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ABSTRACT 

The hematopoietic stem cell niche is a specialized bone marrow (BM) microenvi­

ronment where blood-forming cells reside. Interactions between these rare cells and 

their niche need to be studied at the single-cell level. While live animal cell tracking 

with optical microscopy has proven useful for this purpose, a more thorough charac­

terization requires novel approaches. This can be accomplished by using an integrated 

optical platform for cell and tissue manipulations (cell transplantation and mctrac­

tion) in the skull bone of live mice. The platform integrates a non-damaging laser 

ablation microbeam for bone removal and tissue cutting, optical tweezers for single 

cell trapping, and a video-rate scanning microscope. For single cell delivery, a narrow 

channel is ablated through bone under imaging guidance. Cells are then transferred 

from a micropipette into an optical trap, which brings cells into the BM through the 

channel. The survival and proliferation of implanted cells can be tracked in vivo by 

imaging. For cell extraction after laser bone thinning, different approaches can be 

implemented and t hree of them are presented. 
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Chapter 1 

Introduction 

1 

Biophotonics is a vast field. It encompasses all technologies and approaches combining 

biology and photonics. Photonics is a term derived from the greek word "photos" , 

which mean light . It describes the field that exploits light in the design of system. In 

this context , photons are the equivalent of electrons in electronics. It is a common 

misconception that photonics exclusively refers to domains where light is treated in 

quanta. In fact, photonics refers to the generation, detection and manipulation of and 

with light [Thchin, 2012]. Biophotonics should also be distinguished from biomedical 

optics. The key element of the distinction is that biophotonics is not limited to 

biomedical or clinical applications. However , most developments in biophotonics are 

related to biomedical applications [Svanberg, 2013], and the terms are hence often 

used interchangeably. 

To provide an insight into biophotonics listing a few examples is helpful. The 

generation of light by cells through the expression of fluorescent proteins, such as 

the green fluorescent protein (GFP) , is one of the most widely spread biophotonic 

technology [Roda, 2010]. This example of biological light generation has been brought 

to an extreme and used to make a bio-laser [Gather and Yun, 2011]. Light can also 

be detected by cells. The rods and cones on our retina are a natural occurrence 

of biological light detectors, but cells can be genetically engineered to produce light­

sensitive ion channels [Boyden et al. , 2005]. Treatment of diseases by killing cells with 

light was also achieved using a technique called photodynamic therapy [Celli et al. , 
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2010]. Light interacts with biological tissue in many other ways, but the goal here is 

not to enumerate them all. Nevertheless, I'm obliged to add that the scattering of 

light by biological tissue, and all derived imaging technologies, has a central part in 

biophotonics. 

This thesis is about one specific aspect of biophotonics: the manipula­

tion of biological tissue with light, or optical manipulations. Manipulations 

refer to the act of handling or changing an object in a controlled manner with a 

specific purpose. The two basic optical manipulations to be discussed relate to mi­

croscopic scale phenomena, and can adequately be classified as micromanipulations. 

The first micromanipulation is the optical trapping and positioning of single cells 

with optical tweezers. Optical tweezers consist of a tightly focused laser beam that 

has the ability to move and maintain a circular object, such as a cell, close to its 

focal location [Ashkin et al., 1987]. The second micromanipulation, laser ablation, 

is similar to the first one in implementation. A tightly focused laser beam, but with 

a much higher photon density, is sufficient to remove material in the focal region. 

Biological tissue can thus be ablated using laser [Berns et al., 1981]. 

The development of novel optical micromanipulations is not described in this work. 

This thesis project aims to integrate together existing optical micromanip­

ulations and optical imaging techniques. The combination of optical tools does 

not simply yield a platform where components can be used sequentially. A true inte­

gration results in the emergence of second order manipulations. Optical tweezers and 

laser ablation are combined together with optical scanning microscopy in such a way 

that the transplantation of cells from live animals and extraction of cells is achieved 

on a single, integrated optical platform. Both cell transplantation and extraction are 

macromanipulations of biological material. The new level of manipulation is therefore 

macroscopic. 
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Together, optical cell transplantation and extraction find relevance in the study 

of the hematopoietic system. This system possesses a population of stem cells that 

has the ability to generate all immune and blood cells [Till and McCulloch, 1961 , 

Becker et al., 1963]. Hematopoietic stem cells are found in the bone marrow and 

reside in specialized microenvironments that regulate them [Morrison and Scadden, 

2014]. Massive efforts are being made in order to characterize this microenvironment 

because a more complete characterization would provide fundamental insights for 

the development and improvement of stem cell related clinical and biotechnological 

tools [Mercier et al., 2012, Wilson and Trumpp, 2006]. 

1.1 Outline of thesis 

The main advantage of performing cell transplantation and extraction optically is 

that single cell manipulations within a whole animal are enabled. In vivo single 

cell methods are particularly relevant for the studies of stem cells. Stem cells are the 

central players in regenerative medicine, a field where the hematopoietic system leads 

the way. For this reason, the optical platform was developed specifically for manip­

ulations related to the hematopoietic system. A more complete biological rationale 

behind the development of optical cell transplantation and extraction is provided in 

Chapter 2. This chapter also gives most of the biological background necessary for 

the reading and understanding of this work. 

The following chapter completes the background by introducing the theory be­

hind the technical components of the optical platform (Chapter 3). The optical 

platform integrates an optical scanning microscope, optical tweezers and a laser abla­

tion microbeam. The physics is discussed in the context of biophotonics and selected 

embodiments are placed in a historical framework. Discussing the evolution of the 

technologies is particularly relevant as it provides an insight into specific advantages 
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of the chosen tools. 

The instrumentation and physical characterization of the optical tools is done 

separately from the description of how the tools are used for macromanipulations. 

All optical components are first described in details (Chapter 3). This chapter as 

well describes other optical platforms that were used to assess the outcome of macro­

manipulations and general biological methods, especially how cells were obtained for 

transplantation. 

The single cell transplantation, or delivery, constitutes the most substantial ex­

perimental component of this thesis (Chapter 4). First, the method for delivering 

single cell directly into the bone marrow of live mice is presented. Then, the results 

from the investigation of the possible deleterious effects of light on the biological sys­

tem are discussed. Using the experimental parameters minimizing negative effects of 

light on biological tissue, multiple cell delivery were conducted. Different cell types 

were delivered, but all related to the hematopoietic system. The cell delivery process 

is very similar for all cell type , but the assessment of their fate reveals that different 

cell types behave differently after local transplantation. 

Although the central theme of this work is optical micromanipulations, it will 

become evident in the first chapters how optical microscopy has became a crucial 

technology in the study of the hematopoietic system. To bring closer micromanipu­

lations and bone marrow imaging, Chapter 5 will be devoted to bone thinning with 

laser ablation as a method to improve the optical access to the bone marrow. While 

a proper characterization of the improvement in optical imaging is important, this 

chapter is essential because it describes an usage of optical micromanipulations that 

can be incorporated in everyday experiments. 
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Finally, the extraction of single cell directly from the bone marrow is presented 

as a discussion (Chapter 6). A great number of approaches are available due to 

the versatility of the laser microdissection scheme developed. Nevertheless , only a 

few of them can work successfully. Most importantly, different cells require different 

extraction methods because of the location or of their interaction with other bone 

marrow components. The discussion is therefore centered on the extraction process 

and not on the extracted cells. 



Chapter 2 

Background 

6 

2.1 Stem cells and their niche 

Stem cells play a critical role in tissue function and maintenance. They are defined 

functionally by their ability to self-renew and differentiate into multiple cell types 

[Orkin, 2000]. Self-renewal refers to the maintenance of the stem cell status following 

cell division, which is critical for the long-term maintenance of a stem cell pool. 

Differentiation is the process by which mature, fully committed, cells are generated 

after multiple cell divisions where the daughter cells are different, or asymmetric. 

The sequence of events during differentiation is hierarchically structured as the cell 

potency is reduced at every steps. From this representation of differentiation emanates 

a pyramidal organization in which the stem cell is alone at the top [Orkin and Zon, 

2008]. This is exemplified in Fig. 2·1 using the hematopoietic system, the system of 

interest in the present work. 

All immune and blood cells originate from hematopoietic stem cells (HSC), but 

HSC alone are not sufficient. Hematopoiesis, the generation of immune and blood 

cells, needs to be regulated at every steps, including at the stem cell level. This 

regulation allows for the right balance of mature cells to be generated according to 

the specific and changing needs of the tissue [Mercier et al., 2012]. It can also lead 

to the inactivity, or quiescence, of stem cells [Li and Clevers, 2010]. The organi­

zation presented in Fig. 2·1 is therefore not complete as stem and progenitor cells 

received feedbacks from more differentiated cells and from the environment [Wilson 
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function is observed with respected to the different anatomical locations [Cao et al. , 

2004, Lassailly et al. , 2013]. This implies that, according to the current knowledge, 

studying the HSC niche in any bone will provide a descriptive of a generic HSC niche. 

Figure 2·4: Calvarial bone marrow morphology. (Right) Photography 
of a mouse skull after removal of soft tissues. The rectangle shows 
the location of most of the calvarial BM space where HSC reside. The 
sagittal and coronal sutures are used as anatomical references to register 
position on the skull. (Left - adapted from [Lo Celso et al., 2009a]) 
Coronal section of the calvarial bone that was DAPI-stained to indicate 
the cavity morphology (asterisks mark the BM). The cortical bone on 
top of the bone marrow is relatively thin. The bracket indicates the 
depth of optical scanning and the portion of the bone that is represented 
in schematics such as Fig. 2·5. 

HSC are preferentially located in trabecular bones [Ellis et al. , 2011]. The exis­

tence of a HSC niche within the BM has been demonstrated several time using mul­

tiple approaches [Frenette et al., 2013, Morrison and Scadden, 2014 , Scadden, 2014]. 

On one hand, the BM contains an extremely dense vascular network, which makes up 

approximately 25-30% ofthe BM by volume [Lo Celso et al. , 2009a, Nombela-Arrieta 

et al., 2013, Kunisaki et al., 2013]. The vascular network is composed of arteries, 
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sinusoids and veins. HSC have been found to preferentially reside near arteries, mak­

ing arteries a micro-anatomical niche component [Ding et al., 2012]. Some arteries 

harbors nestin+ mesenchymal stem cells (MSC) from which HSC are found in close 

proximity [Mendez-Ferrer et al., 2010]. This cellular niche component has been shown 

to maintain HSC quiescence [Kunisaki et al., 2013]. On another hand, HSC are also 

found in proximity to the endosteum, the inner surface of BM cavities on bone cor-

tex [Calvi et al., 2003, Kiel et al., 2005, Lo Celso et al., 2009a]. This constitutes a 

second micro-anatomical niche component. The endosteum is lined with osteoblasts 

and osteoprogenitors that have a functional impact on HSC (Fig. 2·5) [Xie et al., 

2009]. 

Non-niche 
osteolineage : 

cells : 

Niche 
osteolineage 

cells 

Non-niche 
osteolineage 

cells 

Cortical bone 

Bone marrow 

Figure 2·5: Schematic of the endosteal HSC niche. The view is equiv­
alent to a coronal section of the calvaria as in Fig. 2·4 - Right. The 
BM is filled with blood vessels (not shown) and cells. A HSC (green) 
is in close proximity of a subset of osteolineage cells (red) constituting 
part of the microenvironment. Osteolineage cells distal (blue) to the 
HSC are not component of the HSC niche. 
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The two niche elements described above are not contradictory as nestin+ arterioles 

perfuse the endosteal region [Spencer et al., 2014]. Nevertheless, the appearance of 

incoherence in the niche characterization exits in the literature [Ding and Morrison, 

2013]. In particular, a sinusoid niche has been described [Morrison and Scadden, 

2014]. It will not be discussed further , but is mentioned to introduce the idea that the 

niche is a complex entity Fig. 2·6. Multiple cell types are important for the regulation 

of HSC. Some of them are of hematopoietic lineage (regulatory T cells [Fujisaki et al., 

2011], megakaryocytes [Winter et al., 2010], eosinohils [Chu et al., 2011]) , while others 

are of mesenchymal lineage (nestin+ MSC, osteoblasts, osteoprogenitors, adipocytes 

[Naveiras et al., 2009]). At the molecular level, many of those cells express identical 

soluble factors that affect HSC. For example, both nestin+ MSC and osteoblasts 

express CXCL12 and SCF [Mendez-Ferrer et al., 2010, Ding et al., 2012, Omatsu 

et al., 2014]. Yet, the same soluble factor can affect stem or progenitor cells differently 

if expressed by different cell types [Ding and Morrison, 2013]. New cellular and 

molecular components of the HSC niche are continuously being discovers, one at 

the time [Scadden, 2014]. This approach of studying one factor at the time using 

different methods (conditional gene deletion, lineage-specific expression of fluorescent 

proteins, immunostaining of tissue sections, etc) is likely the cause for the presence 

of conflicting observations. Hence, there is a need to study the HSC niche in an 

integrative manner. 

The global goal of the work presented here is to engineer new integrative ap­

proaches that will improve the characterization of the stem cell niche in order to 

better understand how stem cells are regulated. 
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Figure 2·6: Schematic of the complexity of the HSC niche. Multiple 
cell types, represented with different colors, are components of the HSC 
niche. Cells are part of the niche if they have a functional impact on 
HSC. Niche cells do not have to be in direct contact with the HSC 
(green) to interact with it. Some cells can affects HSC at a distance, 
making the concept of proximity-based niche relative. 

2.2 The clinical relevance 

Because of the ability of stem cells to regenerate entire tissue, intensive efforts are put 

in developing stem cell based therapies [Wilson and Trumpp, 2006]. In most cases, 

this line of therapeutic is in the experimental stage. One important exception is the 

t ransplantation of BM which started more than 50 years ago [Copelan, 2006]. First 

used for the treatment of radiation damage, BM transplantation is now used to treat 

a variety of blood disorders from cancers to autoimmune disorders, as well as genetic 

disorders. Many BM transplantations were performed before it was realized that the 

critical component of the transplant are HSC. In fact, HSC were discovered years 

after BM transplantation began to be used clinically [Becker et al. , 1963]. 
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For autoimmune disorders, autologous HSC transplantation, injection of the pa­

tient's own HSC collected prior to treatment, can be performed after eradication of 

autoreactive T cells. In many types of leukemia, elimination of the disease is diffi­

cult. It requires an aggressive treatment involving high dose irradiation and strong 

chemotherapy. Such treatment always comes with high morbidity, can cause death 

and is still not frequently successful in eliminating cancer cells. Allogeneic HSC trans­

plantation, injection of HSC from another person, are more commonly performed for 

leukemia because of the presence of a graft-vs-leukemia effect. The newly engrafted 

immune cells recognized the cancer cells as foreign and attack them. Hence, the HSC 

transplants plays a critical role in the elimination of the disease. Nevertheless, the im­

mune cells also recognize the host cells as foreign and generate a graft-vs-host disease, 

forcing the patient to be under immunosuppressive therapy [Copelan, 2006, Passweg 

et al., 2012, Li and Sykes, 2012]. 

Two major aspects related to the HSC niche can help improve treatment outcome 

when BM transplantation is used. The first one is straightforward. By understanding 

better how HSC home, engraftment and are maintained by their niche, the success 

rate of BM transplantation can be increased. The second aspect is more subtle. 

There exists an interplay between HSC and leukemic cells. Leukemia can modulate 

the HSC niche [Sipkins et al., 2005]. The microenvironment of minimal residual 

disease or of leukemic stem cell (LSC), two critical elements leading to relapses, have 

yet to be characterized in depth. Understanding how niches for malignant cells are 

distinct from niches for normal cells is critical in developing strategies to specifically 

target deletion of LSC (Fig. 2·8) , while simultaneously improving autologous HSC 

transplants or the maintenance of the endogenous HSC population. For this reason, 

a better characterization of the HSC niche, and of its malignant counterpart, is of 

significant clinical relevance. 
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Normal 
niche cells 

HSC 

Malignant 
niche cells 

LSC 

Figure 2·8: Schematic of the LSC niche. Little is known about the 
differences between normal and malignant niches and how they interact 
together. It is of particular interest to determine if the malignant niche 
appears following the emergence of LSC, or if alterations in the niche 
drive the generation of LSC, as it would allow to identify and target 
clinically the source of the disease. 

2.3 Single cell studies: interrogating one cell at the time 

Studying stem cells is challenging because they are rare, dynamic and heterogenous 

[de Souza, 2011]. The rarity refers to the low number of stem cells relative to the 

total tissue volume. Stem cells are dynamic as they can be in different states (cycling, 

quiescent or dormant) at different time and also move within their tissue of residence. 

The heterogeneity refers to the existence of multiple differentiation behaviors for 

stem cells that appear identical [Dykstra et al. , 2007, Hope and Bhatia, 2011]. This 

dynamic and heterogeneous profile of stem cell leads to the necessity of assessing 

all different behaviors individually. Here, it is important to reiterate that stem cells 

are defined functionally, requiring the observation of their long-term output for their 
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characterization. Therefore, one needs to look at the impact of single cells on the 

entire system. These concepts applies to HSC as well even though the blood is a 

highly regenerative tissue. 

HSC needs to be studies as single cells because they are dynamic and heteroge­

neous. Their rarity leads to the necessity of single cell studies, both of niche cells , and 

of HSC themselves [Scadden, 2014]. Cells of the cell types composing the niche are 

present elsewhere in the BM. For example, osteoblasts are found relatively uniformly 

on the endosteum, but only a small fraction of them are interacting with a stem cell 

(Fig. 2·5 and Fig. 2·8). As the hypothesized niche osteoblasts are rare, studying all 

osteoblasts together as a population would not inform on the HSC niche. The bio­

logical information pertinent to niche cells would be lost in the noise of the abundant 

non-niche cells. Therefore, niche cells have to be studied as single cell in order for 

their unique profile to be observed. 

2.3.1 Transplantation 

A single HSC has the ability to regenerate the entire hematopoietic system. Trans­

plantation of a single HSC in an gamma-irradiated mice thus has the potential to 

rescue the recipient long-term [Osawa et al., 1996]. This has been taken advantage of 

in defining a true HSC population. Many studies were conducted where a single HSC 

was injected in a lethally irradiated, sublethally irradiated or immune-compromised 

mice with the goal of assessing the regenerative potential of single cells [Osawa et al., 

1996, Wagers et al., 2002, Uchida et al., 2003, Kiel et al., 2005, Camargo et al. , 

2006, Dykstra et al., 2006, Oguro et al., 2013]. The engraftment of single-injected 

HSCs, or their ability to enter the BM, differentiate and produce effector cells , is the 

key parameter in assessing the transplantation outcome. 

Single cells for transplantation are identified using mainly immunophenotyping, 

which refers to the study of protein expressed by cell. The idea is that HSC should 
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express a different combination of proteins from other hematopoietic progenitors on 

their surface making them identifiable prior to the assessment of their long-term differ­

entiation behavior. Other approaches such as assessing dye efflux can also be useful. 

A true HSC population defined by immunophenotyping does not yet exists, but on­

going efforts in the search have provided continuously enriched HSC populations over 

time (Fig. 2·9). Excluding a non-repeated experiment where HSC engrafted with 

almost perfect efficiency [Matsuzaki et al., 2004], the maximal engraftment efficiency 

measured is near 50% with the SLAM marker family (CD150, CD48, CD229 and 

CD244) and LKS markers (Lineage10w, c-Kit+ and Seal+) [Oguro et al., 2013]. 

The use of fluorophores and antibodies allows to sort HSC using fluorescence 

activated cell sorting (FACS) [Ema et al., 2006] . Individual cells are then collected 

from wells with a syringe and injected intravenously. The intravenous (I.V.) injections 

can be done retro-orbitally or in the tail vein. In both cases, the injection is not always 

successful and possible failures are difficult to assess because syringe cannot easily be 

inspected for the presence of a single fluorescent cell or of its fragments. Additionally, 

HSC reside in the BM. The presence of a HSC in the vasculature after a successful 

I.V. injection does not directly translate in the homing of the cell to the BM. Cells 

can home to the spleen and can be entrapped or eliminated by other organs. This 

is a potential explanation as to why the reconstitution potential was initially low 

(20%) and still has not exceed 50% after 20 years of single cell transplantations. 

Alternatively, single transplanted cells might all home to the BM and the percentage 

of long-term reconstitution might adequately reveal the true stem cell fraction. Hence, 

there is a need for a method to perform HSC transplantation directly into BM. 

2.3.2 Extraction 

In the clinic, HSC can be collected in one of two ways. BM can be harvest directly from 

bones or HSC can be mobilized into the peripheral circulation using agent such as G-
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CSF and then the blood can be collected. Recently, the usage of cord blood has gain 

attention [Copelan, 2006]. In experimental settings, mouse HSC for transplantation 

are almost exclusively extracted from the BM. After euthanasia of the animal, bones 

are immediately extracted. Usually, only the long bones are used as BM harvesting 

sites because they contain a large amount of BM and because soft tissue can manually 

and efficiently be removed. Other bones such as the vertebrae contain larger amount 

of BM, but the removal of soft tissue around them is tedious and not practical. BM 

cells are obtained after either flushing or crushing the long bone, then filtering them 

to remove bone fragments. In all cases, no information remains about the spatial 

relations between cells in vivo. 

Many components of the HSC niche were originally identified by their proximity 

to HSC. Proximity-hypothesized niche components then need to be validated func­

tionally. For example, this was the case for niche osteoblasts. HSC were first observed 

in proximity to the endosteum, then osteoblasts were shown to have the ability to 

upregulated the HSC number throughout Notch1 activation in vivo [Maillard et al., 

2008]. Because niche cells have distinct molecular profile (unpublished), at least at 

the mRNA level, it is conceivable to identify new niche molecular factors based on 

their expression in cells proximal to HSC. 

To molecularly characterize rare cells, there is need to perform gene expression pro­

filing at the single-cell level without contamination from surrounding cells. The first 

step in performing such an analysis is precise identification and extraction of single 

cells. Cells at a distance also have to be extracted and analyzed for the identifica­

tion of niche specific molecular factors. As was described in the previous paragraph, 

current extraction methods are highly invasive, and the relative cell distribution, or 

spatial organization of cells, is lost. There is a need for a method of extracting single 

cells from the BM that also provide spatial information. 
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2.4 The need for tissue micromanipulation 

In summary, BM transplant is used as a treatment for blood cancers such as leukemia. 

After the elimination of diseased cells, together with healthy cells, by total body 

irradiation, BM transplant is required for the replacement of all lost hematopoietic 

cells: immune and blood cells. Differentiated transplanted cells mediate only the 

immediate benefit. The long term success of a BM transplant relies entirely on the 

engraftment of a sufficient number of HSC in their niche, which will sustain the 

repopulation of hematopoietic cells. To improve BM transplantation clinically, a 

better characterize of HSC and of their early niche interactions is first necessary. 

No existing imaging modalities have the ability to track a single cell once it enters 

the blood stream. As a result , current single cell transplantation experiments are done 

without any knowledge of where the cell actually lodges and how it interacts with 

its environment at the microscopic level. An elegant study has used bioluminescence 

imaging to monitor engraftment from single luciferase-labeled HSC [Cao et al., 2004]. 

It was determined that HSC generated discrete foci in the BM and spleen. The 

frequency of engraftment in different BM compartments correlated with compart­

ment size, suggesting no preferential homing site. Also, the long-term hematopoietic 

chimerism was not affected by the specific site of initial engraftment and expansion. 

Nevertheless, the bioluminescence method used in this study does not enable the de­

tection of single cells and approximatively two weeks of HSC expansion were required 

before cells could be imaged as a cluster. 

Injection of HSC in the vasculature convolves the information about reconstitution 

with homing or trapping effects. Most importantly, it becomes impossible to image the 

initial engraftment site and assess early cellular interactions in the niche. Positioning 

an individual HSC directly into the BM of a live mice would simultaneously avoid 

the vascular system and enable imaging of the HSC in its niche at the cellular level. 
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Cellular imaging of the HSC niche have already provided valuable information for the 

characterization of niche interactions (Section 3.1). In addition to the visualization 

of those interactions, extracting cells directly from their in vivo context would enable 

the determination of regulatory factors by single-cell analysis (ex.: single-cell mRNA 

sequencing) as it would be possible to relate the molecular information to the observed 

in vivo state. In this framework, novel approaches are needed to make the BM 

accessible for single-cell transplantation and analysis. 

Transplantation and extraction must be performed at the single-cell level and in a 

manner that minimally disturb the biological tissue. Optical techniques meets all of 

the requirements. Building upon prior knowledge that optical scanning microscopy 

enables intravital imaging of the HSC niche with single cell resolution (Section 3.1), 

this thesis investigates the use of optical tweezers (Section 3.2) and laser ablation 

(Section 3.3) to develop a method and an instrument for in vivo optical micromanip­

ulation of cells and tissue in the BM. 



Chapter 3 

Optical Tools 
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3.1 Fundamental of optical microscopy 

3.1.1 Contrast methods 

Images are spatial representations of objects. The same object can have multiple 

representations of itself that appear completely different. How an object will appear 

in an image depends on both the object and the imaging modality. Different imaging 

modalities are based on different physical contrast mechanisms. For example, the 

nuclear magnetic properties of tissue are measured with magnetic resonance imag­

ing (MRI), while computed tomography (CT) and ultrasound (US) are sensitive to 

modulations in x-ray radiations and acoustic waves respectively. 

The two latter physical signals are modulated by tissue via both scattering and 

absorption. Scattering is the change of momentum of a particle due to a collision 

with another particle (Fig. 3·1(a)). Absorption refers to the transfer of energy from 

radiations to matter [Suetens, 2002]. Light is also scattered and absorbed by biological 

tissue [Wang and Wu, 2007]. Optical imaging modalities based on scattering, such as 

optical coherence tomography (OCT), have found a niche in clinical imaging where 

they complement MRI, CT and US [Zysk et al., 2007]. 
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Contrast methods in optical microscopy are not limited to scattering and ab­

sorption, one of the most important being fluorescence. Fluorescence occurs at the 

molecular level when a molecule absorbs light, goes into an excited state, and re­

emitted light at a different wavelength (Fig. 3·1(c)) [Tsien, 1998]. Some molecules 

are naturally fluorescent. When the molecule is endogenous to the object being im­

aged, the signal is referred to as autofluorescence. Autofluorescence was first observed 

with a microscope in bacteria in 1911 [Heimstadt, 1911] and is still today an useful 

source of contrast in microscopy [Zipfel et al., 2003, Chow et al., 2014]. The ar­

tificial introduction of fluorescence into biological specimen nevertheless makes the 

tool much more versatile. Exogenous labeling and antibodies staining, approaches 

are powerful, but the co-expression of fluorescent proteins with specific proteins by 

genetic modifications was paradigm changing in biology as it enabled molecular imag­

ing [Lippincott-Schwartz and Patterson, 2003]. 

The original fluorescent protein, GFP, and many of its early variants are excited by 

and emit light in the visible portion of the electromagnetic spectrum [Tsien, 1998]. In 

this region, blood strongly absorbs light thus limiting the use of fluorescence proteins 

in thick tissue in vivo. At longer wavelengths, in the infra-red (IR) region, water 

absorption becomes a limiting factor. There exists a region, called the optical window, 

in which light is minimally absorbed and scattered by biological tissue (Fig. 3·2) 

[Vogel and Venugopalan, 2003]. 

Many fluorescent proteins and other fluorophores can emit light when excited in 

the NIR by a two-photon excitation fluorescence (TPEF) process (Fig. 3·1 (d)) [Denk 

et al., 1990]. Pulsed lasers are required to produce TPEF because the process cross­

section is low, while one-photon fluorescence can be excited with continuous wave 

(CW) laser or incoherent light. The TPEF cross-section is usually lower than its linear 

counterpart, requiring the simultaneous interaction of multiple photons [Masters and 








































































































































































































































































































































































































