Holography Microscopy (DHM) 

DHM is based on Mach-Zehnder’s interferometer method where is a coherent laser 

source of a 532 nm is split into two beams using a beam splitter. One beam is made to pass 

through the sample called “sample beam” while the other, reference beam, is made to pass 

through a 40X objective. Both the sample beam and reference beams are recombined using 

another beam splitter and directed towards a CMOS camera (Thorlabs USB DCC1545M).  The 

interference pattern from the recombined beams is captured by the USB CCD camera which 

has an array of 1284 × 1024 pixels with pixel size of 4.65 µm and 8-bit gray scale output with an 

acquisition speed of 25 frames per second. The curvature of of interference fringes are digitally 

compensated and controlled via software and the images acquired by the CCD camera are 

analyzed through a number of LABVIEW ® based programs (Courtesy: Dr. Lingfeng Yu, 

Nanoscope Technologies) in real time. The mathematics of digital holographic image 

reconstruction is explained in the following section 2.2.1. 



Figure 2.2 Mach-Zehnder interferometer based
PCM. HL: halogen lamp, PP: Phase plate; CL: condenser lens;

MO: microscope objective; PR: phase ring; M: mirror; 
L1: 532 nm laser for DHM; BS: 50/50 Beam Splitter.

 

2.2.1 Numerical calculation in digital holographic image reconstruction

For numerical reconstruction in digital holographic imaging, the propagation of the 

optical field can be calculated based on the 

reconstructed images, determined from the Fresnel diffraction formula as a single Fourier 

transform, varies as a function of the reconstruction distance z. From Fourier optics

object wave field  at plane z=0, the corresponding angular spectrum of the object wave 

at this plane can be obtained by taking the Fourier transform,
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interferometer based DHM combined onto the already existing
HL: halogen lamp, PP: Phase plate; CL: condenser lens; 

MO: microscope objective; PR: phase ring; M: mirror;  
L1: 532 nm laser for DHM; BS: 50/50 Beam Splitter. 

alculation in digital holographic image reconstruction 

For numerical reconstruction in digital holographic imaging, the propagation of the 

optical field can be calculated based on the Fresnel diffraction formula. The resolution of the 

reconstructed images, determined from the Fresnel diffraction formula as a single Fourier 

transform, varies as a function of the reconstruction distance z. From Fourier optics

at plane z=0, the corresponding angular spectrum of the object wave 

by taking the Fourier transform, 

     

  

 

DHM combined onto the already existing 

For numerical reconstruction in digital holographic imaging, the propagation of the 

Fresnel diffraction formula. The resolution of the 

reconstructed images, determined from the Fresnel diffraction formula as a single Fourier 

transform, varies as a function of the reconstruction distance z. From Fourier optics12, for the 

at plane z=0, the corresponding angular spectrum of the object wave 

 (1) 
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Where ��and � are corresponding spatial frequencies in x and y directions. The object angular 

spectrum ����, �; 0� can be separated from other spectral components of the hologram with a 

band-pass filter if the off-axis angle θ of the incident beam is properly adjusted. The field 

���, �; �� can be rewritten as the inverse Fourier transform of its angular spectrum, 

���, �; ��  �  � � ���� , �; 0���������� � ��� !��!� ,     (2) 

The complex-exponential function ��������� � ���  may be regarded as a projection, 

onto the plane z=0, of a plane-wave propagating with a wave vector ��� , � , �"�, where �"  �

 ��# $ ��# $ �# % #&
 and � �  2' �⁄ . Thus the field ���, �; �� can be viewed as a projection of 

many plane-wave components propagating in different directions in space, and with complex 

amplitude of each component equal to ���� , �; 0�. After propagating along the z-axis to a new 

plane, the new angular momentum, ����, �; )�, at plane z can be calculated from ���� , �; 0� 

as, 

���� , �; )� �  ����, �; 0����*��")+           (3) 

Thus the complex field distribution of any plane perpendicular to the propagating z axis 

can be calculated from Fourier theory as, 

���, �; )�  �  � � ����, �; )���������� � ��� !��!�          (4) 

The resolution of the reconstructed images from the angular spectrum method is the 

same as that in the hologram plane. The non-ambiguity phase range calculated from the 

complex field distribution is only from –π to π. Any phase outside the range will cause a 

wrapping effect of the phase map. The 2π-phase ambiguities can be directly resolved to get an 

absolute sample phase map by phase unwrapping using Goldstein’s algorithm13. From the 

quantitative phase information, the refractive index (n) of the microscopic object (or cell) can be 

estimated from the physical thickness (∆d) using the equation ,! �  � �,- 2'⁄ � �. $ ./�⁄ , 

where λ is the wavelength, ∆φ is the phase, and �. $  ./� is the refractive index difference 

between the sample and surrounding medium.  
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2.3 Epifluorescence Microscopy  

A typical epifluorescence microscope primarily utilizes an intense white light source with 

a combination of excitation and emission filters. Here a mercury arc lamp source which emits 

from ultraviolet to visible wavelength was coupled to the microscope through the back opening. 

Three filter-cubes having a combination of UV, blue and green excitation filters with 

corresponding blue, green and red emission filters placed in position one, two and three 

respectively of the fluorescence light reflection turret. Filter #2, with green excitation and blue 

emission is extensively used in imaging of biological samples with GFP tagged molecules. The 

other two filter sets providing a versatility of use of fluorescence imaging system for other non-

biological samples as well. Each filter cube also has a dichroic mirror which reflects the 

excitation light beam to fill the back aperture of 100X 1.3 N.A. microscope objective which 

focuses it onto the sample to excite fluorescence. Back scattered fluorescence signal from the 

sample is collected using same 100X microscope objective which is then filtered using emission 

filter from the filter set to cut off any excitation wavelength. The fluorescence images are 

captured using Photometrics CoolSnap K4 camera as used for capturing PCM images. To 

temporarily shut off the excitation light source so as to not let the sample bleach, a shutter is 

provided just before the turret. A couple of neutral density (ND) filters, ND4 and ND8, are used 

in the excitation light path if lower intensity is required. The schematic of epifluorescence 

technique coupled imaging system now looks as shown in figure 2.3. 



Figure 2.3 Imaging system coupled with epifluorescence technique. HL: halogen lamp,
PP: Phase plate; CL: condenser lens; MO: microscope obj

M: mirror; L1: 532 nm laser for DHM; BS: 50/50 Beam Splitter;
Fl.: Fluorescence excitation source; Ex. F: Excitation Filter;

Em. F: Emission Filter, DM: Dichroic Mirror

An integrated AFM/NSOM essenti

a magnetic probe mount which fits on a AFM head of a commercial MultiView 1000

Nanonics Iamging Ltd. The head is placed and secured using three metallic shoe

coarse positioning XY stage of the microscope. This allows later alignment of the tip with 

respect to optical imaging path and microscope objective. The headstage uses beam bounced 

optical feedback via quadrant positioning sensitive diode (PSD) mechanism. A visible 670 nm 

laser diode is reflected and focused using a mirror onto the cantilevered AFM/NSOM probe. The 

reflected beam from the probe is then directed to the PSD (using anoth
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Figure 2.3 Imaging system coupled with epifluorescence technique. HL: halogen lamp,
PP: Phase plate; CL: condenser lens; MO: microscope objective; PR: phase ring;

M: mirror; L1: 532 nm laser for DHM; BS: 50/50 Beam Splitter; 
Fl.: Fluorescence excitation source; Ex. F: Excitation Filter; 

Em. F: Emission Filter, DM: Dichroic Mirror 
 

2.4 Integration of AFM and NSOM 

An integrated AFM/NSOM essentially constitutes of a cantilevered probe mounted onto 

a magnetic probe mount which fits on a AFM head of a commercial MultiView 1000

Ltd. The head is placed and secured using three metallic shoe

coarse positioning XY stage of the microscope. This allows later alignment of the tip with 

respect to optical imaging path and microscope objective. The headstage uses beam bounced 

optical feedback via quadrant positioning sensitive diode (PSD) mechanism. A visible 670 nm 

laser diode is reflected and focused using a mirror onto the cantilevered AFM/NSOM probe. The 

reflected beam from the probe is then directed to the PSD (using another mirror in case of liquid 

  

 

Figure 2.3 Imaging system coupled with epifluorescence technique. HL: halogen lamp, 
ective; PR: phase ring; 

ally constitutes of a cantilevered probe mounted onto 

a magnetic probe mount which fits on a AFM head of a commercial MultiView 1000TM from 

Ltd. The head is placed and secured using three metallic shoe-pads on the 

coarse positioning XY stage of the microscope. This allows later alignment of the tip with 

respect to optical imaging path and microscope objective. The headstage uses beam bounced 

optical feedback via quadrant positioning sensitive diode (PSD) mechanism. A visible 670 nm 

laser diode is reflected and focused using a mirror onto the cantilevered AFM/NSOM probe. The 

er mirror in case of liquid 
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cell). The system can be easily switchable between dry and liquid sample by changing the 

probe mount and using a liquid cell while performing liquid scan. The AFM head is interfaced via 

hardware to the two DT interface cards sitting in the computer. Hardware includes power 

supply, HV piezo stage controller, and DT interface. NWS1760B software installed on the 

computer is used to perform rest of the procedure which includes setting the PSD signal, 

resonant frequency of the probe, approach and scan. Once the PSD signal and resonant 

frequency is set, the tip is then brought in contact with the sample using a stepper motor when 

precise motion of the stage with respect to tip is performed using the piezo stage controller 

(controlled using same software). During the scan, total gain is adjusted using PID controller for 

fine tuning of the image.  

While performing NSOM imaging, the fiber-optic probe is coupled with two lasers, 473 

nm and 532 nm, using a beam splitter. Any one of the laser can be selectively coupled at the 

time of scan. The fluorescence detection in NSOM is done in wide-field mode using the 100X 

1.3 N.A. microscope objective and the signal is directed to a PMT (Thorlabs PMM01) mounted 

to one of the three output ports of the Nikon microscope. The height, phase, amplitude, and 

NSOM images are stored in .stm format which are later used with WSxM software for post 

processing.  

2.4.1 Measuring forces in SPM 

Because the atomic force microscope relies on the forces between the tip and sample, 

knowing these forces is important for proper imaging. The force is not measured directly, but 

calculated by measuring the deflection of the lever, and knowing the stiffness of the cantilever. 

Hook’s law gives F = -kz, where F is the force, k is the stiffness of the lever, and z is the 

distance the lever is bent. 
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Figure 2.4: Force acting on the probe as a function of its distance with respect to sample. 

To measure the interaction when lifting the cantilever probe up to a certain distance 

from the sample, the dynamic properties of the probe are utilized to obtain a very sensitive 

detection. This is more sensitive than measuring static force between the probe and the sample. 

To measure the interaction when lifting the cantilever probe up to a certain distance from the 

sample, the dynamic properties of the probe are utilized to obtain a very sensitive detection. 

This is more sensitive than measuring static force between the probe and the sample. Resonant 

frequency of the cantilever can be given by, 

ω/ �  0 1
2          (5) 

Here, c is the spring constant and m is effective mass 

If a frequency of ω is applied to the cantilever and it is excited at its clamped end at 

amplitude δ0. In this case the probe tip will oscillate with a certain frequency δ. Due to all this a 

phase shift α with respect to the driving signal is introduced. Thus, 

δ �  45 657

0� 678 657�79 : ;767
        (6) 
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α � arctan #;6
�678 657�         (7) 

Where, γ = dampening factor. 

The dampening factor value depends on vacuum and is very low comparatively in 

ultrahigh vacuum. The deflection center of the force microscope monitors the motion of the 

probe tip using optical deflection sensors. When the cantilever experiences the effect of the 

interaction between the probe and the sample, it reacts like having a different spring constant, 

cF.  

cB � c $ CB
CD          (8) 

Where c is the intrinsic spring constant, and the differential is the vertical component of the 

force gradient from the interaction between the probe and the sample. These interactions and 

the change in the spring constant will affect the cantilever’s resonant frequency and it would 

now be given by, 

ω �  ω/01 $  %
1  CB

CD         (9) 

Now, let us assume that c >> 
CB
CD . 

The resonant frequency shifts, which is calculated as,  

∆ω �  $ %
#1  CB

CD          (10) 

Change in the probe’s oscillation amplitude is seen on a shift in the resonant frequency. 

Also phase shift between the probe oscillation and driving signal will result. Fω, δ and α are 

experimentally measurable quantities that can be used to map the lateral variation of 
CB
CD . The 

shift of the cantilever frequency can also be used as a detectable quantity to map the interaction 

between magnetic probe and the sample. A high sensitivity can be obtained if operated at 

moderate vacuum. So even at weak interactions between the probe and the sample, at 

moderate vacuum, we can map the sample by detecting the frequency shift.  



Figure 2.5 Integration of AFM/NSOM with the existing 
Phase plate; CL: condenser lens; MO: microscope objective; PR: phase ring; M: mirror; L1: 532 

nm laser for DHM; BS: 50/50 Beam Splitter; Fl.: Fluorescence excitation source; 
Ex. F: Excitation Filter; Em. F: Emission F

L2: 532 nm laser for NSOM; L3: 473 nm laser for NSOM; FC: 
Fiber Coupler; PMY: Photo Multiplier Tube

2.5 Theory and alignment of laser for TIRFM 

Total internal reflection fluorescence microscopy (TIRFM) exploits the unique pr

of an induced evanescent wave or field in a limited specimen region immediately

interface between two media having different refractive indices. It can

fluorescence from outside the focal plane, thus, dramatica

and consequently, the spatial resolution of the features or

resolution of TIRFM is about 200nm which is

resolution can be as high as 30
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Figure 2.5 Integration of AFM/NSOM with the existing imaging system. HL: halogen lamp, PP: 
Phase plate; CL: condenser lens; MO: microscope objective; PR: phase ring; M: mirror; L1: 532 

nm laser for DHM; BS: 50/50 Beam Splitter; Fl.: Fluorescence excitation source; 
Ex. F: Excitation Filter; Em. F: Emission Filter, DM: Dichroic Mirror;  

L2: 532 nm laser for NSOM; L3: 473 nm laser for NSOM; FC:  
Fiber Coupler; PMY: Photo Multiplier Tube 

 

Theory and alignment of laser for TIRFM  

Total internal reflection fluorescence microscopy (TIRFM) exploits the unique pr

of an induced evanescent wave or field in a limited specimen region immediately adjacent to the 

interface between two media having different refractive indices. It can eliminate background 

fluorescence from outside the focal plane, thus, dramatically improve the signal-to

and consequently, the spatial resolution of the features or events of interest. While the lateral 

resolution of TIRFM is about 200nm which is similar to epifluorescence microscope, its axial 

as 30-50nm. Figure 2.6 shows how TIRFM works.  

  

 

imaging system. HL: halogen lamp, PP: 
Phase plate; CL: condenser lens; MO: microscope objective; PR: phase ring; M: mirror; L1: 532 

nm laser for DHM; BS: 50/50 Beam Splitter; Fl.: Fluorescence excitation source;  
 

Total internal reflection fluorescence microscopy (TIRFM) exploits the unique properties 

adjacent to the 

eliminate background 

to-noise ratio, 

events of interest. While the lateral 

microscope, its axial 
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Figure 2.6 TRIF Microscopy (www.olympusmicro.com) 

The evanescent wave intensity behind the interface damped exponentially in z direction as22: 

G�), HI� �  G�0, HI� �8" J�KL�⁄         (11) 

And the penetration depth d is associated with the incident angle22: 

!�HI� �  � 4'⁄  �.I# N�.#HI $  .O#�8% #⁄        (12) 

Where n is the refractive index and HI is the incident angle. 

TIRF microscopy always images the whole volume as a projection, with weight 

distribution along z direction varies with different penetration depth d, but it has a good axial 

resolution up to 30nm. 

2.5.1 High Numerical Aperture Objective 

Already described in previous section that, for total internal reflection to take place, a 

microscope objective with its numerical aperture higher than 1.38 is necessary.  The excitation 

light must pass through the portion of the lens’ numerical aperture cone that is greater than 

1.38. Thus, for a high performance plan apochromatic 1.4 numerical aperture objective, a very 

small fraction of the lens numerical aperture (1.4 – 1.38 = 0.02) can be utilized. Accordingly, for 

different magnification microscope objectives, higher numerical aperture will make it much 

easier to work with TIRF due to the increase in alignment working area for the laser angle 

adjustment (figure 2.7).  
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Figure 2.7 Working area comparison of high NA objectives26. 

 Having the theoretical knowledge of working principle of TIRFM, a 63X 1.38 NA 

microscope objective (MO) was used. Two lasers used for NSOM, 473 nm and 532 nm were 

aligned co-axially using a beam splitter. Fifty percent of available power was coupled to NSOM 

fiber while the remaining fifty percent was coupled to back aperture of the MO. This required 

flipping of the mirror present at back entry port of the Nikon microscope which toggled between 

epifluorescence and TIRF mode. A weak focusing lens was placed in laser beam path to focus 

the beam approximately at back focal plane of MO. A simple guide “alignment of objective-

based TIRF system”26 was followed to achieve TRIF. TIRF coupled schematic of the entire 

imaging system looked like as shown in figure 2.8. 



Figure 2.8 Imaging system coupled with TIRF laser. 
condenser lens; MO: microscope objective; PR: phase ring; M: mirror; L1: 532 nm laser for 

DHM; BS: 50/50 Beam Splitter; Fl.: Fluorescence excitation source; Ex. F: Ex
F: Emission Filter, DM: Dichroic Mirror; L2: 532 nm laser for NSOM/TIRF; L3: 473 nm laser for 

NSOM/TIRF; FC: Fiber Coupler; PMT: Photo Multiplier Tube.

2.6

The promising applications of MPM are mostly

mechanisms present two major

in laser systems worthwhile27. First, since quantum energies of 

in nonlinear microscopy, photons

which is different from traditional fluorescence. As a near

1,000 nm) is commonly used in

range. Near-infrared light not only has a deeper penetration depth

causes less phototoxicity as there are
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Figure 2.8 Imaging system coupled with TIRF laser. HL: halogen lamp, PP: Phase plate; CL: 
condenser lens; MO: microscope objective; PR: phase ring; M: mirror; L1: 532 nm laser for 

DHM; BS: 50/50 Beam Splitter; Fl.: Fluorescence excitation source; Ex. F: Excitation Filter; Em. 
F: Emission Filter, DM: Dichroic Mirror; L2: 532 nm laser for NSOM/TIRF; L3: 473 nm laser for 

NSOM/TIRF; FC: Fiber Coupler; PMT: Photo Multiplier Tube. 
 

2.6 Ultrafast laser alignment for MPM 

The promising applications of MPM are mostly due to its nonlinear nature. Nonlinear imaging 

two major advantages which make the relatively high investment required 

First, since quantum energies of excitation photons are combined 

py, photons of higher energy than the incoming photons are generated, 

different from traditional fluorescence. As a near-infrared wavelength source (700 ~ 

1,000 nm) is commonly used in multiphoton absorption, emission occurs in the visible spectra

infrared light not only has a deeper penetration depth in scattering tissue but also 

as there are much less endogenous absorbers in most 

  

 

HL: halogen lamp, PP: Phase plate; CL: 
condenser lens; MO: microscope objective; PR: phase ring; M: mirror; L1: 532 nm laser for 

citation Filter; Em. 
F: Emission Filter, DM: Dichroic Mirror; L2: 532 nm laser for NSOM/TIRF; L3: 473 nm laser for 

inear nature. Nonlinear imaging 

advantages which make the relatively high investment required 

excitation photons are combined 

higher energy than the incoming photons are generated, 

wavelength source (700 ~ 

multiphoton absorption, emission occurs in the visible spectral 

in scattering tissue but also 

much less endogenous absorbers in most tissues. The 
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second major advantage of nonlinear imaging is that the excitation in nonlinear mechanisms is 

“localized”. Because the signal depend supralinearly on the density of photons or the light 

intensity, multiphoton absorption is spatially confined to the limited region around the focal point 

when focusing the laser beam through a microscope objective.  

In our setup, a tunable Ti:Sapphire laser (Spectra-Physics HP MaiTai DeepSee laser) 

was used. The laser is tunable from 690 nm to 1040 nm and can be used with mode-locker ON 

to produce 100 femtosecond laser pulse with a repetition rate of 80 MHz. Tightly focused pulsed 

laser beam with low incident power can excite multiphoton fluorescence as well as can be used 

to fabricate microstructures into photopolymerizable gel with proper laser or stage scanning. 

When used with higher power it can be used as ‘laser scissors’ to perform nanosurgery onto 

biological samples. When operated in mode-locker OFF position, the laser beam act as a 

efficient ‘laser tweezers’ which can be used to manipulated individual particle, cell or molecule. 

The laser was coupled to the microscope through an opening at the back and reflected 

using a dichroic mirror to completely fill back aperture of the MO. Before entering the 

microscope, laser beam was expanded using a set of two convex lenses and then made to pass 

through 1:1 telescope, shutter and polarizer before it entered into the microscope. A dichroic 

mirror was used to reflect the laser beam to fill back aperture of the MO. 1:1 telescope enabled 

adjustment in focusing of the laser spot along axial direction, shutter was used to generate a 

pulse train when required while a polarizer enabled tuning of the power of laser beam. Two-

photon fluorescence was effectively separated from back scatter laser light and other second 

order nonlinear effects by already present emission filter in the filter cube. The fluorescence 

signal was recorded using a PMT (Throlabs PMM01) while the stage was raster-scanned using 

NWS1760B software. The complete schematic with coupled ultrafast laser source is as shown 

in figure 2.9. 



Figure 2.9 Multimodal imaging system combined with ultrafast laser microbeam for multiphoton 
imaging and simultaneous implementation as laser tweezer and scissor. HL: halogen lamp, PP: 

Phase plate; CL: condenser lens; MO: microscope objective; PR: phase ring; M: mirror; L1: 
532 nm laser for DHM; BS: 50/50 Beam Splitter; Fl.: Fluorescence excitation source; E

Excitation Filter; Em. F: Emission Filter, DM: Dichroic Mirror; L2: 532 nm laser for NSOM/TIRF; 
L3: 473 nm laser for NSOM/TIRF; FC: Fiber Coupler; PMT: Photo Multiplier Tube; L4: Tunable 

Ti: Sapphire Laser; BE: Beam Expander; S: Shutter;P: Polarizer.

With complete integration of multimodal imaging system, seven different modes of 

imaging can be performed on a single platform. Though all imaging modes cannot be performed 

simultaneously, it can be done only by flipping appropriate mirrors after loading

on the stage of our system. Table 2.1 tells in brief which modes can be done simultaneously 

with proper orientation of the flipping mirrors. Briefly, from figure 2.10 it is evident that 

epifluorescence and TIRF cannot be performed simultan

Also while DHM is performed, it uses a comparatively lower resolution camera using which 

PCM, epifluorescence and TIRF images cannot be recorded. MPM involved tight focusing of 

31 
 

Figure 2.9 Multimodal imaging system combined with ultrafast laser microbeam for multiphoton 
simultaneous implementation as laser tweezer and scissor. HL: halogen lamp, PP: 

Phase plate; CL: condenser lens; MO: microscope objective; PR: phase ring; M: mirror; L1: 
532 nm laser for DHM; BS: 50/50 Beam Splitter; Fl.: Fluorescence excitation source; E

Excitation Filter; Em. F: Emission Filter, DM: Dichroic Mirror; L2: 532 nm laser for NSOM/TIRF; 
L3: 473 nm laser for NSOM/TIRF; FC: Fiber Coupler; PMT: Photo Multiplier Tube; L4: Tunable 

Ti: Sapphire Laser; BE: Beam Expander; S: Shutter;P: Polarizer. 
 

With complete integration of multimodal imaging system, seven different modes of 

imaging can be performed on a single platform. Though all imaging modes cannot be performed 

simultaneously, it can be done only by flipping appropriate mirrors after loading the sample once 

on the stage of our system. Table 2.1 tells in brief which modes can be done simultaneously 

with proper orientation of the flipping mirrors. Briefly, from figure 2.10 it is evident that 

epifluorescence and TIRF cannot be performed simultaneously as it requires flipping of mirror. 

Also while DHM is performed, it uses a comparatively lower resolution camera using which 

PCM, epifluorescence and TIRF images cannot be recorded. MPM involved tight focusing of 
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With complete integration of multimodal imaging system, seven different modes of 

imaging can be performed on a single platform. Though all imaging modes cannot be performed 

the sample once 

on the stage of our system. Table 2.1 tells in brief which modes can be done simultaneously 

with proper orientation of the flipping mirrors. Briefly, from figure 2.10 it is evident that 

eously as it requires flipping of mirror. 

Also while DHM is performed, it uses a comparatively lower resolution camera using which 

PCM, epifluorescence and TIRF images cannot be recorded. MPM involved tight focusing of 



 

32 
 

 

pulsed laser beam which may damage the AFM/NSOM tip. Hence it is recommended that MPM 

should not be performed simultaneously with AFM/NSOM. Although all this sounds 

troublesome, it does not involve perturbation of the sample as flipping of mirrors is done 

completely outside the stage/setup. 

 
Table 2.1 Selection criteria of different modes for performing simultaneous imaging using 

selected techniques. 
 

 PCM DHM Epifluorescence AFM NSOM TIRF MPM 

Mode 1 � x � � � x x 

Mode 2 x � x � � x x 

Mode 3 � x x � � � x 

Mode 4 � x x x x � � 

Mode 5 � x � x x x � 

Mode 6 x � x x x x � 

 
 Ultrafast laser beam at high power allows performing irradiation of the sample to 

change its physic-chemical properties and also to perform nano-surgery on biological samples. 

This will allow dynamic imaging of the sample under observation. Taking all this aspects of the 

imaging system into consideration, it is named as “Biophysics Workstation”.  Actual picture of 

the setup is as shown in figure 2.10. 

 

 

 

 

 

 

 



 
 
 

 

33 
 

 

  

 

F
ig

ur
e 

2.
10

 A
ct

ua
l m

ul
tim

od
al

 im
ag

in
g 

an
d 

m
an

ip
ul

at
io

n 
sy

st
em

 
 



 

34 
 

 

 

CHAPTER 3 

EXPERIMENTAL DATA, RESULTS AND DISCUSSION 

3.1 DHM-AFM imaging of polystyrene particles 

 Numerical reconstruction of DHM images acquired from CCD camera was done online 

through LABVIEW based program which involved equations 1, 2, 3 and 4 mentioned earlier in 

section 2.2. To measure the accuracy program, commercially available fluorescent polystyrene 

particles, dried onto glass coverslip, were imaged in DHM and AFM. Figure 3.1 shows DHM and 

AFM imaging of two adhering polysterene particles  (radius: 3µm). The bright field image (a) 

and corresponding phase map obtained from DHM (b) shows that the overall size of the two 

adhering particles is slighly lower than 2 times diameter of each particle. The phase map 

obtained using DHM shows that the phase at the interface of the two particles is higher than 

other regions of the particle. The higher phase value at the interface can be clearly seen in 

figure 3.1c which shows the gray value (phase)  profile along the line (drawn in figure 3.1b). 

Further, the phase map of the particles is found to be almost uniform (b, c) over the particle 

indicating that the particles are more disk-like rather than spheres. In order to determine actual 

height of the particles, AFM imaging of the fused particles was carried out. Figure 3.1d shows 

the AFM intensity (height) map of the two adhering polystyrene particles. The 3D topographic 

reconstruction  (figure 3.1e) is carried out using WSxM software. The height profile of the fused 

particles along the line (drawn in Figure 3.1d) is shown in figure 3.1f. It is important to note that 

the height is 2.75 µm instead of 6 µm. This confirmed that the particles does not have spherical 

shape as noted in DHM images (Figure 3.1b & c). 

 



 

Figure 3.1 DHM-AFM images of two attached polysterene 
Bright field image, (b) corresponding phase map, (c) Gray value (phase)  profile along the 

(drawn in b). (d) AFM intensity (height) map, (e) 3D topographic reconstruction, 
(f) height profile (in µm) of the particless along the line (drawn in d).

 

The integrated DHM-AFM system was used to co

epi-fluorescence images with the DHM

fluorescence polystyrene particles. Figure 

a) 

b) 

c) 
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AFM images of two attached polysterene microspheres (radius: 3µm). (a) 
Bright field image, (b) corresponding phase map, (c) Gray value (phase)  profile along the 

(drawn in b). (d) AFM intensity (height) map, (e) 3D topographic reconstruction, 
(f) height profile (in µm) of the particless along the line (drawn in d). 

AFM system was used to co-register bright-field, phase

fluorescence images with the DHM-AFM images. Figure 3.2 shows multimodal imaging of 

fluorescence polystyrene particles. Figure 3.2a & b shows the bright-field and phase

d) 

e) 

f) 

  

 

 

microspheres (radius: 3µm). (a) 
Bright field image, (b) corresponding phase map, (c) Gray value (phase)  profile along the line 

(drawn in b). (d) AFM intensity (height) map, (e) 3D topographic reconstruction,  
 

field, phase-contrast and 

shows multimodal imaging of 

field and phase-contrast 
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images respectively. The corresponding epi-fluorescence image is shown in Figure 3.2c. Figure 

3.2d shows the bright-field image of the particles with the AFM tip shown in left bottom corner. 

Though the AFM tip is transparent enough to allow simultaneous DHM imaging, the interference 

fringes (Figure 3.2e) were found to be  perturbed during AFM-scanning, especially in liquid 

environment. Figure 4f shows quantitative phase map obtained from the interference pattern. 

The AFM intensiy and topographic images of the polystyrene particles are shown in figure 3.2g 

and h respectively. 

 
 

Figure 3.2 DHM-AFM images of fluorescence polystyrene particles co-registered with bright-
field, phase-contrast and epi-fluorescence. (a) Bright-field, (b) Phase-contrast, (c) Fluorescence, 

(d) Bright-field with AFM tip, (e) Interference fringes, (f) Quantitative phase map, (g) AFM 
intensity map, (h) AFM topographic image. 

 
 The calculated refractive index of the polystyrene particles, 1.58, was found to be in 

accordance with their given refractive index, 1.59 (Polysciences, Inc.). Internal irregularities in 

fluorescence map of these nanoparticles were observed from MPM image shown in figure 3.3. 

This problem may be attributed to in-accurate dye staining of the material inside microspheres 

which cannot be seen in epifluorescence mode. 
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Figure 3.3 MPM image of two adhering polystyrene beads. 
 

3.2 High resolution AFM - NSOM - MPM imaging of PLGA nanoparticles 

Dye impregnated PLGA nanoparticles were dried on coverslip for imaging using this 

system. Images of nanoparticles in bright field and epifluorescence are shown in figure 3.4. 

Figures 3.4a and 3.4b show entire field of view of phase contrast images and epifluorescence 

images respectively. Corresponding zoomed images of randomly selected region of interest 

(ROI) is shown in figures 3.4c and 3.4d respectively. Presence of particles in this ROI is 

observed but they could not be resolved. 

Successive imagining with AFM-NSOM-MPM is shown in figure 3.5. The images 

revealed actual sizes of the particles breaking the limited resolution obtained in phase contrast 

and epifluorescence microscopic images (Figure 3.4). 

 

 



Figure 3.4 Phase contrast (a) and 
(c, d) zoomed image of ROI respectively.

 
   

 

 

 

 

 
  

a 

c 
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Figure 3.4 Phase contrast (a) and epifluorescence (b) image of entire field of view and

(c, d) zoomed image of ROI respectively. 

d 

b 

  

 

 

of entire field of view and 
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Figure 3.5  AFM-NSOM-MPM images of PLGA nanoparticles (a) AFM intensity map, (b) NSOM 
image, (c) MPM image (d) AFM 3D topography (e) Height profile (in nm) as a function of 

position (in µm) drawn along the line (shown in a). 
 

3.3 Shape transformation of carbon nanoparticles subsequent to laser micro-irradiation 
registered using AFM 

 

Carbon nanoparticles (CNPs) dried onto glass coverslip were found to undergo shape 

change when irradiated with tightly focused near-IR cw laser microbeam. This change could not 

be monitored using conventional optical microscopic techniques. Figure 3.6 shows AFM 

imaging of (CNPs). The spherical shape of the CNP(s) was found to be transformed into 

ellipsoidal after irradiation. Measurement of dimensions of the CNP(s) along major and minor 

axis showed that the cross-sectional shape factor was changed from 1.070 before irradiation to 

1.293, after irradiating with a cw 785 nm laser microbeam. Further, the maximum height 

reduced  from 22nm to 19 nm. This can be attributed to surface melting as observed in case of 

shape transformation of gold nanoparticles30. Since near-IR laser irradiation can lead to 

significant heat generation in CNPs in the absence of an aqueous solution-sink, the system is 

a b c 

d e 
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far from thermal equilibrium and can cause curving or bending of the atomic layers by 

introducing topological defects. Further, melting can be initiated at sites of sharp edges (if any) 

in the CNP. 

  
 

 

 

 
Figure 3.6 AFM intensity image of CNP (a) before and (b) after laser micro-irradiation. Profile of 

CNP along (c) minor axis and (d) along major axis after and before laser micro-irradiation. 
 

It was also interesting to note that the anisotropic CNP was oriented preferentially with its 

major axis along the laser polarization. The high intensity of polarized laser beam is known to 

induce dipole force to preferentially orient anisotropic nanoparticles. The CNPs showed 

fragmentation with micro-irradiation using increasing power of NIR laser beam. Figure 3.7 

a b 

c d 

After 
After 

Before 

Before 
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shows AFM topographic map of CNP clusters (a) before and (b) after laser micro-irradiation. 

Even individual CNPs (encircled in Figure 3.7a) is shown to be fragmented into several CNPs 

(Figure 3.7b). This is in contrast to aggregation seen in case of laser irradiation during synthesis 

of metallic nanoparticles31. In case of cadmium nanoparticles, size reduction has been observed 

under ps pulsed UV laser irradiation, which was attributed to fragmentation that occurs due to 

melting and vaporization of the particles32.  

  

 
 

Figure 3.7 AFM topographic map of CNP-clusters (a) before and (b) after laser micro-irradiation. 
Height profile of the CNP-cluster (marked inside ellipse) along its length (c) before and (d) after 

laser micro-irradiation. 
 

The height profile of the CNP-cluster (marked inside ellipse in Figure 3.7 a&b) along its 

length before and after laser micro-irradiation is shown in Figure 3.7c & d respectively.  The 

height of the individual defragmented CNPs was found to be ~ 2 times smaller than that of the 

cluster. Comparison of volume of the CNPs before and after laser irradiation seems to be quite 

a b 

c d 
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different.  This decrease in volume is not compensated by increase in number of fragmented 

particles. This can be attributed to the fact that temperature rise at the focus spot can vaporize 

surface layers leading to the observed decrease in volume. This can increase the space 

between particles and thus number of particles detected by the AFM. Further, ultrastructural 

changes in the CNPs might occur due to laser micro-irradiation.  

3.4 Live AFM imaging of laser microbeam assisted cellular nanosurgery 

Ultrafast laser microbeam is finding growing usage in causing highly localized damage 

to cellular structures. This has specifically enhanced efficiency of optoporation-injection of 

exogenous impermeable substances into the cell by transient pore formation. However, kinetics 

of laser microbeam induced pore formation and sealing of membrane has not been visualized at 

nanoscale resolution. AFM imaging of ultrafast tunable Ti: Sapphire laser microbeam assisted 

cellular nanosurgery was carried out using our system in parallel to exposure of the laser beam. 

Red blood cells (RBCs) were chosen as cellular model for nano-surgery due to their smooth 

surface topography. The transparent nature of the Nanonics fiber-optic AFM cantilever allowed 

simultaneous bright field/phase contrast imaging of the RBC. Measurement of pore size by AFM 

revealed true pore size as a function of laser exposure duration in contrast to phase contrast 

imaging. Further, AFM imaging of live cells showed fine topography of sealed pores that could 

not be comprehended from conventional microscopy.In order to estimate exposure dependency 

of the pore size, dried RBCs were exposed to fs pulsed laser microbeam (785 nm, 80MHz) at a 

constant average power of 9 mW reaching the sample. Assuming diffraction-limited spot size, 

the average intensity at laser spot is 2.12 x 106 W/cm2. For 200fs pulse width, this correspondes 

to peak power density of ~1011 W/m2. Though these intensities are below the threshold for 

plasma formation33, highly localized non-linear damage occur via different mechanisms. Figure 

3.8a & b show phase contrast images of a dried RBC before and after exposure to laser pulses 

of 5 ms, 10 ms and 20 ms duration at different spatial locations (marked by arrows on Figure 

3.8b). In order to estimate the size of the laser-perforation, grayscale intensities along a line 



drawn across the pore is plotted (Figure 3.8

(c), 10ms (d) and 20ms (e). The FWHM of these profiles were estimated to be 480 nm, 660 nm 

and 880 nm respectively for 5, 10 and 20 ms exposures. 

1400 1600 1800 2000 2200

120

130

140

150

160

170

180

190

200

G
ra

ys
ca

le
 In

te
ns

ity

Distance (nm)

Figure 3.8 Phase contrast image of dried RBC (a) before and (b) after exposure to laser pulses 
of 5 ms, 10 ms and 20 ms duration. Plot of grayscale intensities along a line drawn across the 

laser-irradiated spots for 5ms (c), 10m
 

Phase contrast imaging forms a halo around small objects which obscures details. 

Though this limitation was reported to be overcome by digital holographic microscopy (DHM), it 

measures only optical thickness of the sample

resolution of DHM is still limited by the optical diffraction limit, lateral dimensions

nanosurgery cannot be accurately characterized. Earlier nanosurgery on dried chromosome 
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ss the pore is plotted (Figure 3.8c to e) as a function position for three exposure 5ms 

The FWHM of these profiles were estimated to be 480 nm, 660 nm 

and 880 nm respectively for 5, 10 and 20 ms exposures.  
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Phase contrast image of dried RBC (a) before and (b) after exposure to laser pulses 
of 5 ms, 10 ms and 20 ms duration. Plot of grayscale intensities along a line drawn across the 

irradiated spots for 5ms (c), 10ms (d) and 20ms (e). 

Phase contrast imaging forms a halo around small objects which obscures details. 

Though this limitation was reported to be overcome by digital holographic microscopy (DHM), it 

measures only optical thickness of the sample34,35 with nm resolution. Since, the 

resolution of DHM is still limited by the optical diffraction limit, lateral dimensions

nanosurgery cannot be accurately characterized. Earlier nanosurgery on dried chromosome 

c 
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5 ms 

20 ms 

  

c to e) as a function position for three exposure 5ms 

The FWHM of these profiles were estimated to be 480 nm, 660 nm 
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Phase contrast image of dried RBC (a) before and (b) after exposure to laser pulses 
of 5 ms, 10 ms and 20 ms duration. Plot of grayscale intensities along a line drawn across the 

Phase contrast imaging forms a halo around small objects which obscures details. 

Though this limitation was reported to be overcome by digital holographic microscopy (DHM), it 

resolution. Since, the transverse 

resolution of DHM is still limited by the optical diffraction limit, lateral dimensions during 

nanosurgery cannot be accurately characterized. Earlier nanosurgery on dried chromosome 
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samples have been carried out using ultrafast laser microbeam and mapped36 using AFM 

offline. Live AFM imaging of laser microsurgery of RBC is carried out using the integrated 

platform to estimate the actual size of the pores formed by varied laser exposures.  

  

   

Figure 3.9 AFM topographic image of RBC membrane (a) before and (b) after making 
perforations using laser microbeam exposure of 5, 10 and 20 ms. Height profiles of the RBC 

membrane along a line passing through the center of laser micro-irradiation (c) 5ms, (d) 10 ms 
and (e) 20ms. 

 

Figure 3.9a & b  shows AFM topographic image of RBC membrane before and after 

perforations were made using laser microbeam. The height profiles of the RBC membrane 

along a line passing through the center of laser micro-irradiation are plotted in (c) 5ms, (d) 10 

ms and (e) 20ms. From AFM imaging, the width of the perforations were found to increase from 

112 nm at 5ms to 195 nm at 20 ms exposure for constant laser power of 9mW. Though phase 

c e 

20 ms 

10 ms 5 ms 
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contrast imaging also showed increasing width with increasing exposure time, there is a 

significant mismatch between the values measured by AFM and phase contrast microscopy.  

Figure 3.10 shows comparison between the measurements of width of the perforation 

using phase contrast and AFM imaging for different laser exposures. This anomaly can be 

assigned partly to the diffraction-limited resolution being ~ 500nm and partly to the halo effect of 

phase contrast microscopy. As shown in AFM measurements (Figure 3.10), the width of the 

perforation doesnot increase significantly with increase in exposure time. This can be attributed 

to the fact that multiphoton processes happens at the core of the focus spot and is dependent 

primarily on intensity rather than exposure time.  
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Figure 3.10 Comparative results of width of the perforation at different laser exposure as 

measured using phase contrast and AFM imaging. 
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CHAPTER 4 

SUMMARY AND FUTURE WORK 

Presented in the thesis is first ever development of an imaging system involving seven 

modes of imaging to characterize targeted microscopic samples. Integrated DHM with AFM 

setup was developed for analysis of microspheres and red blood cells. The transparent nature 

of the fiber-optic AFM cantilever allowed simultaneous bright field/phase contrast imaging of the 

sample. Further, multimodal imaging of the sample was demonstrated by simultaneous 

fluorescence imaging with AFM and DHM imaging. While DHM allowed quantitative phase 

imaging at video rate, AFM imaging required few seconds. Since the transverse resolution of 

DHM is limited by diffraction limit, co-registration of AFM image provided higher transverse 

resolution at nanometer scale. Both DHM and AFM imaging revealed shape anomalies in 

commercially available polystyrene particles. Integration of DHM and AFM led to realization of a 

powerful platform for nanoscale imaging.  

Further, this platform could simultaneously image laser micro-manipulated samples with 

high spatial and temporal resolution.  Unique integration of the system with tunable ultrafast 

laser microbeam will serve as an important tool in studying the dynamics of different materials 

and cellular systems. In-situ measurements using atomic force microscopy reveal the shape 

and size changes of the CNPs upon cw NIR laser micro-irradiation. As an example, we showed 

that the spherical shape of the targeted CNPs can be transformed into ellipsoidal, by an 

exposure of few seconds to cw NIR laser microbeam. At higher power levels of the cw near-

infrared laser microbeam, significant size reduction of irradiated carbon nanoparticles was 

observed, which was attributed to melting. In that case, the number of nanoparticles also 

increased by fragmentation of the carbon nanoparticles. However, this could not account for the 
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reduction in total volume of CNPs under laser micro-irradiation. Therefore, it was hypothesized 

that vaporization and or transformation to a dense phase occurs.  

To demonstrated nanoscopic characterization of laser nanosurgery of cells, AFM 

imaging of ultrafast tunable Ti: Sapphire laser microbeam assisted cellular microsurgery was 

realized on this integrated platform. Measurement of pore size by AFM revealed true pore size 

as a function of the laser exposure duration in contrast to phase contrast imaging. While no 

resealing was observed in dry RBC samples, AFM imaging of live cells showed fine topography 

of sealed pores that could not be comprehended from conventional microscopy. Simultaneous 

fluorescence imaging can be realized during laser exposure and AFM imaging which can 

provide additional quantification of injected fluorescent macromolcules. Knowledge of true 

dimension of injury caused by focused laser beams will provide important information regarding 

mechanism of laser microbeam induced damage. The integrated system will provide a useful 

tool for laser assisted microsurgery of cells including studies involving optoporation of 

exogenous impermeable substances into the cell, and laser induced axonal injury. 

Primary experiments on axonal regeneration after exposure to a short fs laser pulse 

were carried out during the work on this thesis. The integrated system is being deployed for in-

situ characterization of laser induced axonal injury and repair. Axons being weakly adhering to 

the glass coverslip, AFM/NSOM experiments were found to be highly challenging as the 

mechanical probe pushed the axon during scanning. Future work in this direction can be carried 

out by use of suitable cantilever and optimizing the scanning parameters.  In an effort to take 

this project ahead, complete automation and optimization of the system will play an important 

role.  
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APPENDIX A 

ABBREVATIONS 
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UTA  University of Texas at Arlington 

IR  Infrared 

AFM  Atomic Force Microscopy 

DHM  Digital Holographic Microscopy 

PCM  Phase Contrast Microscopy 

TIRFM  Total Internal Reflection Microscopy 

MPM  Multiphoton Microscopy 

NSOM  Near-field Scanning Optical Microscopy 
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