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ABSTRACT 

Tissue abnormalities such as scar, dead tissues or matrix irregularities are 

studied extensively in joint injury and repair and their diagnosis is very important 

for the orthopedist. Arthroscopy, an invasive procedure, is presently the best 

available solution for knee injuries, but minimally or non-invasive techniques are 

desired. Three minimally invasive optical methods were developed to diagnose 

tissue abnormalities. 

The first method using collimated spectroscopy showed that the behavior of light 

in collagen fibers varied differently depending upon the direction of propagation 

and that the collagen fibers acted like waveguides. This could lead to the study of 

collagen orientation in tissues and allow differentiation of normal and scar 

tissues. The second method using luminol-amplification demonstrated that 

chemiluminescence from live tissues was higher with slower time decay than 

from dead tissues. This difference is associated with the production of oxygen 

radicals from live tissues and this could lead to the study of the behavior of the 

radicals in tissues. The third method illustrated that biophotons were dependent 

upon hydrogen peroxide and growth factor stimulation with a subsequent 

increase in biophotons with stimulation. 

Finally, since the collagen fibers were acting like light guides with longer direction 

of light travel along the fibers, and biophotons and light from oxygen radicals 
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could act as sources, it was postulated that the light generated by cells would be 

transferred to other cells for some useful purpose. This hypothesis was tested 

and it was observed that light from the cells in a serum stimulated dish changed 

the cell growth in the light connected dish. This suggests that cells were using 

optical signaling mechanism to alter their characteristics but to prove that the 

light might be used as a signal for intercellular communication would be a 

significant challenge. 
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CHAPTER 1: BACKGROUND AND MOTIVATION 

1 

This research investigates two major areas - optical techniques for diagnosing 

soft-tissue abnormalities and a possible role for cellular light. Optical techniques 

were employed to provide minimally invasive diagnostics while the light's role 

was studied to propose its significance in cells and possibly in intercellular 

communication. 

The issues of interest are thus optical diagnostic techniques, soft-tissue 

abnormalities and intercellular communication, and they are discussed as 

follows. 

1.1 Optical diagnostic techniques 

The term 'optical' means anything related to the science of light or photonics. If 

photonics is used to study tissues or cells for biomedical applications then it 

becomes biophotonics and it plays a key role in clinical medicine and health care 

applications. It helps to solve many clinical research problems with a broad range 

of products and techniques such as spectroscopy, lasers, imaging and fiber 

optics. The applications are immense from laser-based surgery to laser therapy, 

to many minimally invasive diagnostic applications. The demand for biophotonic 

products is quite high and sales of these devices are significant [1-2]. 



2 

The rapid diversification of optical diagnostic techniques resulted primarily from 

recent advances in photonics and computational technologies. Lasers are the 

most important photonic technology at present. They are used almost 

everywhere in the medical world and with their ability to target tissues precisely 

they have found a home in many areas in surgery. Besides Laser Assisted in-

Situ Keratomileusis (LASIK) eye correction, lasers are used for cosmetic surgery 

and the field of photodynamic therapy [3] and telemedicine. Despite these 

glowing prospects, their uses are limited by cost and device complications but 

the potential for growth is very promising. 

Biophotonic applications could be subdivided into two categories, therapeutics 

and diagnostics. Optical therapies are interactions intended to affect a positive 

clinical outcome. Examples of optical therapies include photodynamic therapy 

and laser surgery [4]. On the other hand, optical diagnostics provide information 

about the tissue and it is worth noting that an important goal for diagnostics is to 

get the best information while minimizing physiologic disruption. Optical 

diagnostics include optical measurement of blood oxygenation [5], pulsed 

photothermal radiometry [6] and laser induced fluorescence [7]. 

The following is an overview of a few of the optical therapy techniques that are 

currently being employed in biomedical applications and it starts with 

photodynamic therapy. In this technique, a photosensitizing agent is injected or 
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applied to an area and it is absorbed preferentially by tumor cells or other 

targeted tissue. Normal cells would clear themselves of the dye in about 24 

hours. A day after injection, the patient is exposed to 630nm laser radiation, 

which activates the dye and degrades the cancerous cells, ideally eliminating the 

tumor. Tumor cells die when they are exposed to the appropriate wavelength and 

intensity of laser light. Upon exposure to light, the photosensitive dye acts as a 

singlet oxygen source. This form of oxygen reacts rapidly with cellular 

compounds to produce lipid hydroperoxides, which then react with traces of iron, 

creating additional toxic products leading to cell death. But various mechanisms 

could quench the singlet oxygen production, and not all target cellular 

compounds are equally susceptible to oxidation. Normal tissues might also be 

killed in the process so novel optical techniques are desired to solve this 

problem. 

Another therapeutic application is the photodynamic treatment of wound healing. 

Anecdotal evidence from astronauts suggests that long-term exposure to micro-

gravity causes wounds to heal more slowly in space than on earth. Light is used 

from light emitting diodes to stimulate the organelles in the cells of the body to 

promote healing. However, the healing occurs with the creation of an inferior 

tissues named scar tissues. 
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Some of the optical diagnostic applications such as imaging the internal structure 

or mapping the functional state of a biological tissue are now discussed. In all the 

techniques, the highly directional emergent photons retain their original 

properties even after traversing through the tissue and contain maximum image 

information in terms of resolution and contrast. Biological tissues are built from 

highly structured building blocks ranging from a few nanometers to hundreds of 

micrometers that are potential light scattering centers. Refractive index changes 

at the air-tissue interface, large water content, and the presence of absorbing 

pigments further compound the difficulties of the passage of light within a tissue. 

The functional state of biological tissue could be ascertained by obtaining the 

optical properties of tissues. These properties result from the measurements of 

diffusely transmitted or reflected light through a tissue and clinical applications 

are all based on extracting information from these optical properties. The 

physical aspects of light absorption, reflection, transmission and scattering are 

presented in detail in Appendix A.2. The properties that might be of intrinsic 

interest are for example; changes in the optical absorption coefficient which could 

be related to blood oxygenation and tissue metabolism. Alternatively, the optical 

properties might be required to calculate the distribution of light in the tissue. The 

temporal spreading of a short light pulse as it propagates through a scattering 

medium also contains information about the optical interaction coefficients. The 
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characteristic absorption and scattering of light determine its spatial distribution 

within irradiated tissue & the subsequent biological effects in therapeutic uses [8]. 

In diagnostic applications, light that is diffusely reflected from or transmitted 

through the tissue is used to obtain the metabolic, physiologic, and possibly the 

structural status of the tissue. The emphasis of this work was to relate these 

techniques to present and potential future clinical applications. 

Other minimally invasive techniques such as ultrasound and x-ray imaging have 

flourished in recent years, but optical diagnostic techniques have certain 

advantages such as high bandwidth, good resolution, potential sensitivity to 

biochemistry, and a relative lack of side effects. A commonly used optical method 

namely an arthroscope is an invasive technique and it uses fiber optics to permit 

exploration of a joint without major surgery. It could not show the soft tissue 

details outside the joint cavity, and repeated arthroscopy eventually lead to the 

formation of scars and other joint problems. Magnetic resonance imaging (MRI) 

is a non-invasive method of viewing, without injury, and examining soft tissues 

around the joint but these systems are expensive and nonportable. So, newer 

optical techniques are desired to potentially monitor not merely tissue structure 

but also its biochemical composition and physiological functions. This 

dissertation is concerned with such techniques to determine soft-tissue 

abnormalities, and they are discussed below. 
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1.2 Soft-tissues 

Soft tissues in a synovial joint, especially in the knee joint (see Figure 1.1) are of 

considerable interest and they consist of articular cartilages, ligaments and 

tendons. Synovial joints permit a wide range of motion and under normal 

conditions the bony surfaces at a synovial joint could not directly contact one 

another, because a special articular cartilage covers the articulating surfaces. 

The surfaces of the articular cartilages are slick and smooth and this feature 

alone could significantly reduce friction during movement at the joint. However, 

even when pressure is applied across a joint, the smooth articular cartilages do 

not actually touch one another, because a thin film of synovial fluid in the joint 

cavity separates them. This fluid acts as a lubricant, keeping friction at a 

minimum. Damage to articular cartilage leads to a rough gliding surface creating 

pain and stiffness, also termed arthritis. Osteoarthritis generally affects 

individuals age 60 and older and it might result from cumulative wear and tear at 

the joint surfaces or from genetic factors affecting collagen formation. 

Rheumatoid arthritis is an inflammatory condition that affects roughly 2.5% of the 

adult population and at least some cases occur when the immune response 

mistakenly attacks the joint tissues. Allergies, bacteria, viruses, injury and genetic 

factors have all been proposed as contributory to, or triggering, the destructive 

inflammation. 
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Ligaments reinforce and strengthen the joint capsule, and they might also limit 

rotation at the joint. They help prevent extreme movements that might otherwise 

damage a joint. In a sprain, a ligament is stretched to the point at which some of 

the collagen fibers are torn, but the ligament as a whole survives, and the joint is 

not damaged. Ligaments are very strong, and one of the attached bones typically 

breaks before the ligament tears. In general, a broken bone heals much more 

quickly and effectively than does a torn ligament. In a knee joint, collateral 

ligaments run along the sides of the knee and limit sideways motion. Inside the 

joint capsule, anterior and prosterior cruciate ligaments cross one another and 

connect the tibia to the femur at the center of the knee. These limit rotation and 

forward and backward motions of the tibia. 

Fibular collateral 
ligament 

meniscus 

Lateral 
condyle 

Lateral 

Posterior 
cruciate 
ligament 

Medial 
condyle 

Cut ' 
tendon 

Fibula 

Anterior, flexed 

Figure 1.1: Diagram of the Knee 
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Tendons might limit the range of motion and provide mechanical support. In a 

knee joint the patella tendon is very important since it protects the knee joint from 

the front. Tendons, which connect skeletal muscles to bones, consist almost 

entirely of collagen fibers and not other reticular or elastic fibers; ligaments are 

similar in structure to tendons, but they connect one bone to another. These are 

termed connective tissues, and they have three basic components, 1) 

Specialized cells, 2) Extracellular protein fibers and 3) a fluid known as the 

ground substance. Connective tissue has many types of cells and extracellular 

fibers in a syrupy ground substance. The extracellular fibers and ground 

substance constitute the matrix that surrounds the cells. So, the tissues are 

composed of cells and a matrix. 

Fibroblasts are the most abundant cells in connective tissues and they secrete 

polysaccharide and proteins. These two components interact in the extracellular 

fluid to form the proteoglycans that gives the matrix its viscous properties. Each 

fibroblast also secretes protein subunits that interact to form large extracellular 

fibers. Other cells such as macrophages are also present and they are 

responsible for the defense and repair of damaged tissues. 

The matrix surrounds the cells and it is a clear, viscous and colorless substance. 

Its density slows the spread of pathogens so that the phagocytes could catch 

them easily for removal. The matrix consists of primarily water (>70%), 20-25% 
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Type I collagen, 2-3% proteoglycans, firbronectin, laminin etc. and <5% minor 

collagens, type III, V and VI. Type I and II are straight collagen fibers and are 

synthesized by chondrocytes. Type III form reticular fibers with some degree of 

elasticity. Type IV collagen does not form an array but forms a loose connective 

tissue. Type V collagen is synthesized by muscle fibers. The minor collagens are 

smaller diameter helicoidal fibers. Collagen is the major matrix constituent after 

water. Three polypeptide chains (each a left-handed helix) come together in a 

right-handed triple helix to form a tropocollagen molecule. The tropocollagen 

units aggregate into smaller fibrils and consequently to larger fibers. Almost 90% 

of all collagen fibers have type I collagen. 

1.2.1 Soft-tissue abnormalities 

The abnormalities could range from scar, arthritic, cancerous to dead tissues. 

The focus here is on scar and dead soft-tissues but the techniques could be 

modified to study other arthritic and cancerous tissues as well. Scar tissues are 

formed during the healing process after tissue injuries. On the other hand, dead 

tissues occur when infection happens, after burns and freezing, or even when 

laser surgery is performed. 

Athletes place tremendous stresses on their knees and ordinarily, the medial and 

lateral menisci move as the position of the femur changes. Placing a lot of force 

on the knee joint while it is partially flexed could trap a meniscus between the 
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tibia and femur, resulting in a break or tear in the cartilage. In the most common 

injury, the lateral surface of the leg is driven medially, tearing the medial 

meniscus. In addition to being quite painful, the torn cartilage might restrict 

movement at the joint. 

Common knee injuries involve tearing one or more stabilizing ligaments and 

damaging the patella. Torn ligaments tend to be difficult to correct surgically, and 

healing is slow. 

After an injury to a ligament, hemostasis is activated and a fibrin clot is formed 

within minutes. An inflammatory response ensues over the next 3 to 5 days, 

removing debris and attracting larger number of angiogenic cells and fibroblasts. 

These cells begin to produce matrix, and the formation of new tissue takes over 

as the inflammation lessens over the next several weeks. In ligaments, collagen 

levels increase rapidly, reaching normal levels by 6 weeks. The collagen types 

are altered, with greater levels of type III, V and VI collagen and lesser type I 

collagen than is prevalent in normal ligament, creating an inferior tissue. 

Ligaments begin to resist appreciable forces, allowing biochemical testing as 

early as 2 to 3 weeks after injury. Cells remodel the healing tissue over several 

months and years, leading to fewer cells and vessels, with better collagen 

alignment. However, the material (high load) properties of scar do not return to 

normal even after 2 years. Scars are better adapted to low load properties and 
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could function well during most daily circumstances where stress is not too high. 

With high stresses, the scars might fail catastrophically making the joint unstable. 

Current studies on scar tissues focus in three areas. 1) Collagen cross-links, 2) 

type V collagen, and 3) flaws in the scar tissues 

Hydroxypy ridi urn cross-links form mature covalent bonds between adjacent 

collagen molecules. The levels of these cross-links are decreased up to 1 year 

after injury and this decrease correlates with the inferior properties of scars. Type 

V collagen decreases fibril diameters in collageneous tissues. This collagen is 

elevated 1 year after injury and investigators have shown that long-term healing 

leads to smaller fibril diameters and poor quality of scar [9]. 

Non-tensile (in ligament) bearing material such as blood vessels, fat cells, loose 

and disorganized collagen, and cellular infiltrates characterize flaws. The flaws 

could represent stress-risers within the scar, and it has been shown that these 

flaws correlate with inferior material properties in scars [10]. 
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Differences between normal and scar tissues (ligaments) are given in Table 1.1 

[11]. 

Normal Tissues Scar Tissues 

Collagen aligned Collagen disorganized 

Collagen densely packed Defects between collagen fibers 

Large collagen fibers Small collagen fibers 

Mature collagen cross-links Immature cross-links 

Primarily collagen type I More collagen type III 

Small proteoglycans Some large proteoglycans 

Other components minor Excesses of other components 

Cell metabolism low Cell metabolism high 

Low cell density Increased cell density 

Low vascularity Increased vascularity 

Table 1.1 Scar versus normal tissues 

In order to improve healing and minimize scar formation, three things need to be 

incorporated: reduce the number of flaws, decrease the levels of type V collagen 

and increase the number of collagen cross-links. Only a few methods have been 

employed to date namely the use of growth factors and gene therapy. 
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Growth factors are molecules that modulate many cellular processes, including 

proliferation, migration, synthesis and matrix production. Cells from normal and 

healing scars are responsive to growth factors in terms of proliferation and 

collagen synthesis. For example early MCL healing (less than 12 days) was 

significantly improved with greater structural strength and stiffness using platelet-

derived growth factor (PDGF-BB) [12]. 

Gene therapy is a method to introduce foreign DNA into cells and alter the 

endogenous protein synthesis by the cells or induce expression of therapeutic 

proteins (e.g. Cytokines) by the cells. Preliminary studies have shown that 

marker genes and growth-factor genes could be expressed in ligaments and 

tendons in rabbits [13]. 

Other ways to repair a ligament is to use tissue reconstruction [14], mobilization 

to improve scars [15] and by joint stability [16]. Tissue reconstruction [17] is 

performed by autograft method using an individual's other ligament or tendon 

parts, or by allograft using other tissue replants. Mobilization or motion during the 

healing process improves scar stiffness and strength. Surgical joint stability might 

be required to protect other healing ligaments or tendons from excessive stress 

while it is healing. 
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Optical techniques are desired to distinguish between scar and normal tissues by 

studying collagen orientation. The ability to provide the dynamic or changing 

behavior of a healing tissue is an important area of research since it could result 

in methods to improve the properties of a scar tissue. 

1.3 Intercellular communication 

A living organism has two systems that serve primarily as means of 

communication among the cells-the nervous system and the endocrine system. 

The nerve cells of the nervous system carry messages in the form of electrical 

signals called nerve impulses while endocrine glands release messages in 

chemical form called hormones. 

Nerve impulses often originate within a nerve cell as a result of the activity of 

sensory structures called receptors. Receptors are generally activated by 

changes in either the internal or external environments of the body. The changes 

that activate the receptors are called stimuli. When the stimulus activates a 

receptor, nerve impulses are initiated within sensory nerve cells. These impulses 

are carried by the sensory nerve cells to the spinal cord and brain, where other 

nerve cells might be activated. And these nerve cells might then conduct nerve 

impulses to various other locations within the spinal cord and brain. Ultimately, 

nerve impulses carried by motor nerve cells leave the brain and the spinal cord 

and bring about responses to environmental changes by selectively activating 
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effectors. Effectors capable of responding to nerve impulses include muscle cells 

and the secretory cells of glands and organs. 

The chemical hormones are released from the cells into the surrounding 

extracellular spaces. From the extracellular spaces, the hormones enter the 

bloodstream, which transports them throughout the body. 

The issue here is to study the interactions between nerve and other cells which 

initiate or control molecular modifications in the other cells and not on nerve 

impulse or action potential biology. For example, at a neuromuscular junction of a 

skeletal muscle, motor neurons transmit brief, intermittent electrical signals 

toward skeletal muscle fibers. Since the electrical signal could not cross the gap 

that separates the neuron with muscle fiber, a chemical substance is released 

which is diffused to the muscle plasma membrane. This causes a change in the 

membrane's permeability to sodium and potassium ions and produces a 

stimulatory electrical impulse. The propagated impulse then triggers a series of 

intracellular events to contract the fiber. Muscle contraction requires energy 

which is supplied by adenosine triphosphate (ATP). The interesting point to note 

here is that the 0.5-eV energy released from the decomposition of A T P is 

conserved. It does not degrade into heat by bond vibrations but actually appears 

intact quite â long way, on a microscopic scale. 
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Thermal chemical diffusion (Brownian Motion) is thus always present in a cellular 

communication. That means cells use diffusion to move chemical information 

from an area where its concentration is relatively high to an area where its 

concentration is lower. 

Most biochemical reactions involve at least three molecules, the two or more 

reactants and an enzyme that is the catalyst. The chance collision of these three 

entities in Brownian motion is an unlikely occurrence. It is inconceivable that the 

cell has to wait for the chaotic Brownian movement to bring about all the 

complicate process of cell signaling by chance. In light of these issues, we 

should keep our minds open for any alternative forms of intercellular 

communication that might exist in this biological world. 

1.4 Motivation 

I was always fascinated by optics and as I wanted to get into an optical area I 

chose fiber optic communications. With a degree in communications systems 

engineering, I joined University of Calgary to do my doctoral degree under a fiber 

optics professor. In December of 1997, my professor introduced me to two other 

professorial colleagues working in Joint Injury and Arthritis who wanted to 

deepen their research in a completely new area: intercellular communications in 

the optical domain. This being a new area to me, I had doubts whether to pursue 
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it or not. But the challenge and the level of importance of the work really pushed 

me into it. 

During literature review, I came across an interesting journal on biophotons [18]. 

Most of the papers in the journal were speculative but they increased my interest 

in the field. I wanted to pursue further this avenue and provide a link between 

biophotons and cell communications. It made great sense to contribute work that 

might have clinical significance possibly in the diagnosis of soft tissues. 

The starting concept came from ligament healing. I wanted to look into possible 

alternative cell signaling mechanisms that incorporate tissue repair efficiently. 

There are a small number of groups working in this area around the world. A 

senior Japanese scientist from the Biophotonics Information Laboratories in 

Yamagata was invited to give an overview of his work on this area [19]. His work 

concentrated mostly on the detection of biophotons and their possible use in 

diagnosis. With his visit, my passion into the field progressed even further. 

I came across Albert-Buehler's cell intelligence work. He recorded that a 

statistically higher percentage of the cells extended new pseudopodia towards 

the direction of a light source which is termed as cell's infrared vision [20]. The 

work highlighted that cells were utilizing light to alter cell behavior but external 
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light was used as the source. It was also not clear if heat was influencing the 

cells. Anyway, this provided further input to my efforts. I would study the 

internally generated or stimulated cellular light to alter cell's characteristics and 

possibly provide a role of light in intercellular communications. 

The research and papers from the Institute of Biophoton [21] on various aspects 

of cellular light encouraged me all throughout in pursuing this research. 
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CHAPTER 2: RESEARCH OBJECTIVES, APPROACHES AND IMPORTANCE 

Given the capability of the instrumentation and state of knowledge in the 

biophoton field, the specific research objectives for this work were organized as 

follows. 

2.1 Objectives 

The objectives of the research are as follows. 

I. To provide novel optical techniques to distinguish tissue abnormalities 

II. To propose clinical significances of the above methods and provide minimally 

invasive soft tissue diagnosis 

III. To investigate a possible role for light in intercellular communications 

The abnormalities for concern are the scar and dead tissues. Scar tissues never 

return to their original function after injury and the inferiority could be linked to 

collagen orientation [14]. This dissertation investigates a technique to distinguish 

scar tissues from normal tissues. Also, another concern is the scar which results 

from surgery. This research investigates a potential anti-scarring technique. 

On the other hand, dead tissues occur due to infection, burns, freezing, and laser 

surgery. This research investigates different ways of diagnosing live and dead 

tissues. 
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The healed tissue, being inferior would likely fail again. Why would cells not 

communicate with each other efficiently to heal the tissues? What forms of 

communication would the cells use? How would cells know when tissue was 

injured in the first place? Would the communication network be interrupted? This 

dissertation studies intercellular communications in a completely new way 

seeking answers to these questions. 

Ligament in particular, is aneural (except for the latest finding of neurons at the 

epiligament) so neural type of communication for repair might not occur. 

Chemical communication always exists but it might not explain every form of 

cellular communication, as this is so complex. Electrical communication would 

provide a lot of loss and might not be good for longer communication distances in 

fibers. Would there any other possible alternative form of communication? One 

possible candidate would be light communication because it plays a role in 

signaling in undersea creatures and it is always present inside the tissues. This 

dissertation would test the hypothesis that light or photons might be involved in 

intercellular communications. The challenge to prove that light is a signal is 

phenomenal but an attempt would be made to establish that light might be used 

to alter the receiving cell's characteristics. 
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2.2 Approaches 

The dissertation involved two approaches: to employ externally applied light to 

tissues, and to study internally generated light in tissues. The former approach 

used either lasers or other monochromatic light sources and the light was 

assessed after light-tissue interaction. The latter, however, detected the internal 

light with a photomultiplier system and tried to distinguish the light with different 

pathological conditions. 

Three different methods were employed to explore two aspects: goals to provide 

clinical significances and links to intercellular communications. These methods 

used soft tissues such as ligaments, cartilages and tendons, which contain two 

major constituents, collagen and the matrix. The focus was on the assessment of 

these constituents. 

The first method was collimated transmission spectroscopy and is presented and 

discussed in chapter 4. This method possesses two parts: to prove that the soft 

tissues are anisotropic and to determine the role of matrix in transmission. The 

anisotropy could be employed for distinguishing scar tissues and in anti-scarring 

where scars are reduced after surgery. The other purpose was to see if collagen 

fibers could act as conduits for communication. What about the matrix? Would it 

participate in communication as a conductor or insulator of light transmission? 

The answers were sought in chapter 5. 
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Chapter 6 discusses the important aspect of weak light detection and the 

calibration of the photomultiplier system. 

The second method was luminol-amplified chemiluminescence (LM-CL) and it is 

developed and discussed in chapter 7. It looked for possible light sources inside 

the tissues which were produced from oxygen radicals. This method investigated 

light differences from live and dead cells with peroxide stimulation with the goal 

that it might work as a minimally invasive diagnostic tool for distinguishing dead 

cells. Since the elimination of luminol results in a better minimally invasive 

technique, live and dead tissues were also studied without the luminol for 

peroxide stimulation. 

Chapter 8 presents the third method which seeks to establish the existence of 

biophotons, the ultraweak light present in all living tissues since these might act 

as communication light sources. 

Chapter 9 summarizes the three above mentioned methods and their relevance 

to intercellular communication. A final experiment was performed in an attempt to 

distinguish between the behavior of cells that were connected by light pipes to 

those that were not. These light pipes provided the conduit for light in possible 

intercellular communication. It would also give knowledge of whether the 

transmitted cellular light contained any information or not. 
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Finally, in chapter 10 conclusions are drawn from this work and the importance 

and uniqueness of the work and future directions for related research are 

presented and discussed. 

2.3 Importance of the research 

The research problems are substantial. Finding minimally invasive diagnostic 

techniques for tissue injury and healing, cancer and arthritis are of great 

significance. For instance, surgeons require proper assessment methods to 

differentiate a normal tissue from an injured tissue in order to judge the severity 

of the injury and to monitor the healing and scarring process. 

To prove that the soft tissues are anisotropic in structure is important because it 

could provide an absorption and scattering curve in a therapeutic wavelength 

window in two collagen directions. If transmission characteristics are shown to 

differ in two collagen orientations, they could show collagen structure, a 

particularly important characteristic in distinguishing scar tissues. For instance, 

scar tissues possess random collagen orientation but normal soft tissues have 

aligned orientation. Also, the approach could provide tissue absorption and 

scattering parameters, which are important in calculating laser control 

parameters. This technique might also be important in surgery by identifying the 

collagen orientation which might lead to less scarring and complications. 
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The absorption peaks of hemoglobin and water could be used to determine their 

respective relative concentrations in tissues. The ability to record the change in 

tissue water content is particularly important in diagnosing osteoarthritis [22] 

because the water content is elevated during inflammation. These absorption 

peaks could also provide a method for obtaining the relative blood content in 

tissues with the relative changes with oxygenation. 

The tissue dehydration is important in order to understand the role of the matrix 

in tissues. This phase of the transmission research is useful in understanding the 

transmission behavior of collagenous tissues and in providing the optical 

properties of tissues. 

The LM-CL method studies the internal light produced by cells. This method is 

important for diagnosis in two ways. It could establish the role of oxygen radicals 

in tissues, which is particularly important in cancerous tissue investigation [23], 

and it could also provide the dependency of radicals with cell vitality, a direct 

minimally invasive diagnostic method. 

Oxygen radicals are quite important in collageneous tissues. Oxidation of 

collagen could cause fragmentation, which alters the material properties of 

collagen fibrils, thereby making them more brittle and prone to mechanical 

fatigue failure. Such failure could initiate osteoarthritis. Also, oxygen radicals 
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produced by cartilage cells or chondrocytes could play an important role in the 

degradation of the cartilage matrix observed in arthritis. Several studies have 

indicated that damage to cartilage collagen could be a central event in the 

pathogenesis of cartilage aging and osteoarthritis [24, 25]. So in-depth research 

on oxygen radical production is required to completely understand the problem 

associated with oxygen radicals and tissues. 

The biophoton study in tissues is important because it could potentially provide 

non-invasive in-vivo diagnostic techniques that would eliminate the use of 

luminol. This biophoton study would look for light emission differences from live 

and dead plant and animal tissues. Also, it would study light emission with tissue 

injuries, which are important in tissue injury and healing. The technique might 

distinguish between arthritic and cancer tissues with normal tissues and provide 

diagnosis of these diseases. 

The other aspect of biophoton study is to test the hypothesis that cells might use 

light for communication inside tissues, in addition to traditional chemical and 

neural mechanisms. If this is so, it would have a huge impact in biology and it 

could act as a potential starting point for major optical diagnosis and optical 

treatment methods. 
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The goal is to identify the sources, waveguides and the receptors to prove the 

existence of intercellular signaling in the optical domain. It is important to study 

collagen fibers as they might act as waveguides, since they are found in all 

tissues. The studies of oxygen radicals are important as they provide 

luminescence and might act as sources in tissues. Also, the study of biophotons 

is significant if only to show that all living cells would produce some form of light 

inside the tissue. This study is essential to prove the point that light sources are 

present in tissues. 

2.4 Summary of Contributions 

In this part of the dissertation, the research contributions are summarized and 

listed as below. 

2.4.1 Development of optical diagnostic methods and clinical significance 

Three different methods were developed for diagnosing soft-tissue abnormalities: 

Collimated transmission spectroscopy, LM-CL and Biophoton method. 

The spectroscopy method showed that collagenous tissues were anisotropic, i.e., 

the transmitted light intensity parallel to the collagen fibers was higher that with 

perpendicular directions. The anisotropy could be utilized to obtain collagen 

orientation in tissues. The observation of different transmission pattern with 

normal and scar tissues could be used to distinguish the tissue types. This type 
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of anisotropy or waveguiding work performed in the collagenous soft-tissues is 

unique. 

Also, the experiment was expanded to study light transmission with tissue 

dehydration. The absorption peak of water was observed at 980nm and 

hemoglobin at 550nm. The change in absorption information could be utilized to 

obtain the relative concentration of water and hemoglobin in tissues. 

The LM-CL method demonstrated that the light production depended upon cell 

vitality. The results showed that CL from live tissues was greater with slower 

decay time constant than the C L from dead tissues with and without the use of 

the amplifier chemical, luminol. The hydrogen peroxide was invigorating the cells 

or destroying the cells: either way, live cells were producing more light. The work 

on the production of oxygen radicals by live collagenous tissues is novel. Finally, 

the research on distinguishing CL emissions from live and dead tissues is an 

original contribution in the area. 

The biophoton method showed that both animal and plant tissues produced 

biophotons. It was also observed that injuries to tissues produced a higher 

number of biophotons and this could help in distinguishing normal from injured 

tissues. Also, it was seen that hydrogen peroxide and growth factor stimulation 
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increased the photon emission output. This is significant contribution because it 

showed that the killing and growing of the cells produced greater amount of light. 

2.4.2 Intercellular communication aspects 

The intercellular communication was approached with the identification of the 

medium, possible light sources and the possible receiver I transduction 

mechanism. 

The spectroscopy method proved that the light would travel to longer distances 

parallel to the fibers. This meant there was less scattering parallel to the fibers 

and that a form of light guiding was present. It showed that collagen fibers might 

act like light guides. The dehydration of tissues showed that transmission was 

greater with the removal of water (or matrix). So, water might be acting as a light 

attenuator and light might be traveling through the collagen fibers. 

LM-CL and biophoton methods verified the existence of light sources in live 

tissues with or without any external stimulation. These forms of light could act as 

sources in communication. 

The intercellular experiment found that with serum stimulation, the light 

connected cell dishes seem to have lesser number of cell counts than the light 

blocked cell dishes. This suggests that cells might be using light to alter the cell 



29 

growth of the connected dish. This is quite a significant contribution as there has 

not been any evidence reported that showed that light could alter the growth of 

the cells. 
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Light-tissue interaction research started after the invention of the laser in the 

1960s and it focused on three aspects namely photothermal, photomechanical 

and photochemical. Three different types of lasers Nd:YAG, C 0 2 and excimer 

lasers were used. In the mid 1970s, as experience with lasers was gained, 

investigators began to explore whether laser energy could be sufficiently 

controlled at low power levels to eliminate vaporization of intracellular water and 

cellular disruption above 100°C, and produce only a zone of coagulation, a 

phothermal effect. Jain first reported using a Nd:YAG laser to seal some blood 

vessels in a rat model [26]. Whipple [27] performed much of the original work on 

the use of C 0 2 laser in joints and demonstrated that meniscal fibrocartilage 

healed after meniscectomy with a C 0 2 laser. Excimer lasers found uses in 

minimal thermal damages of tissue. Here, the tissue would be destroyed by 

photodissociation as the laser beam broke the chemical bond of the cell 

molecules, a photochemical effect. Photomechanical effects of lasers depended 

on the generation of extremely high-energy waves for very short bursts. In the 

mid 1980s researchers showed that such lasers affected proteoglycan, collagen 

and noncollagen synthesis in bovine cartilage [28]. 

In the subsequent decades a flurry of research on the three laser effects (with 

tissue optical properties) occurred and rapidly moved the interaction of tissue 

with lasers from the laboratory to the operating room. 
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Much of the early work on tissue diagnosis focused on invasive techniques such 

as arthroscopy and minimally or non-invasive techniques started only in the 

1980s when laser Doppler flowmetry was introduced [29]. This could potentially 

monitor circulation in tissues but subjective assessments such as evaluation of 

tissue color, dermal bleeding, and capillary refill time, were occasionally 

inaccurate with this method. Then other noninvasive techniques surfaced such 

as laser Speckle techniques [30], which lacked real time monitoring and were 

essentially non-penetrating and measured motion of the surface only. Newer 

techniques are always desired for in-vivo monitoring of tissue abnormalities. 

At this point the diagnostic process undertaken by the orthopaedist for a knee 

tissue injury is explained. If, within an hour or so of the injury there is minimal 

swelling, there is little likelihood of a tear of more than a few collagen fibers and 

the patient would not subjected to unnecessary invasive procedure such as 

arthroscopy. If the damage was more serious then those injuries would almost 

certainly cause the joint to swell with either blood or synovial fluid and the time 

factor would indicate which fluid is the more probable. Thus, a large fluid 

collection, evident within several hours, probably represents blood and justifies 

an arthroscopic procedure to better delineate appropriate treatment. Only when 

there is significant worsening of the local tenderness and swelling during the day 

or days after injury is there a need for tests, i.e., stress tests of the knee or 

arthroscopy. With a mild strain the knee should be put to rest using an 
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immobilizer and protection afforded from additional activity for the next 1 to 3 

weeks during which time the scar forms. 

With a major tear, surgical repair of the torn tissue might well be the best 

therapeutic option. The physiological timetable of repair of injured tissue dictates 

that an interval of at least a month, and perhaps two, is needed before the scar 

matures to the degree necessary to withstand the stresses to which the knee is 

subjected. 

It is seen that invasive surgical procedure is still the best alternative in treating 

soft tissue injuries and there is no clear method to monitor scar properties during 

the healing process. So, newer and better techniques are desired to diagnose 

tissue injuries and evaluate scar formation. Such developments have 

considerable importance for orthopaedic surgeons because they might provide 

for quick, inexpensive, and extremely accurate measurements of clinical 

information that has been difficult to obtain. 

This section presented the overall picture of the optical diagnostic techniques. 

The literature concerning the three optical diagnostic approaches involved in this 

dissertation and the intercellular communication aspects' of biophotons is 

presented in their respective chapters. Please refer to them for further literature 

reviews. 
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CHAPTER 4: COLLIMATED TRANSMISSION SPECTROSCOPY: COLLAGEN 

WAVEGUIDING 

4.1 Introductions and overview 

Many biomedical applications employ light-tissue interaction to obtain tissue 

optical properties such as absorption and scattering properties [31]. Light that is 

diffusely reflected or transmitted through a tissue is used to measure the optical 

properties of tissues. The applications are all based on extracting information 

from these properties, which are essential to dose light properly in therapeutic 

procedures such as laser surgery [32,4], photocoagulation [33] or photodynamic 

therapy [34,3]. Also, for non-invasive diagnostics [35], they could potentially 

provide enough information of biological parameters namely the metabolic, 

physiologic or even the structural status of the tissue. Any change in the tissue 

composition or structure varies the optical properties of tissues so the 

environment of in-vitro tissue measurements, including this experiment, is very 

critical and would have to be optimized to in-vivo tissue level measurements. 

The experiment focuses on optical transmittance [36] in bovine tendon and 

compares the transmission profiles for light propagation in two directions, parallel 

and perpendicular to the collagen fiber orientation. It involves the recording of 

tissue transmissions from 400 to 1100nm wavelengths. At shorter wavelengths, 

absorption is high due to chromophores such as hemoglobin, melanin and other 

pigments, while at longer wavelengths the absorption is high due to tissue water 
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content. It compares tissue absorption lines due to hemoglobin in the shorter 

wavelength region, and water in the infrared region. 

Scattering occurs due to discontinuities in refractive index on the microscopic 

level, such as the aqueous-lipid membrane interfaces surrounding and within 

each cell or the collagen fibrils within the extracellular matrix. The intensity of the 

transmitted light and the distances of penetration in the tissues were used to 

compare scattering in the two collagen directions. 

Bovine tendon was chosen as a model because it consists almost exclusively of 

densely packed, highly oriented collagen fibers [37], which is the key in the 

measurements. The tendon is composed predominantly of Type I and Type ill 

collagen, with a relative abundance of Type I collagen. This type of connective 

tissue is composed of a dense extracellular network of collagen and elastin 

fibers, embedded in a matrix consisting of proteoglycans and water. 

This is an optical spectroscopy technique in which the probe light itself is 

measured. 

4.2 Literature survey 

There are essentially two approaches for clinical applications of tissue 

spectroscopy. In the first approach, an external transducer is used to measure, 
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indirectly, the effects of optical energy absorption within the tissue. Thus, in 

pulsed photothermal radiometry [38,6], an infrared detector is used to measure 

the blackbody infrared emission at the tissue surface following an incident light 

pulse. In photoacoustic spectroscopy [39], the mechanical deformation of the 

tissue resulting from rapid thermal expansion caused by a light pulse is 

measured. These techniques however have the major problem that the thermal 

or mechanical properties of tissue are not always spatially or temporally uniform 

and constant in order to accurately and consistently determine them. 

In the second approach, the probe light itself is measured rather than a 

secondary effect and in which light that is diffusely reflected or transmitted from 

tissues is obtained. The advantages are, 1) the measurement does not depend 

on the thermal or mechanical properties of tissues, 2) the technique is capable of 

yielding the optical properties of tissues, 3) it is noninvasive, and 4) it might have 

depth profiling or localization capability. Such techniques have been used for the 

measurement of various endogenous chromophores in different tissues including 

brain [40], breast [41], and muscle [42]. Changes in the absorption coefficient 

could be related to blood oxygenation [43] and tissue metabolism [44]. 

Alternatively, the optical properties might be required in order to calculate the 

distribution of light in the tissue, during, for example photodynamic therapy or 

laser surgery. This research deals with soft collagenous tissues where little work 

has been reported. 
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A fundamental technique for the measurement of tissue optical properties could 

involve direct techniques using an optically thin sample [45]. Alternatively, a 

thicker tissue specimen might be used [46] and the diffusely reflected or 

transmitted light is then measured. In the present study, thicker specimens were 

used and a collimated transmission method was employed. Tissue absorption 

and scattering were then obtained for various wavelengths. 

Tendons contain highly aligned collagen fibers and the focus of the experiment 

was to obtain absorption and scattering effects in two directions of collagen fibers 

in tendons. This was performed to observe the anisotropic effects in soft 

collagenous tissues. Researchers were focusing on anisotropy in various other 

tissues including breast [47], heart [48] and a few have performed theoretical 

studies in fibrous connective tissues [49, 50]. The knowledge of collagen 

orientation is important for studying tissue function and repair [51]. Various 

techniques have been employed to study orientation: X-ray diffraction [52], image 

analysis [53], small angle light scattering [54] and polarized light microscopy [55]. 

The experimental technique employed here resembles small angle light 

scattering. This technique could be employed to distinguish scar and normal 

tissues. It could also be used as a guide in anti-scarring surgeries by performing 

surgery along the collagen fibers. 



4.3 Theory 

The transmission of collimateci light by a tissue with a thickness L is defined as 

I 
T = =exp(-utl_) ..(4.1) 

lo 

Where l 0 and I are the intensities of the collimated light with the sample out of the 

beam and detected light with the sample in the beam, respectively; and u,t = (j,a + 

l is is the total attenuation coefficient where u.a and u.s are the absorption and 

scattering coefficients. 

So the total interaction coefficient jxt could be easily calculated as, 

-Ln (T) 
Ht = . . . . . . . . . . (4.2) 

L 

Typically, in the 600-1300nm range the optical coefficients for soft tissues are Ua 

equal -0.01-1mm* 1 and u s equal ~ 3-100 mm"1 [31]. 

Numerical and approximate analytic models have been developed to describe 

the relationship between transmittance to optical properties using radiative 

transfer theory involving Monte Carlo Simulation and diffusion equation [56]. In 

general these models have assumed optically homogeneous tissues, or at best 

very simple layered structures, also simple tissue geometric such as finite or 
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semi-infinite slabs. These models would need to be expanded to allow for 

optically heterogenous collagenous tissues as would be found in this research. 

This would lead to highly complex models for light propagation in tissues. 

4.4 Experimental designs 

4.4.11nstrument setup 

The experiment setup is given in Figure 4.1. A CVI Instruments Digikrom-240 

monochromator (F number = 3.9, Full Width Half Maximum = 6.4nm at 2000 

micron slits) was used to irradiate the tissue. The light output from the 

monochromator was fed to a fiber and then into a collimator to produce a 

collimated beam. The beam diameter was 1mm. A Melles Griot optical power 

meter was located at 2mm away from the first aperture and acted as a detector. 

Two apertures were situated at the front of the detector to collect only the straight 

photons, which were not scattered by the tissue. 

Fiber optic 
cable 

Monochro
mator 

A 

V 
Collimator 

Tissue 
samples Optical Power 

meter 

Apertures 

Figure 4.1 : Instrument setup for collimated light transmission 
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The Digikrom 240 is a computer-controlled Czerny-Turner monochromator with 

two gratings. As shown in the Figure 4.2, light from a source is focused on the 

entrance slit and directed by the turning mirror, M1, to the collimating mirror, C. 

The focused beam is collimated and directed to the grating, G, which diffracts 

and reflects the radiation. A particular wavelength of the light, determined by 

rotation of the grating, is directed to the focusing mirror, F, which focuses it onto 

the exit slit via the second turning mirror, M2. 

Exit 

Entrance 

Source 

Figure 4.2: Digikrom Dk-240 Monchromator schematic 

The output wavelength of a monochromator is a unique function of the grating 

angular position and follows the grating equation [57]. 

NX = (2d) x Sine x C o s ( f 2) (4.3) 
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Where X = Free space wavelength 

d = The grating groove spacing, 

N = Order number, 

0 = The angle of incidence of the radiation onto the grating as measured 

from the normal and 

(¡) = The angle subtended at the grating by the central rays from the 

collimating and focusing mirrors respectively. 

The onboard microprocessor provides the control for the Digikrom and an R S -

232 interface connects the control module and the monochromator body. A 

software program written in Labwindows was used to control the gratings as well 

as the slits. The monochromator was directed with simple commands to go to a 

particular wavelength, scan between wavelengths at a preset speed, select the 

gratings, set the width of the slits or report the status. 

A microprocessor-driven stepper motor rotates the grating about its vertical axis. 

It is coupled to the grating table via a worm/worm wheel arrangement. The self-

contained microprocessor uses a look-up table contained in ROM to provide an 

accurate display of the wavelength to which the monochromator is tuned. The 

monochromator contains a reversible, two-grating mount with two gratings 

mounted and calibrated and the efficiency versus wavelength curve is shown in 

Figure 4.3 for the two gratings. For optimal use, the first grating should be 



41 

switched after 1000nm. The gratings are plane reflective ones of 68mm x 68mm 

and has ruling of 1200g/mm. With dispersion of 3.2nm/mm, 

FWHM = 3.2 x (exit slit width in micron/1000 micron) nm (4.4) 

Theoretically, maximum resolution that could be achieved is 0.06nm for 20-

micron slits but the actual resolution is 1 mm. 

The microprocessor also controls the adjustable slits, which are driven by 

stepper motors. The adjustment mechanism provides one micron per step in slit 

width and a standard minimum slit width of 20 microns. The software could then 

adjust the slit widths to a maximum value of 2000 microns. 

The monochromator source is a white light and it produced the required 

wavelengths from 400 to 1100nm. In this experiment, only the first grating was 

used since it performed satisfactory up to 1100nm. A fiber optic cable was 

attached to a connector at the exit port of the monochromator. To the other end 

of the cable, a collimator was attached. A sample holder was placed in between 

the collimator source and the detector. Two apertures were placed directly in 

front of the detector by a gluing mechanism. 
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Figure 4.3: Monochromator spectral output for two gratings. Source and 

detector distance also varied from 1 mm to 1.5cm 
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4.4.2 Materials and methods 

Fresh bovine carpal tendons were obtained and placed in buffer saline solution at 

room temperature. Flat razor blades were used to accurately cut 2-mm thick 

square samples or longer samples and stored in buffer solution. The samples 

were placed on a platform between the source and the detector. Collimated light 

transmission measurements were made parallel and perpendicular to the fiber 

orientation. 

The transmission measurements were made for wavelengths from 400nm to 

1100nm. At each particular wavelength, the transmitted light was detected for 

similar wavelength values in air (or without the sample tissues). The transmitted 

intensity through the tissue was then normalized to the intensity without the 

sample tissue and the normalized power percentage was plotted against the 

wavelength. 

Extreme care was taken to ensure that the tissue sample did not change its 

properties due to temperature and source light heating effects. Saline was added 

after every few minutes of the experiment to keep the tissue moist for collimated 

transmission measurements. The time for each experiment was kept as short as 

possible to minimize any errors associated with these effects and the geometry 

of the measuring apparatus is kept constant. The tissue was only rotated in two 

different directions and the software was used to change the wavelength of 
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operation. Also, extreme care was taken to make the sample dimensions as 

accurate as possible. Errors associated with tissue heterogeneity were minimized 

by the use of larger source beam size. Averaging of the measurements also 

minimized other associated experimental errors. 

Light measurements were performed with different lengths of tissue specimens 

and an optimum length was obtained at which light was still detectable. 

A different experiment setup was employed to utilize tissue waveguiding to 

diagnose tissues. A HeNe Laser was used as the source instead of the 

monochromator and normal and scar tissue microtone slides (50 micron) were 

illuminated. The transmitted pattern was then projected onto a screen and the 

image was collected with a C C D camera. 

4.5 Results 

The plot of the normalized power percentage against the wavelength in the 

spectral region of 400-1100nm is shown in Figure 4.4. The plot shows the 

averages of ten different readings. Other tissues such as rabbit tendons, 

ligaments and sheep menisci gave similar profile shapes but intensity levels were 

all different in each case. 
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With light transmission parallel to collagen fibers, absorption is prominent. The 

hemoglobin absorption peak is seen in between 550-600nm and the water peak 

at 980nm. These peaks were verified from the spectrum of blood, water & saline 

solution taken individually using the same setup and it is shown in Figure 4.5. 

For light perpendicular to the fibers, scattering is more evident than absorption 

because the transmitted light intensity is low and hemoglobin absorption peak is 

less prominent and the water absorption peak is also decreased, compared to 

the parallel case. In the 400-500nm regions, the detector is incapable of 

measuring the transmitted light because the source intensity is too weak to give 

an appreciable output at the detector. 

One major difference was observed in comparing the two transmission profiles. 

The intensity of transmitted light parallel to the fibers is at least twice the intensity 

as in the perpendicular direction, with the ratio increasing with decreasing 

wavelength. This higher magnitude of light indicates that there is less scattering 

of light parallel to the fibers than in the perpendicular direction. When scattering 

is less, the light tends to travel longer distances despite multiple scattering 

events. 



Figure 4.4: Light transmission parallel and perpendicular to collagen 

orientation in bovine tendons 
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Figure 4.5: Distilled water, P B S and blood spectrum 
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The total attenuation coefficient was evaluated for the light transmission in 

parallel and perpendicular direction and presented in Figure 4.6. 

6 r 
E 

400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 

Wavelength in nm 

Figure 4.6: Total attenuation coefficient for parallel and perpendicular 

transmission 

It is seen that the total attenuation coefficient varied between 3.5 to 5.5 mm" 1. 

The actual optical properties of tendon could not be found in literature but the 

value was within the typical soft tissue coefficient of 3-100mm"1. 
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The experiments were performed with different lengths of tissues. Even with 

20mm long pieces of tissue, light was detected at the other end in the parallel 

direction, while it was harder to detect even through 2mm slices in the 

perpendicular direction. So, it is believed that light is being guided along the 

direction of fibers. This clearly suggests that collagen fibers might be acting as 

light-guides with a preferred direction of travel along the direction of fibers. This 

type of anisotropy phenomenon suggests that collagen might be acting as a 

waveguide. So any light propagating through these collagen fibers should travel 

to considerable distances until multiple scattering effects dominate the 

transmission. 

This waveguiding phenomenon could be further verified with the study of light 

guiding to tissue bending. The length of the tissue would be a serious limitation in 

performing the experiments with the current instruments. Also, keeping the tissue 

constant with respect to the light input and output while bending would be 

another significant challenge. This would require a completely different design 

and thus was not pursued here. Instead, the goal to obtain the diagnostic 

technique was sought that utilized the waveguiding phenomenon. 
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Using a HeNe laser, the normal and scar tissues were illuminated and the 

transmitted pattern was observed. It is seen that the normal tissue presented an 

elliptical pattern and the scar tissue presented a circular pattern as shown in 

Figure 4.7. The different pattern information could be utilized to differentiate scar 

tissue from normal tissues. 
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Figure 4.7: Light transmission pattern of normal and scar tissues 
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4.6 Discussions 

The experimental results are discussed considering two aspects: clinical 

diagnosis and intercellular communications. This experiment fulfills both the 

goals to achieve a minimally invasive diagnostic technique in-vitro and provides a 

link to cell communications. The discussions are listed below. 

4.6.1 Diagnosis 

There are various diagnostic uses of this technique, which are given below. 

4.6.1.1 Determination of collagen orientation 

Collagen orientation is important in diagnosis and measure of tissue repair. Since 

light behaved differently with different collagen orientation in this technique, it 

could be utilized to obtain collagen orientation, and spacing and packing as per 

[58]. 

4.6.1.2 Differentiation between normal and scar tissues 

Light waveguiding could be used to differentiate normal and scar tissues. Light 

passing through highly oriented normal collageneous tissue would give an 

elliptical transmission pattern with greater transmission seen along the fibers and 

lesser in perpendicular direction. Similarly, light through a randomly oriented scar 

tissue would give a circular profile as light passes equally in all directions. These 
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profile difference could be utilized to verify whether the tissue is highly oriented or 

not and distinguish normal and scar tissues. 

4.6.1.3 Anti-scarring surgery 

Surgeons are concerned with scar formation after surgery. This is especially not 

desirable in cosmetic surgery. Scars are reduced if surgery is performed along 

the collagen fibers. This experimental technique could be used to reduce the 

scars by identifying the path along the fibers. The surgery area could be 

illuminated with collimated light to identify the collagen fibers and their 

orientation. After the identification, the surgeon could perform the surgery along 

the fibers, tearing fewer fibers, which in turn would provide less scarring. 

4.6.1.4 Overall transmission characteristics spanning the therapeutic window 

The technique was successful in providing overall transmission curves spanning 

the complete therapeutic wavelength window [59]. Two main absorption peaks 

could be seen, one for the hemoglobin and other for water. 

The total absorption coefficient was seen to be between 3.5 to 5.5 mm"1. The 

values could not be compared for tendon tissues, as it was not found on the 

literature. The values were low indicating the occurrence of lesser number of 

scattering events. This was true because the light was collected at the detector 
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with two apertures to collect only the straight photons and few photons that 

undergo multiple scattering events. 

In some instances, the absorption at several wavelengths is sufficient to 

characterize the tissue. For example, in blood oximetry, diffuse reflectance from 

tissue at several specific wavelengths allows monitoring of the changes in blood 

oxygenation [60]. From this technique, relative hemoglobin peaks could be 

observed for various hemoglobin concentrations in tissues, which might find 

therapeutic uses. 

4.6.2 Intercellular communication significances 

The other significance of the technique was the observation of light guiding in 

collagen fibers. Basically, the fibers were acting like waveguides and they were 

transferring light to reasonably long distance (about 2 cm) along them. 

Why did light travel efficiently along the collagen fibers? Assuming tendons as 

highly parallel structures, light might either travel through the fibrils or in between 

the fibril and the matrix, where water is the major component. Since light 

transmission intensity was very small in perpendicular directions it could be 

concluded that light was either absorbed or scattered preferentially in that 

direction. 
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It has been reported in [61] that the index of refraction of tissue lies in the range 

of 1.38-1.41 as compared to 1.33 for water. From Figure 4.8, applying Snell's 

law, 

n-i SinBi = n 2 Sin0 2 

For total internal reflection, 6 2 should equal 90 degrees. This implies, 

Sin6i = n 2/n-i 

But Sin6i is always < 1, so n 2 < n1 for total internal reflection. Since the refractive 

index of water (n2) < the refractive index of tissue or collagen fibers (n-i), light 

should reflect at the surface of collagen fibers and water should act as a 

reflection boundary. 

Water 
n 2=1.3 

/ O í 
Tissue y 
ni = 1.4 ' 

Figure 4.8: Application of Snell's Law for optics 

This suggests that light should travel through high-index fibrils and not through 

low-index water. 
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At this point two new types of optical fiber based transmissions are highlighted, 

which might relate to the tissue models used in this study. 

The first phenomenon is called a photonic crystal fiber [62]. This is a long thread 

of silica glass (high index) with a periodic honeycomb array of air holes (low 

index) running down the length. Constructive multiple-beam interference in the 

periodic structure could expel light from the material for certain frequencies and 

directions of incidence. If the central hole is made absent, then it creates a high 

index defect in the repeating structure, which acts like the core of an optical fiber. 

This fiber still guides light by total internal reflection like a conventional fiber, 

because the cladding with its air holes effectively has a lower refractive index 

than the core. But if an extra air hole is made present at the center of the 

honeycomb pattern, this creates a low index effect; still light is confined to the 

vicinity of a low index core. This concludes that light might well travel through the 

low index matrix though this has yet to be verified. 

The second phenomenon is called an optical sieve [63]. Here, a beam of charged 

atoms are used to drill 150-nanometer wide holes in a silver film, making the 

sieve. The holes are so minuscule, basic physics predicts very little light would 

pass through it but experiments have confirmed that up to 50 percent of the light 

hitting certain perforated films passed through even though the holes pierced 

only 20 percent of the film area. At some wavelengths, light is transmitted 1000 
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times more intensely than conventional theory predicted. It acted like a photon 

strainer; even light that fell outside the holes got tunneled through. This 

phenomenon is important here because collagen fibrils also have such smaller 

dimensions. For Type I collagen, diameter range from 80 to 160nm [37]. This 

points out that light might be guided with this type of tunneling phenomenon 

through fibrils. 

Collagen fibers were acting like light guides with preferred direction of travel 

along the fibers. The question arises whether the light would travel through the 

individual fibrils. It is highly unlikely that it would so because of the size of the 

fibril and the presence of scatterers inside the fibrils. The light transmission might 

occur through fiber bundles and either of the above stated methods might be 

used as the mechanism for transmission. 

The other argument of collagen acting like light guides led to the question of 

whether the light is traveling through the low index interstitial matrix. Since water 

is almost 90% in the matrix, the investigation of the role of tissue water was 

needed. Chapter 5 investigates this by observing the dehydration of tissues and 

its effects in the transmission properties. 

Though tissue thickness of a maximum of 400-micron [64] is used for calculation 

of optical properties, it was felt that even greater thickness was required to study 
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the effects of light guiding. Thinner tissue lost the anisotropy of the tissue. As 

tissue thickness increased, multiple scattering became significant. So thicker 2-

mm square tissues were used allowing for the inherent multiple scattering within 

the tissue. The relatively low absorption combined with forward-directed scatter 

allowed substantial penetration of light into tissue even when the tissue was 

thick. 

4.7 Conclusions 

The technique supported two goals, diagnosis with clinical significance, and 

intercellular communication significance. 

It proved that collagen fibers are anisotropic and showed that tissue optical 

properties were different in two collagen orientations. This anisotropic effect 

should be accounted for in tissue optical property calculations. The anisotropy 

information could be used to obtain the collagen orientation or collagen structure 

in tissues, particularly important in tissue diagnostics. It could be successfully 

used as a clinical technique to reduce scars after surgery. The phenomenon 

could be further extended to distinguish normal and scar tissues. Also, from the 

hemoglobin absorption information, relative hemoglobin concentration could be 

obtained for two types of tissues containing different hemoglobin concentrations. 
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This technique only supported the in-vitro diagnostics. Expanding this technique 

to in-vivo tissue measurements would require successful modification of the 

apparatus to incorporate suitable light input to tissue and output from the tissue 

(might use needles with fiber optics). This might lead to promising minimally 

invasive diagnostics of connective tissues. 

This technique also found that light could travel to longer distances parallel to the 

collagen fibers than perpendicular to the fibers. This observation led to believe 

that the collagen fibers might be acting like light guides. Light might be traveling 

through the collagen fiber bundles. This waveguide phenomenon needs further 

verification with the study of the guidance of light to tissue bending. It is also 

suggested to perform mathematical modeling [49] considering wave aspects of 

light [65] to fully model and understand the waveguide effect. This technique did 

not consider the wave aspects of light but relied on the particle nature of light. 
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CHAPTER 5: TISSUE DEHYDRATION 

5.1 Introductions and overview 

Light would travel to longer distances along the collagen fibers. Would this light 

travel along the matrix (or water) or the collagen fibrils? Tissue dehydration was 

performed to answer this question. 

Since any water loss modifies the tissue optical properties the study of 

dehydration is important and this would also allow us to obtain the role of the 

matrix (or water) in tissues. Also, dehydration is important for tissues which are 

exposed to air when laser irradiation is sufficiently long. 

Lasers are used to generate very diverse medical effects [66], such as ablation, 

vaporization, coagulation or even photothermal effects. The application of these 

effects includes the laser scalpel [67] and photcoagulator [68]. The laser 

parameters such as incident power, wavelength and duration of power, need 

proper control and the optical properties of tissue provide the parameters 

necessary to obtain the desired effect. The properties vary with change in tissue 

structure or composition and since water is the major component of the tissue 

then any change in the water content would alter the optical properties. 
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Water would be gradually released at the articular surface when compressive 

loading is applied [69], but the process is reversible when the load is removed. 

This hydraulic permeability serves not only to protect the underlying bone from 

injury, but also provides nutrients for the chondrocytes, which are encased in the 

vascular matrix created by their own synthetic activities. During the course of 

osteoarthritis, there is thinning and loss of cartilage, but, paradoxically, there is 

often thickening of cartilage in the early stages. This might occur because water 

content and proteoglycan synthesis have both increased, and a damaged 

collagen network has failed to constrain the tendency to swell. Soft tissue 

swelling might also be a feature of osteoarthritis [70]. 

In the work presented here, transmission measurements were made as a 

function of time for tissue dehydration whilst exposed to air at room temperature. 

The measurements were performed for parallel and perpendicular collagen 

orientations with tissue dehydration. The effects of dehydration were reported for 

both the transmission orientations. The theoretical analysis was performed using 

the theory explained in chapter 4. 

5.2 Literature survey 

The importance of water in tissues is very significant but relatively few studies 

have been done concerning the role of water in tissues. The majority of the work 

in diagnosis focused on the shorter wavelength window to bypass the dominant 
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water absorptions near the infrared wavelengths. Yet, studies have been 

conducted in various areas of water contents in tissues. Literature reports the 

effect of dehydration on optical properties of tissues [71], effect of water on 

piezoelectricity in bone and collagen [72], and the swelling in osteoarthritis [70]. 

The role of matrix or water considering two collagen orientations with the focus 

on intercellular communication aspects is the first study of its kind in the field. 

5.3 Experimental designs 

The same instrument setup as in the case of collagen waveguiding, Figure 4.1, 

was used. Collimated light transmission was used to illuminate the sample and 

the radiometer was used to detect the transmitted light. Software was used to 

control monochromator wavelength from 400 to 1100nm. The measurements 

were normalized to the one without the tissue. The tissue sample was placed in 

the holder and allowed to dry. Individual measurements were made at various 

exposed times and the averages of the readings were obtained. Then the 

normalized power was plotted against the wavelengths. 

5.4 Results 

Bovine tendon dehydration with light incident along the direction of fibers is 

shown in Figure 5.1. As the tissue dehydrates, the water peaks at 980nm 

decreases as expected. For the first 2 to 3 hours, the transmitted intensity 
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increased primarily for wavelengths greater than 800nm. Then after 3 hours of 

exposure time, there was considerable water loss and the tissue turned 

yellowish. At this point the light intensity started to increase at all the wavelengths 

and the overall transmission was relatively high. 
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Figure 5.1: Bovine tendon dehydration: Light in parallel direction 
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Figure 5.2: Bovine Tendon Dehydration: Light in perpendicular direction. 

Light transmission increases with exposure time. 
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When light was in a perpendicular direction to fiber orientations, similar profiles 

were seen with tissue dehydration but with lesser intensity than with parallel 

transmissions. Also, the light intensity was increased with considerable 

dehydration in this case. One point to note here is that the light increased 

considerably after 32 minute of dehydration. It seemed that there was a direct 

path of light to the detector and those results were not included here. 

So for both types of transmission directions, light intensity was observed to 

increase with dehydration. The intensity was still higher in the parallel collagen 

direction. 

5.5 Discussions 

5.5.1 Diagnosis 

The size of the water peak changed with different tissue water contents or tissue 

dehydration. It is seen from Figure 5.1 that the water peak decreases with 

dehydration if the dip is measured from 925 nm to 975nm (around where the 

water peak is present). This difference in the water peak was calculated and 

plotted as shown in Figure 5.3. It is seen that with dehydration, the water peak or 

dip reduces as expected. 



67 

0.14 

^ 0.02 

0 -I 1 1 [ 1 1 1 

0 1 2 3 4 5 6 

Dehydration Time (hours) 

Figure 5.3: Water content change with dehydration 

The change in water content with dehydration might be utilized to measure the 

relative tissue water content, which could lead us to useful diagnostic tests of 

connective tissues. However, such measurement should accommodate the 

problems associated to changing surfaces and dimensions of tissue [73]. 

Verification of tissue weight after each run would allow the control of dehydration 

or removal of weight of water. 

5.5.2 Light transmission through the matrix? 

Chapter 4 showed that the collagen fibers might be acting like waveguides. How 

would the light travel in collagen fibers? Would it travel through the low index 
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interstitial matrix? Since water is almost 90% in the matrix, the study of the role of 

tissue water with tissue dehydration was performed to investigate this point. 

Again the attenuation coefficient is calculated using equation 4.2 and plotted for 

parallel and perpendicular directions. They are presented in Figures 5.4 and 5.5. 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

Dehydration Time (hours) 

Figure 5.4: Attenuation with dehydration in parallel collagen direction 
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Figure 5.5: Attenuation with dehydration in perpendicular collagen direction 

It is seen from the figures that the attenuation decreases with dehydration. This 

implies that the light intensity would increase with dehydration. The increase in 

intensity due to dehydration falls in line with the work by Chambettaz [71] where 

they found an increase in transmittance after considerable dehydration. 

If light were to travel through the matrix, then dehydration, which removes the 

matrix, would then effectively decrease the transmitted intensity. But that did not 

occur, instead light increased with dehydration. This suggests that light might not 

travel through the interstitial matrix or between the fibril and the interstitial matrix. 

The dehydration results also suggest that water might be acting as a reflection 
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boundary for the light to pass through the fibrils or fiber bundles. However, the 

possibility of decreasing fiber spacing due to dehydration increases the likelihood 

of internal reflection and the efficiency of light through the matrix. 

Light in the parallel direction with dehydration increased slowly but in the 

perpendicular case, the light intensity was lower in the beginning and it increased 

to high proportions in about a half an hour. This could be because a direct path of 

light to the detector was created with the removal of water in the perpendicular 

direction. 

5.6 Conclusions 

This technique showed that the water absorption peak changed with dehydration. 

This could be utilized to obtain relative water content in tissues. 

It was found earlier that light traveled to longer distances along the collagen 

fibers. The dehydration was performed to see if light traveled through the matrix 

and it was found that it would not travel through the matrix. If it did, the removal 

of water would have lowered the transmission intensity but that did not happen. 

With the water removal, the transmission was higher. 

If light would not travel through the matrix then it was proposed that it would 

travel through the high index collagen fiber bundles and water or matrix would act 
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as a reflection boundary. So, any light produced by the tissues or cells would 

then travel through the fiber bundles. 

This chapter provided the dehydration profiles spanning the complete therapeutic 

window [74]. Collagen anisotropy phenomenon still existed with dehydration and 

light transmission for parallel collagen orientation remained higher than in 

perpendicular orientation. 

The goal to see whether the matrix was acting as the reflection boundary for light 

transmission has been proven successfully. However, the results could be further 

solidified using a controlled experiment possibly using a controlled dehydration 

chamber. 
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CHAPTER 6: PHOTOMULTIPLIER DETECTOR CALIBRATION 

6.1 Photomultiplier System 

6.1.1 Introduction 

It was found that an externally applied light would travel to longer distances along 

the collagen fibers and matrix (or water) would act as a reflection boundary for 

the light passing through the fibers. This implies that any light produced by the 

cells inside the tissue might also travel to longer distances along the collagen 

fibers. Would the cellular light have any purpose of travel along the fibers? Would 

it be possible for the light to carry any specific signal? Would the light alter the 

characteristics of the receiving tissue or cells? These questions could only be 

answered if the cellular light is studied in detail. This chapter deals with the 

detection of such cellular light. The working principal and characteristics of the 

detector would be presented so that it would make it easier to understand the 

detector and its calibration process. This would then provide the base for all the 

measurements to detect chemiluminescence and cellular photons with and 

without the stimulation, as presented in chapters 7 and 8. 

A photomultiplier tube (PMT) was chosen as the detector of cellular light because 

it provides high sensitivity and extremely low internal noise. The Oriel PMT 

system was selected as it came with a complete package from sensitivity, 

amplification, cooling to signal conditioning by photon counting. 
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6.1.2 PMT working principle 

All light detectors follow a well-known equation credited to Albert Einstein that 

describes the photoelectric effect, 

E = hv-w (6.1) 

This equation simply states that a photon with an energy hv (h = Planck's 

constant, v = frequency of light) would interact with an atom and eject an electron 

with energy E if the energy of the photon is greater than the energy binding the 

electron to atom (work function) w. 

The construction of a PMT is shown in Figure 6.1. The PMT consists of a 

photoemissive surface (the photocathode), secondary electron emission 

electrodes (the dynodes), and a collection electrode (the anode); all these 

components are contained in an evacuated bulb. Light passes through a glass 

window and the photocathode absorbs it. This in turn generates photoelectrons 

which are emitted into the vacuum. The focusing electrode voltages direct a 

photoelectron towards the electron multiplier (dynode), where it gains enough 

energy, after striking the dynode, to emit a number of secondary electrons. The 

succeeding dynodes emit more electrons until the anode collects them as the 

signal output. 



Figure 6.1: The construction of a PMT 

The output signal from the P M T takes the form of a current pulse that varies in 

amplitude and pulse width depending on the structure of the PMT. The amplitude 

of the pulse could be estimated from the following expression [75]. 

l = (e.G)/T (6.2) 

where I = peak current of the PMT, e = charge of an electron, G = gain of the 

PMT, and T = the pulse width of PMT output. In the normal analog mode of 

operation these output pulses are integrated and the signal is read as a dc 

current. Using the photon-counting method which was used in this research 

(discussed in section 6.2), the output pulses are actually counted individually. 

6.1.3 The detection system [76,77] 

The Oriel 77065-cooled side-on system was used. The side-on type PMT is 

widely employed for spectrophotometers and general photometric systems, it 
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contained a built-in high voltage supply required for the PMT, a 77060 cooler/bias 

controller and a built-in transimpedance amplifier. The controller would be used 

to control the PMT temperature to -40°C ± 0.05°C and the PMT bias to 1000V ± 

0.005V. The transimpedance amplifier is a low current-to-voltage amplifier and it 

possesses six switchable amplifier selections, 10 4, 10 5, 10 6, 10 7, 10 8 and 10 9 

volts per ampere. Changing the switch setting would change the feedback 

resistors and the amplifier gain. The amplifier also contains a three-position 

time-constant switch. 

The most significant limit of PMT sensitivity would come, in the presence of bias 

voltage, from the thermally generated dark current in the tube itself [78]. Cooling 

the PMT temperature well below the room temperature would reduce the dark 

current. The PMT cooling operation was performed using a separate re

circulating cooler. 

The PMT itself was a Oriel-77348 model. The PMT or photocathode sensitivity 

varies with the wavelength of the incident light. This relationship between 

photocathode sensitivity and wavelength is the spectral response of the PMT. 

The response characteristics are determined on the long wavelength side by the 

photocathode material and on the short wavelength side by the window material. 

The response for the 77348 PMT at room temperature is given in Figure 6.2. 
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Figure 6.2: The response of the 77348 PMT 

The specifications of the PMT are listed below in Table 6.1. 

Wavelength range (nm) 160-900 

Peak wavelength (nm) 400 

Photocathode size (W x H) mm 8 x 2 4 

Maximum rated voltage (V) 1250 

Maximum anode current (uA) 100 
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Cathode Responsivity (mA/W) 68 

Supply voltage (V) 1000 

Current amplification 1 x 10' 

Anode Responsivity (AAA/) 6.8 x 10 b 

Anode dark current (nA) 2 

Rise time (ns) 2.2 

Electron Transit Time (ns) 22 

NEP (W Hzv¿) 1.2 x 10 ' 1 b 

Table 6.1 Specification of the PMT 

The wavelength of operation is sufficient, as it is believed that most of the cellular 

light would fall within this wavelength [79]. Some of the important parameters 

that are listed in the above Table 6.1 would be explained below. 

Cathode responsivity is the photoelectric current from the photocathode, divided 

by the incident power at the given wavelength. 

S = photoelectric current from photocathode 

Incident radiant power 
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Quantum efficiency is one of the properties that determine the responsivity of a 

quantum detector. In an ideal detector, one photon results in the generation of 

one electron. In reality, some of the photons would pass through the detector 

without generating any signal. The quantum efficiency expresses the ratio of 

generated electrons to incident photons. 

Q E = No of photoelectrons = S x 12400 x 100% (6.3) 

Incident photons X 

Current amplification or gain is obtained when the photoelectrons emitted 

impinge upon different dynodes to give a large output current from the anode of 

the photomultiplier tube. 

Gain (u) = Anode output current = k. V a n (6.4) 

Photelectric current from the photocathode 

Where "k" is a constant, "a" is a coefficient determined by dynode material and 

geometric structure (0.7 to 0.8), "V" is the voltage applied between cathode and 

anode with "n" dynodes. The output signal is proportional to the bias voltage 

applied between cathode and anode (V). This makes responsivity of PMTs very 

sensitive to variations in applied voltage. 
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Anode dark current (2 nA) is the small amount of current that flows in a PMT tube 

even when the tube is operated in a completely dark state. Dark current greatly 

depends upon the supply voltage. 

N E P (Noise Equivalent Power) is the minimum detectable signal at a given 

electrical frequency and within a given bandwidth df. 

Minimum detectable signal = NEP x Vdf .,.,,„...(6.5) 

It is thus important to select a smaller bandwidth if higher sensitivity is desired. 

The minimum detectable signal with this PMT would always be less than 1.2 x 

10" 1 6 Watts. 

6.2 Photon Counter 

6.2.1 Introduction 

Photon counting is an effective way to use the PMT for measuring low light 

levels. It is widely used in astronomical photometry and chemiluminescence or 

bioluminescence measurement. By using the fast PMT to detect the light and 

equally fast electronics to process the signal, the arrival of individual photons 

could be detected and counted [80]. The photon counting would provide excellent 

linearity and precision overa dynamic range of 100,000:1. 

The process of the PMT and the photon counting is illustrated in Figure 6.3. The 

PMT outputs a current pulse, converts it to a voltage and a preamplifier amplifies 
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it. Then a discriminator (digital comparator) accepts it and outputs a pulse if the 

input pulse falls within a certain range of amplitudes. Thus, each logic pulse 

output corresponds to one photon detected by the PMT tube and the photon 

counter counts the generated output pulses. The basic timer and counter is the 

simplest of all the counting devices. The timer determines the interval during 

which the counter counts the photons. At the end of the counting period, the 

counts are divided by the time interval to provide the counting rate. This rate is 

proportional to the intensity of the light source. 

PMT -> Amplifier -He- Discriminator -> Counter 

Figure 6.3: Photon counting system 

6.2.2 Working principie 

A number of photons enter the PMT and create an output pulse train as shown 

below. 

TIME 
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The actual output obtained by the measurement circuit is a DC current with a 

fluctuation as shown below but this is not desired due to low S/N ratio and 

stability concerns. 

TIME 

So photon-counting method is employed where the incident photons are 

separated and counted as shown below. 

TIME 

This condition is called a single photon event. The number of output pulses is in 

direct proportion to the amount of incident light and this pulse counting method 

has advantages in terms of S/N ratio and stability over the DC method averaging 

all the pulses [81]. 
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Sirice the PMT output contains a variety of noise pulses in addition to the signal 

pulses, simply counting the pulses without some form of noise elimination would 

not result in an accurate measurement. The most effective approach of noise 

elimination is to investigate the height of the output pulses. In order to do that, 

the statistical distribution of the PMT output pulses is studied. The result of the 

variation in generating secondary electrons distributes the amplitude of the 

output pulse about a mean value. The distribution follows Poisson statistics. As 

a result, the output pulse height distribution (PHD) becomes somewhat complex. 

The PHD is a histogram of the number of counts at each pulse height. This is 

shown in Figure 6.4. The x-axis represents increasing pulse amplitude, while the 

y-axis represents the number of counts that occur at each pulse-amplitude. 

c o 
f -z 
O 
Ü 

SIGNAL PULSE + NOISE PULSE 

ULD 

Figure 6.4: Pulse height distribution curve 
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The peak in the top of the figure represents the mean value of the single 

photoelectron amplitude, while the valley represents the crossover point between 

noise and signal. Most of the pulses to the right of the valley are optically 

generated signal, and the pulses to the left are noise from dynodes and circuitry. 

Using a pulse-height analyzer makes it easy to generate a PHD curve, and then 

the discriminator is set at the valley of the PHD (LLD). The upper level threshold 

(ULD) is set to eliminate the higher intensity noise such as the cosmic noise. 

Multi Channel Scaler (MCS) software was used to generate the PHD curve using 

Single Channel Analyzer sweep mode, which is discussed below. 

6.2.3 EG&G Multichannel scaler photon counter [82] 

A multichannel scaler MCS-plus counter supplied by EG&G was used. The M C S 

behaves like 8192 sequential counters. When the measurement starts, the first 

counter counts the photons for the time t, the dwell time. When the first counter 

stops, the second counter counts the photons for the next time interval t. This 

sequential counting process continues until the last counter has completed its 

counting interval. At the end of the scan the contents of the 8192 counters would 

show the variation of counting rate with time over a total of a total time period 

equal to 8192t. Both the dwell time and the selection of channels would 

determine the time period of the experiment (dwell time x channels). 
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Although this same function could be achieved by computer automation of a 

single counter, the inevitable dead time caused by computer readout of the 

counter leaves significant gaps in the data when the counting intervals are short. 

The MCS-plus totally eliminates the dead time between counting intervals but at 

a cost. It uses two 100MHz counters that alternate in counting the events and 

transferring the result into a fast digital memory. 

The features of MCS-plus photon counter are given in Table 6.2. 

Package Plug in card 

Dwell time 2|is minimum, 1800s maximum 

Memory length (channels) 8192 

Time span (Full memory length) 16.4 ms minimum, 4096 hr maximum 

Inputs and rates 

Fast + - Discriminator No 

Fast Negative NIM 100MHz 

TTL 100MHz 

S C A 1 MHz 

S C A or Discriminator controls Computer 

S C A Sweep Mode Yes 

Dead time between channels Zero 

End of pass dead time Zero 

Software base Windows 

Table 6.2 Features of the EG&G MCS-Plus photon counter 
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S C A "sweep" was used to generate the pulse height distribution curve. The lower 

threshold was set at the valley of the PHD curve and the upper threshold at a 

maximum. In some cases, the PHD curve was observed to verify whether the 

signal lied within the window (0-1OV). Then the thresholds were set at 0V lower 

and 9.5V upper. This allowed in the recording of the signal that fell between the 

two thresholds. Two separate readings were taken, one with the signal (included 

signal+noise) and one without a signal (only noise). The difference then provided 

the signal counts only, as the noise counts were cancelled in the process. 

6.2.4 Advantages of photon counting 

The photon counting system offers significant advantages over DC averaging 

and stability is one of them. Because it concerns only the pulses above certain 

amplitude, small fluctuations in that amplitude have very little effect on the 

stability of the system. As a result a photon counter user could ignore parameters 

such as high-voltage stability and temperature stability that concerns an analog 

circuit user. 

Another benefit of this counting method is an improvement in the signal-to-noise 

ratio. The primary source of noise in PMTs is the statistical fluctuation in photon 

arrival rates and the generation of secondary electrons in the dynodes. The 

former is known as shot noise and consists of three main components: shot 

noise of the photogenerated signal of interest, shot noise due to the 
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photogenerated background light, and shot noise resulting from the thermally 

generated signal in the photocathode known as dark counts or noise. An ideal 

detector consists of only these noise sources but there is a statistical fluctuation 

of secondary electrons of dynodes as well. This is the excess noise factor (F). 

The photon counting mode provides a better signal-to-noise by a factor F. Also, 

the photon counting reduces the dark noise to only photocathode emissions and 

eliminates other dynode emissions or leakage currents when incorporating the 

PHD curve to set the thresholds. 

The high-speed and low-power electronics have made photon counting an 

affordable and in many cases a preferable option for instrument designers. It 

could cover the signal range of a few photons to more than 10 7 photons/s, which 

gives the instrument a wide dynamic range, very good stability, and a superior 

signal-to-noise ratio. 
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6.3 PMT system Calibration 

PMT system calibration was the most difficult and time-consuming part of the 

research. Calibration was done, after the successful installation of the PMT 

system and photon counter. What PMT temperature should be chosen to reduce 

the thermal noise? What PMT bias should be used to detect the signal? What 

amplifier settings would be desired? What signal threshold levels would be set to 

get the signal within a window? These parameters were required before the 

actual biophoton detection experiments could proceed. 

A few things were considered when operating the PMT systems, i) Exposure of 

the unbiased PMT to high levels of light would temporarily modify the 

responsivity. So, at least two hours of recovery time were allowed, at room 

temperature, if very stable readings were desired, ii) damage would occur to the 

tube if exposed to high light levels under bias. Before starting an experiment at 

unknown light levels, PMT should start at 0 bias and slowly brought it up, while 

monitoring output levels. 

For low-level light, spatial settings become important in order to maximize the 

input to the PMT system. PMT Sensitivities vary with vertical and horizontal PMT 

directions. This is shown in Figure 6.5. 
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Figure 6.5: Sensitivity of PMT with spatial directions 

The cool-down and stabilization time for the PMT tube was typically 2 hours or 

less, depending upon the set point temperature. System temperature display 

showed only the enclosure temperature. This temperature could reach its preset 

point sometimes in minutes. However, the vacuum construction of the PMT 

hampers quick thermal transfer and the tube itself needs about half an hour to 

fully equilibrate with the enclosure temperature. 

6.4 Calibration experiments 

6.4.1 Amplifier settings 

The amplifier has two settings, gain and the time constant. Gain was set at 

maximum PMT bias voltage of 1000V, PMT temperature of -40°C and fixed 
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signal thresholds. The time constant was set after observing the signal output at 

various time constant settings. 

The experimental setup was a standard photon counting system as shown in 

Figure 6.3. A controllable low intensity LED light was designed as shown in 

Figure 6.6 and was used as a source. 

Figure 6.6 Controllable LED low intensity light source 

At a fixed time constant, gain was varied until the signal was detected in the 

photon counter. Next, at a fixed gain, the time constant was varied and the signal 

effects were observed. 

It was found that 10 8 gain was sufficient at 1000V PMT bias. A minimum time 

constant setting was suitable for the measurements. 

Safety resistor 

Variable 
Resistor 

Supply 
voltage 

LED 
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6.4.2 Signal threshold settings 

Thresholds were set to remove the noise from the signal counts. The higher 

threshold would remove the cosmic and the high power noises and the lower 

threshold would eliminate the inherent noise in the system. 

The pulse-height distribution (PHD) curve was produced to set the thresholds, 

see section 6.2.2. Single Channel Analyzer (SCA) Sweep mode in the M C S plus 

software was used to generate the PHD curve, with 1000V bias, 10 A8 gain, 

minimum time constant and -40°C settings. 

6.4.3 Counts versus PMT bias voltage 

If PHD analyzer is not available, the manual recording of count versus the PMT 

bias voltage was required. Since this was not the case, this step was not 

essential. However, it was performed to observe the effects of bias voltage on 

counts. The LED circuit of Figure 6.6 was used as a source and the result is 

given in Figure 6.7. 

6.4.4 Dark counts and temperature 

In all the previous experiments with the LED light source the PMT was cooled to 

the minimum level of -40°C. Would it be essential to cool it to -40°C? The higher 

the cooling temperature the higher would be the experimental time. This 

experiment was performed to obtain the optimal temperature. 



91 

The dark counts were recorded with varying PMT temperature, at 1000V bias, 

1 0 ^ gain, minimum time constant, and zero low-level threshold settings. The 

counts versus temperature are plotted in Figure 6.8. Below -30°C, the counts/s 

remained constant, around 150 counts/sec. So it was found that dark counts 

were not a problem for temperatures as high as -30°C. 
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Figure 6.7: Counts with PMT bias voltage. Settings: 10*8 gain, 0.3-8V thresholds, 

-40°C 
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Figure 6.8: Dark counts versus temperature of the PMT. Counts decay 

with temperature. Settings: 10*8 gain, 0-9.5V thresholds, 1000V. 
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6.4.5 Dark noise experiments 

The dark noise experiments were performed for PMT and Petri Dish at the 

following settings: PMT bias voltage at 1000V, amplifier gain at 10 8, time 

constant at a minimum, the lower threshold at zero, the upper threshold at 9.5V 

and the temperature at -30°C. 

6.4.5.1 PMT Dark noise 

The dark counts were recorded for 18 hours and are given in Figure 6.9. The 

experiment was repeated a number of times to verify the stability of dark noise in 

the PMT systems. It was found that the noise remained stable in the range of 

100-150 counts/sec. 

The external light present in the room affects the dark counts and extreme care 

was undertaken to minimize it (see Appendix B.3.1). 
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Figure 6.9: Dark noise in the photon counting system: Settings: 10*8 gain, 

1000V bias, 0-9.5V thresholds, -30°C. 
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6.4.5.2 Petri dish dark counts 

The glass petri dish and the PMT exhibited similar counts as shown in Figure 

6.10. This meant the dish did not emit any form of light such as fluorescence or 

phosphorescence. 
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Figure 6.10: Dark counts for petri dish and PMT: Settings: 10*8 gain, 

1000V bias, 0-9.5V thresholds, -30°C. 
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6.5 D iscuss ions 

Several important criteria were considered in selecting the detector for low level 

light: high sensitivity to the intended wavelength, high gain, low dark counts and 

fast rise time followed by a rapid and smooth return to baseline. 

PMT detector calibration was performed to find the dark counts of the system, to 

attain different values of instrument settings and to understand the photon 

counting process. 

The origin of the dark current are: i) Thermionic emissions emitted at any 

temperature by photocathodes and dynodes that have very low work functions, 

ii) ions that are created when residual gases inside a PMT are collided with the 

electrons. When these ions strike the photocathode or earlier stages of dynodes, 

secondary noise electrons are emitted, iii) scintillations that occur when electrons 

that deviate from their normal trajectories strike the glass envelope, iv) Leakage 

current that result from the glass stem base and socket, and v) electrons that are 

emitted from electrodes by the strong electric field when the PMT is operated at a 

voltage near the maximum rated voltage. 

The glass petri dishes dark counts were similar to PMT blocked dark counts. 

Extreme care was undertaken so that no ambient light entered the PMT system. 
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Cooling the PMT below the room temperature helped in reducing the dark 

counts. By cooling the PMT far below the ambient temperature, the dark current 

could be reduced by up to four orders of magnitude, depending on the work 

function of the PMT cathode material. For low noise detection, the highest PMT 

bias voltage and the lowest amplifier gain and bandwidth were required. The 

PMT housing would provide a constant thermal environment to stabilize the 

system responsivity and lower the Noise Equivalent Power (NEP) by reducing 

the thermal noise in the detection system. 

6.6 Conclusions 

PMT calibration process was performed successfully. The settings of the cooling 

temperature, PMT bias, amplifier settings and signal thresholds were obtained 

using a low level LED source. 

The dark counts of the PMT system and petri dishes were obtained successfully. 

The glass petri dish did not produce any dark counts. The PMT system exhibited 

150 dark counts/s. The calibration process took a great deal of time but it was a 

major component of the research. 

After successfully operating the PMT detection system, actual experiments could 

proceed with animal and plant tissues with the focus on diagnostics and a role of 

cellular light in communications. 



CHAPTER 7: LUMINOL AMPLIFIED CHEMILUMINESCENCE 
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7.1 Introduction and overview 

After the successful calibration of the PMT detection system and the photon 

counter, the research goal was to detect the low cellular light. The goal was two 

fold: to detect the intensity of light with stimulation of the cells and to amplify the 

generated light to make it suitable for detection. Luminol was used as an 

amplifier of the cellular light. This chapter deals with such an approach to detect 

the light and obtain a novel diagnostic technique. Before proceeding with the 

detection, the mechanism of light production in tissues would be discussed. 

The world around us contains an assortment of viruses, bacteria, fungi, and 

parasites capable of not only surviving but also thriving inside the bodies and 

potentially causing us harm. These organisms, called pathogens, are responsible 

for many diseases. White blood cells or leukocytes defend the body against 

invasion of pathogens and remove debris that results from dead or injured cells. 

Leukocytes act primarily in the interstitial tissue; those within the blood, are 

mainly being transported by the circulation. There are two major classes of 

leukocytes: granulocytes (neutrophils, eosinophils, basophils) and agranulocytes 

(monocytes, lymphocytes). Neutrophils and eosinophils are microphages. These 

cells leave the bloodstream and enter peripheral tissue subjected to injury or 

infection. On the other hand, Monocytes form in the red bone marrow and are 
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capable of ameboid movement. They leave the blood vessels and enter the 

tissues, where they develop into large, phagocytic cells called macrophages. 

Microphages and macrophages are the two general classes of phagocytic cells. 

They are the cells that engulf pathogens and cell debris. They perform the 

janitorial and police services in peripheral tissues, removing cellular debris and 

responding to invasion by foreign compounds or pathogenic organisms. These 

cells represent the "first line " of cellular defense against pathogenic invasion. A 

macrophage might engulf a pathogen and destroy it with lysosomal enzymes. It 

might bind or remove a pathogen from the interstitial fluid but be unable to 

destroy it until assisted by other cells or it might destroy its target by releasing 

toxic chemicals such as tumor necrosis factor, nitric oxide, or hydrogen peroxide, 

into the interstitial fluid. 

Many phagocytes attach and remove the microorganisms before lymphocytes 

become aware of the incident. Lymphocytes migrate throughout the body. Their 

numbers increase markedly wherever tissue damage occurs, and some of the 

lymphocytes might then develop into plasma cells. Plasma cells are responsible 

for the production of antibodies, proteins involved in defending the body against 

disease. 
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When phagotocytos'is occurs, enzymes associated with the membranes of 

phagocytic vesicles catalyze the production of reactive oxygen species (ROS) 

that include hydrogen peroxide, oxygen radicals and halogenated oxides such as 

hypoclorite ( O C I 2 ) . The oxygen radicals and halogenated oxides are toxic 

substances that react with many organic molecules and inactivate many 

phagocytized pathogens. The production of ROS results in chemiluminescence 

(CL), which is just the light emitted from chemical reactions. C L results from the 

immediate relaxation of the electron-excited states that emerge in course of the 

free radical oxidative reactions [83]. 

CL is very weak and the prominent modification of C L measurement utilizes a 

technique to amplify the light produced by stimulated cells. In order to increase 

the quantum yield of CL, certain probes such as luminol (5-amino-2, 3-dihydro-1, 

4-phthazinedione) and lucigenin are used [84]. Luminol is less specific and 

reports a variety of ROS ( H 2 O 2 , 0 2 " , OH", NO", OCI") while lucigenin is a relatively 

selective probe for 0 2 " . This study involves luminol-amplified chemiluminescence 

(LM-CL) since overall C L is desired and not the specific ones. In LM-CL, luminol 

reacts with a variety of oxidizing agents to yield the electronically excited 

aminophthalate anion. This unstable intermediate spontaneously relaxes to a 

ground state, emitting photons with such high quantum efficiency that it amplifies 

the luminescence resulting from oxidative reactions, which occur within 

stimulated cells. 



103 

Though the major work has been devoted to studying C L in phagocytic cells or 

macrophages, this work neither involves such cells nor cell cultures. This chapter 

focuses on soft tissues involving chondrocytes. Normal chondrocytes in culture 

also exhibit properties similar to those of macrophages. These cells produce 

reactive oxygen intermediates, mainly the hydrogen peroxide intracellular^ and 

the biologic disease modifiers, such as I.L-1, TNF, and interferon, modulate the 

production of the intermediates [85]. 

This section focuses on two aspects: to use LM-CL technique to obtain a 

diagnostic tool and to prove the existence of photons inside the tissues. 

Hydrogen peroxide stress [86] was used to stimulate the cells and C L was 

compared with the vitality of tissues to find a link that the living cells only produce 

the photons. Fresh tissue C L was compared with CL of dead (liquid nitrogen 

cooled and thawed) tissues. Responses were different for the two types of 

tissues, indicating that the technique might be useful in diagnosing tissue 

abnormalities such as scar and normal tissues. This technique might provide 

some insights into the production of oxygen radicals when scar tissues are 

formed during tissue healing. 

7.2 Literature survey 

C L was first described in leukocytes during phagocytosis of bacteria [87]. Since 

then many studies have been performed to refine the technique to investigate 
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various aspects of leukocyte function. The CL technique has been successfully 

employed to identify serum opsonins effective against pathogenic bacteria [88-

89], and to elucidate the chemical nature of leukocytes involved in killing micro

organisms [90]. Attention has also been focused on the hazards of and the 

damage of phagocyte infiltration and by release of reactive oxygen intermediates 

(ROIs). The myocardium is infiltrated within minutes from the onset of infarction, 

the kidneys in certain types of glomerulonephritis [91], and the lungs [92] in 

several pathological conditions. The hyper - or hypoactivity of phagocytes is a 

decisive factor in the pathogenesis of many diseases like rheumatoid arthritis. In 

fact, in rheumatoid patients, the basal CL activity of synovial neutrophils is higher 

than that of peripheral blood cells [93]. The synovial fluid contains compounds 

that evoke the synovial neutrophils to produce considerable amounts of ROIs. 

The role of ROIs has also been actively studied in cancer and photodynamic 

therapy, where the generation of radicals destroys the cancer cells selectively 

[94]. 

C L generated during ROI production is weak, and a modification is made in the 

technique to amplify it. Lucigenin and luminol are used to amplify C L emission by 

a factor of 10 2 -10 3 and 10 3 -10 4 respectively. The LM-CL method is widely 

accepted in studying the production of ROI in various tissues. It is believed that 

other blood cells apart from phagocytes are able to emit CL. Studies were also 

done in other cell types such as melanocytes [95] and chondrocytes [85]. Normal 
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chondrocytes in culture produced light with the generation of oxygen radicals [96-

98]. The production of ROI from chondrocytes could contribute to the 

degradation of the cartilage matrix. Studying the mechanism of collagen 

degradation is important, because several studies indicate that damage to 

cartilage collagen was a central event in pathogenesis of cartilage aging and 

osteoarthritis [99-101]. 

CL techniques have been used to study a number of clinically relevant 

conditions, such as dynamic system properties in human blood [102], 

myeoloperoxidase deficiency [103] and cancer chemotherapy [94]. None 

whatsoever was used to study soft tissue diagnostics. ROI production could also 

be studied with respect to biologic modifiers, cytokines and pharmacologic 

agents, which are important for disease diagnosis [104]. 

7.3 Theory 

The process of C L is not understood well enough to allow the development of a 

mathematical model, so an exponential curve is selected to describe the primary 

features of the curves - the time constant and the area under the curve. The 

exponential curve is taken as, 

C(t) = CQe-yr (7.1) 



106 

Where Co is the initial counts/s, t is the counting interval and x is the time 

constant. 

The area under the curve (A) is calculated by integrating the equation 7.1 

between two time intervals, the initial time t0 and the final time tf, as, 

/ tf 
A = Co C e _ t / t Ôt, upon integration, 

A = Co T (-e"H/T + e" t0 /T) .„..(7.2) 

This equation would be employed to calculate the area under the curve. The 

differentiation of the area A with respect to the time constant would then give the 

error propagation in the area (OA) as, 

5A = Co Ôt e" t 0 / T [1 + to/x] - Co 5x e~m [1+ t,/x] ...(7.3) 

Equation 7.1 can be written as, 

Log e C(t) = Log e C 0 - t/x „(7.4) 

If a linear regression line is fitted between the log of counts/s, C(t) and the 

counting time t, then the slope of the curve could be obtained which would just 

be the inverse of the time constant, 1/x. 
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7.4 Experimental designs 

7.4.11nstrument setup 

The experimental setup is given in Figure 7.1. A test tube was placed on top of a 

photomultiplier (PMT) window. A coaxial cable was used to connect the photon 

counter board to the PMT system. A computer was utilized to interface with the 

board and to record the counts. Data analysis software was used to obtain the 

averages of the readings and to plot the graphs of interest. 

Dark Box 

Computer 
Photon 
Counter 

Two 
Syringes 

Test 
Tube 

PMT 
System 

Figure 7.1: Instrument setup for LM-CL 

The test tube was used to hold the tissues. Two syringes were attached to the 

cap of the test tube, one with luminol and the other with hydrogen peroxide. A 

dark box was used to enclose the whole setup and the experiment was 
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performed in total darkness. The contents of the syringes were released in the 

dark (did not add any ambient CL) into the tissues. 

A number of challenges were faced when performing the experiment. Calibration 

of the PMT was the most difficult one. Other challenges include control of tissue 

parameters, luminol and hydrogen peroxide, and conditions in room and box. 

Chapter 6 discussed the details of the calibration of PMT, and the working 

principal of PMT and the photon counting. 

7.4.2 Methods 

The experiment involved two chemicals, luminol to amplify the signal and 

hydrogen peroxide to stimulate the tissues. Luminol (Sigma Chemicals) solution 

was prepared in Dimethylsulphoxide (DMSO) and diluted 20 times in buffer 

solution. Laboratory grade 30% hydrogen peroxide (H 2 0 2 ) was obtained and 

again diluted 20 times in buffer solution. Then 0.3ml of diluted luminol and 0.4ml 

of diluted H 2 0 2 was added to tissues at separate instances (the concentration 

and amount was determined after various experimental trials). 

Bovine legs were obtained from an abattoir in South Calgary within an hour of 

sacrifice. Then experiments were performed in two types of tissues, ligaments 

and cartilage. The cow legs were dissected and tissues were collected, and 
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placed into buffer solutions. Small pieces of ligaments were made after collection 

but cartilages were scraped off the bones into pieces directly. 

Two sets of tissues were separated. One set was nitrogen cooled and thawed at 

room temperature a few times and then stored at +4°C. The rapid cooling (30 

sees) and thawing killed the cells in the tissues but preserved other properties. 

The killing of the cells was verified after observing the sample under the 

microscope with a blue stain. The other set was stored from the beginning at 

+4°C. These are the live tissues. With ligaments, the cells tend to die quickly so 

the experiment was completed within 3-4 hours of animal sacrifice. With 

cartilage, the cells live up to a week at +4°C even without sterilization, though the 

experiment was completed within two days. Then new tissues were used to 

repeat the experiments. 

Two similar experiments were performed on tissues, one with luminol and H 2 0 2 , 

and the other with H 2 0 2 alone, at room temperature. Each sample was placed on 

top of a cooled PMT and C L was collected as counts/sec. The results were 

obtained with considerable reproducibility. Then the graphs were plotted for the 

averages of twenty different readings for both the cases of live (stored at +4°C) 

and dead tissues (liquid nitrogen frozen and thawed). 
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7.5 Results 

7.5.1 Luminol amplified chemiluminescence 

The LM-CL is shown in Figure 7.2. Luminol was added at the start of the 

experiment and was allowed to settle during the first five minutes. At this period, 

it is seen that the curve represents a baseline chemiluminsescence. Then H 2 O 2 

was added and C L was observed for another 20 minutes. 

Linear regression line was fitted between 300 and 1200-second duration in 

Figure 7.2 (semi-log plot, R2 > 0.95) with 95% confidence interval. The area 

under the curve and the decay time constant were then obtained and listed in 

Table 7.1 with standard deviation errors. It is seen that the area under the curve 

for live tissues is greater than that for the dead tissues. This indicates greater CL 

from live tissues. At the instant of the addition of H 2 0 2 , the peaks of the curves 

were the same for both types of tissues. The difference could also be seen on 

the time constant of the decay curve, with decay from dead tissues faster (time 

constant smaller) than the live tissues. The control did not contain any tissues. 

With Luminol Live (s) Dead (s) 

Decay time(s) 588 ± 26 (4.4%) 416 ± 2 0 (4.8%) 

Area (x 103) 2820 ± 256 (9.1 %) 1835 ± 160 (8.75%) 

Table 7.1 Differences are seen in decay time and area counts with luminol. 

Decay time constants were calculated between 300 & 1200-second locations & 

the area under the curve (counts/s) is expressed in thousands. 
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Figure 7.2: Tissues treated with luminol and hydrogen peroxide. Settings: 10*8, 

1000V, 0-9.5V thresholds, -40°C. The bottom semi-log curve has y-axis as 

lopje(y)- The curves show the counts/sec as 10 per moving average. 
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7.5.2 Tissues treated with H202 only 

In this case, the experiment was performed without the use of luminol. Only H2O2 

was used to stimulate the cells in both types of tissues. For the first five minutes, 

a baseline CL curve is seen as shown in Figure 7.3. With the addition of H 2 02, it 

was noticed that significant light was produced. Live tissue curve area is still 

greater than the dead and control tissue curves. The control in this case was 

hydrogen peroxide placed into an empty sample chamber and is seen to be 

below the other two curves. 

Again, linear regression line was fitted with 95% confidence interval for the semi

log curves of Figure 7.3 with R 2 > 0.85. The area under the curve and the decay 

time constant were obtained and listed in Table 7.2 with standard deviation 

errors. It is seen that the live tissues are exhibiting slightly higher C L than dead 

tissues. The decay rate of the dead tissues is also marginally faster than the live 

tissues. 

W/O Luminol Live (s) Dead (s) 

Decay time(s) 416 ± 15 (3.6%) 370 ± 11 (3%) 

Area (x 103) 1789 ± 120(6.7%) 1517 ± 80(5.27%) 

Table 7.2 Slight differences are seen in decay time & area counts without the 

use of luminol. Decay time constants were calculated between 300 & 1200-

second locations. The area under the curve (counts/s) is expressed in 

thousands. 
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Figure 7.3: Tissues treated with H 2 0 2 . Settings: 10*8, 1000V, 0-9.5V thresholds, 

-40°C. The bottom semi-log curve has y-axis as Loge(y). The curves show the 

counts/sec as 10 per moving average. 
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7.5.3 CL differences with and without LM 

Figures 7.4 and 7.5 compare the curves with and without LM for live and dead 

tissues. It is seen that luminol amplifies the counts, especially the live counts, 

The results from Figure 7.4 show that use of luminol increased the time constant 

for live, dead tissues and the control. The figure also compares the number of 

counts under the curve (area) after H 2 0 2 stimulation. Use of LM increased the 

live counts considerably but the increase in dead counts is minimal. 

Area under the curve 

Q W / O L U M 

L U M 

Live Dead Control 

Exper iment 

The Decay Constant 

• W / 0 L U M 

L U M 

Live Dead Control 

Experiment 

Figure 7.4: Comparison of area under the curve and the decay constant for live 

and dead tissues with luminol (LUM) and without the use of luminol (W/O LUM). 

Error bars are standard deviation. 
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Figure 7.5: Comparison of live and dead tissue curves with and without the use 

of luminol. The semi-log curves have y-axis as Loge(y). The curves show the 

counts/sec as 10 per moving average. 
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7.6 Discussions 

The area under the curve was calculated from the equation 7.2 for the measured 

values of time constant, with t0 = 300secs, tf =900secs, and C 0 = 12000 counts/s. 

The calculated area is then compared with the measured values and presented 

in figures 7.6 and 7.7. 
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Figure 7.6: Theoretical and practical comparison for the area with luminol 
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Figure 7.7: Theoretical and practical comparison for the area without luminol 
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The theoretical and practical area differences are within 10% error. This justifies 

the correct calculation of the time constant. 

7.6.1 Diagnostic approach 

The clear distinction of CL between live and dead cells could be utilized as a 

diagnostic tool. Though the relevance of this distinction is useful in many types of 

tissues, this chapter is concerned with studying connective tissue injuries. After 

tissue injury by various stimuli, cells are killed or injured, fibers are damaged or 

injured in other ways. Through widespread autolysis, lysosomes release 

enzymes that first destroy the injured cells and attack the surrounding tissues. 

The result might be an accumulation of debris, fluid, dead and dying cells, and 

necrotic tissue components collectively known as pus. Although the situation is 

under control and no further injury would occur, many cells in the area have died, 

a result of either the initial injury or subsequent regional changes. As tissue 

conditions return to normal, fibroblasts move into the necrotic area, laying down 

a network of collagen fibers that stabilizes the injury site. This process produces 

a dense, collagenous framework known as scar tissue. 

This method could be employed to study the role of ROI in arthritis, scar and 

cancer tissues. In these cases, cell metabolism is high and the subsequent 

effects on C L would be an increase in intensity relative to normal tissues [105]. 

This could be easily performed with the present setup with a few modifications. 
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7.6.2 Communication aspects 

The implication of live tissues producing more light than the dead ones is that the 

live tissues were generating more oxygen radicals. Either the hydrogen peroxide 

was invigorating the cells or destroying the cells: either way, viable cells were 

producing more light. Why would cells produce more light when they were 

stimulated by hydrogen peroxide? What was the purpose of this light, apart from 

being just a by-product of a chemical reaction? The answers are sought later. 

In this dissertation, it is speculated that the oxygen radical might play an 

important role in intercellular communications. It might act as a light source in 

tissues. If collagenous tissues act as light-guides [106], then light from oxygen 

radicals might be transported via these guides from one place to another for 

some specific purpose. The purpose could be a signal and cells might be 

transferring them to other cells to exchange information. The hypothesis was 

tested at the final stages of the dissertation. 
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7.7 Conclusions 

The technique provided a unique way of distinguishing live and dead cells and 

this could find uses in the diagnostics of connective soft tissues and in other 

tissues. 

The role of reactive oxygen radicals in tissues is important. Oxidation of collagen 

could cause fragmentation, which alters the material properties of collagen fibrils, 

thereby making them more brittle and prone to mechanical fatigue failure. Such 

failure could initiate osteoarthritis. 

Also, in cartilage, chondrocytes produce reactive oxygen intermediates, which 

might play an important role in the degradation of the cartilage matrix, observed 

in arthritis [107]. Several studies indicated that damage to cartilage collagen was 

a central event in the pathogenesis of cartilage aging and osteoarthritis [108-

109]. Researchers have shown that oxygen radicals could destroy the 

biochemical integrity of proteoglycan, hyaluronic acid, and collagen [110-112]. 

Further studies are needed in this area to investigate the role of reactive oxygen 

intermediates in the biology of cartilage matrix synthesis and degradation in 

arthritis. Also, further work should study the spectral data to understand the 

molecules involved. 
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The removal of luminol was important because it could lead to minimally invasive 

in-vivo diagnostic technique. Living tissues are believed to generate hydrogen 

peroxide which could lead to the production of light. So the study of hydrogen 

peroxide in cells and tissues is important to pursue this aspect. The next chapter 

would focus on the use of stimulants on cells and the detection of light. The goal 

would be to find suitable diagnostic techniques. 

Finally, the light from oxygen radicals might act as light sources in intercellular 

communications and though the challenge to prove light as a signal is immense 

an attempt would be made. 
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CHAPTER 8: BIOPHOTON 

8.1 Introduction 

Luminol could be used as an amplifier of cellular light produced by tissues. 

Would the light be still detected in-vitro if the luminol was removed? If so, would 

the light behave differently with different stimulants? This chapter deals with 

controllable laboratory grown cells and the detection of light from these cells with 

and without stimulation. First, the mechanism of cellular light production from 

cells would be discussed. 

Light emission from biological phenomenon is divided into two classes: 

bioluminescence and ultraweak chemiluminescence. These two kinds of 

emissions show a large difference in intensity. Bioluminescence, which is more 

common, is the visible light emitted by fireflies, jellyfishes, certain other fishes 

and even bacteria [113]. On the other hand, the weaker chemiluminescence, not 

visible to the human eye, originates from the living tissues, cells and related 

biomolecular systems of plants and animals [114, 21]. It is also known as 

biophoton. The intensity of biophotons is very weak and is estimated to be on the 

order of less than ~10" 1 6 W/cm 2 [115]. It is not otherwise different from 

bioluminescence and it occurs inside the tissue without any external stimulation. 

The process of biophoton emission is generally considered to originate from 

internal biochemical reactions associated within the living body. Hence, it is 
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closely associated with oxidative metabolic processes that occur regularly within 

a living body. Since the biophotons are coupled to the endogenous production of 

excited states within a living system, the detection and characterization of 

biophotons is of significant importance. The characteristics, biological 

significance and importance of biophoton emission are exciting areas of research 

with enormous potential applications in biology, medicine, pharmacology, 

environmental sciences and food technology [79]. 

In this section, biophotons from plants and cell cultures were studied to 

determine and define their existence. Emission differences between live and 

dead leaves were studied. Also, biophoton emissions from cell cultures were 

studied with various stimulants. The photon counting method with a cooled 

photomultiplier was used and the spectral characterization of the biophoton 

emissions was performed with the help of optical filters. 

8.2 Literature survey 

Two apparently distinct types of biophotons have been reported in literature, one 

in the visible region and the other in the ultraviolet region. The visible region 

biophoton is well established and it is generally argued that its source is excited 

singlet oxygen and excited triplet state carbonyls. These species are formed by 

in vivo processes such as lipid peroxidation, phagocytosis, enzymatic reactions 

and interactions of oxygen radicals with some metabolites. 
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The origin of the biophoton, however, could be traced back to the ultraviolet 

biophoton in a controversial study in mitogenetic radiation theory in the 1920s 

[116]. According to the theory, dividing cells emit ultraweak far-UV light that is 

capable of inducing cell division when incident on non-dividing cells. The 

controversy that dividing cells emit UV light remains unresolved and it was 

excellently reviewed in [117]. 

The advent of the photomultiplier tubes opened new avenues of biophoton 

research. Photon counting with PMTs [118] is still the most popular method of 

study but a report in [119] suggests that using a C C D camera above 700nm is 

more advantageous than the PMT system. 

Biophoton emissions were detected during different stages of growth using yeast 

and bacterial cultures [120-123]. The emission spectra exhibited UV component 

but the attempts at inducing yeast cell division using UV components were 

unsuccessful. The emissions were also studied in plants. A germinating soybean 

seedling exhibited a localized intensity of the light emission with an increase in 

metabolism during cell division [124]. Injured seedlings exhibited higher emission 

intensities around the injured region suggesting that the observed light emission 

was a result of the defense mechanisms of the plant to injury or infection [125]. 

Also, it has been reported that the biophoton intensity increased linearly with the 

acceleration of root growth [126]. Various groups have made studies of the 
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mechanisms of biophoton emission by plants although the exact emission 

mechanisms are not known [127-129]. 

Biophoton emission in mammalian cells and tissues were also studied 

extensively [130-132]. The cellular nucleus was found to emit extremely weak 

light, which could be linked to pathological conditions, mutation and aging [133]. 

Also, there was interest in the possibility that electromagnetic interactions might 

play some functional role in life processes [134]. The extremely weak light from 

nucleus was found to be oxygen dependent and possibly due to the involvement 

of singlet oxygen [135]. Also reported was a higher localized intensity of 

biophoton emission from cancer cells [136]. Biophoton measurements were also 

used to monitor injury and healing in animals [137]. They were also studied in 

blood plasma, urine and breath to explore various diagnostic possibilities [138-

140]. Multi-author reviews highlighted biophoton emissions from various 

perturbations such as mechanical, temperature, oxidative, chemical, and 

photochemical stress [141]. 

It remains to be verified whether the biophoton emission is of any fundamental 

significance or is just a by-product of metabolism with no major consequence. 

Neither the mechanisms nor the specific emitters of biophotons and the transport 

of biophotons through the tissues are well understood. The low intensity of 

emission, when coupled to the broad wavelength region over which the emission 
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occurs and the limitation due to blackbody emission, however, are serious 

limitations for further progress. Any analysis performed in this chapter would 

follow the theory of section 7.3. 

8.3 Experimental designs 

8.3.11nstrument setup 

The instrument setup used for this experiment is given in the Figure 6.5. Petri 

dish with medium and/or cells were placed on top of the PMT window. Stimulants 

such as hydrogen peroxide, TGF-B growth factor were added into the dish using 

syringes and pipes. Photon counting was performed under various settings of 

amplifier, gain, and thresholds. In all the cases, PMT was cooled to -40°C. 

The individual filters were placed in-between the PMT window and Petri dish to 

perform the spectral studies. 

8.3.2 Materials and methods 

The cell cultures were scar fibroblasts grown in the laboratory. The medium was 

Iscoves Modified Dulbecco from GIBCO/BRL. This media along with antibiotics, 

antifungals and 10% volume of serum was used when the cell cultures were 

grown. The serum was Fetalclone-3 serum acquired from Hyclone. 
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In certain experiments the medium was removed and a phosphate buffer solution 

was used. The hydrogen peroxide was a 30% laboratory grade. The growth 

factor TGF-B was obtained from Sigma Chemicals. The filters were Oriel 

interference filters obtained from the Department of Physics and Astronomy at 

the University and they were 452 ± 16.5 nm, 503 ± 17.65 nm, 550 ± 20 nm, 601.7 

± 16.45 nm, 650.5 ± 16.5 nm, 730.5 ± 7.5 nm and 900 ± 16.5 nm. 

For plant tissue experiments, first the petri dish counts were recorded and then 

the dead and live leaf counts were recorded. The leaf injury experiments were 

performed in the dark with a slight tear in the middle part of the leaf and after 

waiting for another 20 minutes the leaf is again torn at another part of the leaf. 

With animal scar cells, a dish with media but no cells was taken as the control. 

Hydrogen peroxide or TGF-B was added after 20 minutes to the scar cells and 

the experiment was observed for another 40 minutes. Then the media was 

removed and the cells were placed in P B S solutions and the experiment was 

repeated with hydrogen peroxide stimulation. 

The media was analyzed with and without the serum, and hydrogen peroxide 

was added after 20 minutes to observe the effects of serum in light emissions. 

Filters were inserted between the petri dish and the PMT to observe the 

spectrum of the light emission from serum and peroxide reaction. A final 
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experiment was performed in which the serum and media mixture was exposed 

to light at various times and hydrogen peroxide was added after 15 minutes to 

observe the light peaks. 

8.4 Results 

8.4.1 Plant tissue experiments 

A number of experiments were performed with leaf and apple pieces. The 

experiment showed that a live leaf gave off more counts than a dead leaf and 

that the counts were significantly above the dark counts of a PMT plus a petri 

dish. This is shown in Figure 8.1. Phosphorescence seemed to dominate during 

the initial couple of minutes. 

Apple pieces also gave higher counts. The basis of these experiments was to 

obtain the signal within a window of detection and it was performed successfully. 

The experiment was repeated with injury to a leaf and the results are given in 

Figure 8.2. It is seen that with injury, counts increased substantially. 

8.4.2 Animal tissue experiments 

Since the concentration was on animal tissues rather than on plant tissues, the 

next phase of research involved animal tissues. Rabbit scar fibroblasts were 

used for the experiments. 
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Figure 8.1 : Live and dead leaf counts. Live leaf exhibits higher counts than a 

dead leaf and both the counts are higher than petri dish counts. 

Settings: 10*8,900^ bias, 0.2-9.5V thresholds, -40°C. 
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Figure 8.2: Fresh leaf subjected to injury. Counts increases substantially with 

injury. Settings: 10*8 gain, 1000V bias, 0-9.5Vthresholds, -40°C. 
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8.4.2.1 Scar cells on PMT 

The experiment was performed on cells without any external stimulation. The 

results in Figure 8.3 show that cells are producing more emissions than the 

medium. This is because of the presence of fluorescence and phosphorescence 

in cell cultures prominent for the first ten minutes. With dark adaptation of cell 

cultures, the emission differences between cell cultures and medium were 

minimal. 

If the cells were stimulated then they might emit photons above the noise level. 

So external stimulation was sought to boost the intensity of signal. Hydrogen 

peroxide was chosen because it was responsible for the production of light. With 

external stimulation, there was a considerable increase in light emissions but 

differences between the media and cells were not seen. Media seem to swamp 

the photons if any produced by the cells. The results are given in Figure 8.4. 
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Figure 8.3: Comparision of counts from cultured scar cells, dish with medium 

only, and PMT noise. Settings: 10*8 gain, 1000V bias, 0-9.5V bias, -40°C. 
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Figure 8.4: Hydrogen peroxide stimulation of MCL scar cells and medium. 

Here, 0.1 cc of hydrogen peroxide is added at 20 minutes and again 0.4cc 

added at 40 minutes. Settings: 10*8 gain, 1000V bias, -40°C , 0-9.5V 

thresholds. 
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8.4.2.2 Cell stimulation with TGF-B growth factor 

Since hydrogen peroxide did not produce the desired results, a different form of 

stimulant, TGF-B growth factor was used, in the hope that light would be 

produced with cell division. With a growth factor TGF-B stimulation, the counts 

seemed to increase as shown in Figure 8.5 and the counts were higher than the 

control (See Table 8.1). This suggests the instantaneous production of light with 

the addition of the growth factor in cells. 

Cells with TGF-B 

(x 10M) 

Media with TGF-B 

(x 10M) 

Counts/10 

minute 

3.2±12.5% 2.4±9% 

Table 8.1 Comparison between cells with TGF-B stimulation and the control. The 

control is seen to be below the stimulated result. In this case the counts were 

summed for the duration from 20 to 30 minute only (See Figure 8.5). 
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Figure 8.5: Growth factor TGF-B stimulation on cell cultures. The stimulation 

produces a small increase in light emissions than that seen with medium. 

Settings: 10*8 gain, 1000V, -40°C, 0-9.5V thresholds. Data points are 30 per 

moving average. 
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8.4.2.3 Existence of biophotons: Removal of media and the cells in P B S solution 

The production of substantial amount of light in Figure 8.4 was interesting. What 

was causing so much light even from the media? Would the removal of media 

eliminate the light transmission? An experiment was performed to verify it. The 

media was removed and the cells were placed in PBS solutions. It was seen from 

Figure 8.6 that the removal of the media did in fact remove the light emission 

peaks with stimulation. 
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Figure 8.6: Cells in P B S and P B S only stimulated by hydrogen peroxide. 

The addition of hydrogen peroxide did not produce any emissions. 

Settings: 10*8 gain, 1000V bias, 0-9.5 V thresholds, -40°C. 



137 

Area under the curve was calculated from 0 to 40 min duration and provided in 

Table 8.2. It is seen that the emissions produced by the cells in PBS solution are 

higher than that from P B S solution only. This showed the existence of biophotons 

in cell cultures. 

Cells in PBS 

(x 10*6) 

P B S Only (no cells) 

(x 10*6) 

Counts/40 

minute 

6.6±15.1% 4.1 ±10.2% 

Table 8.2 Comparison between cells in PBS and PBS only (see Figure 8.6). The 

counts were summed for the entire duration of the measurements. (Data = 

average ± standard deviation) 
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8.4.2.4 Analysis of the media and the use of optical filters 

Experiments were performed to understand the light production in media with 

hydrogen peroxide stimulation. The media was analyzed with and without the 

serum. With the removal of serum in Figure 8.7, it is seen that the emission 

peaks are reduced considerably. It proves that the serum was reacting with 

hydrogen peroxide to give high level of emissions. The various exposure times 

seen in the figure would be discussed in section 8.4.2.5. 

The peaks of hydrogen peroxide and serum emission were then observed with 

various available optical filters. The results are provided in Figure 8.8. The filters 

reduced the counts and the emissions seemed to occur in 550-700 nm region. 
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Figure 8.7 : Culture medium without serum treated with hydrogen peroxide at 

various exposure times. The emissions peaks are small. 

Settings: 10*8 gain, 1000V bias, 0-9.5V thresholds, -40°C. 
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Figure 8.8: Use of optical filters in media with serum stimulated with hydrogen 
peroxide. Settings: 10 A8 gain, 1000V bias, 0-9.5V thresholds, -40°C. 
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8.4.2.5 Media exposure experiment 

An interesting observation was made with the light exposure and hydrogen 

peroxide emission peaks. This experiment was used to verify the possibility of 

correlation between exposure and the peaks of emissions. Media with serum was 

exposed to light for various times. Then after an exact amount of time, hydrogen 

peroxide was added to create emission peaks. 

It is seen from Figure 8.9 that the light peaks are correlating with light exposure. 

This is interesting, in that 'memory' as light is stored in a chemical and or 

recovered later by the addition of a chemical stimulant. However, the effect could 

not be reproduced due to the following possible reasons. The serum was too 

sensitive to ambient light and it might have affected the individual samples when 

light exposure was performed. The light exposure times were not accurate since 

the time to place the sample in and out of the PMT were not accounted for and in 

the process might have added some ambient counts. The addition of hydrogen 

peroxide was not controlled accurately as the manual process involved syringes 

and pipes. 

With the control of all the variables, it is believed that this 'memory' phenomenon 

could and would occur; future work could focus on this aspect. Further work was 

not performed, as this would consume a lot of valuable time required for the 

current scope of the research. 
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Figure 8.9: Media with serum is exposed at various time exposures and 

hydrogen peroxide is added. Here, 1 min, 5 min and 10 minute exposure time 

curves are presented. The curve shows 30 per moving average. 

Settings: 10*8 gain, 1000V bias, 0-9.5V thresholds and -40°C. 
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8.5 D iscuss ions 

8.5.1 Diagnostic approach 

With cultured scar cells, the serum (in media) caused the light peaks. With the 

removal of serum, cells in P B S exhibited greater amount of light than PBS with 

no cells. This could be employed to differentiate live and dead cells (no cells). 

Also, the growth factor stimulation produced higher emissions. This suggests that 

viable and growing cells are producing CL upon stimulation. Growth factor is 

extensively studied in tissue repair and remodeling so tissue treated with growth 

factor and other untreated tissues could be studied for possible diagnostics. 

8.5.2 Intercellular communication aspects 

The experiments with scar cells verified the existence of light sources inside the 

tissues, which might act as possible sources of communication. Without any 

stimulation, the detector was not able to detect the biophotons. This could be 

because the biophotons were not produced to a substantial amount for detection. 

Stimulation helped in the increase in the light intensity and the detection. 

8.5.3 Other Purpose 

A unique relation between light exposure and CL was seen to exist. Light stored 

from previous exposure might be released from a chemical process. This might 

act as a potential optical memory concept but it requires further investigation. 
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8.6 Conclusions 

These experiments verified the existence of biophotons in plant and animal cells 

especially rabbit scar fibroblasts. It was shown that hydrogen peroxide 

stimulation produced greater photons with cells in P B S . Also, it was found that 

TGF-B growth factor stimulation produced a greater number of photons. The 

observation could be extended to study the injured tissue with growth factor 

stimulation and normal tissue. The effect of growth factor on the injured tissue 

could also be studied with the help of biophotons, particularly useful in tissue 

healing studies. 

The research however was not able to distinguish light without any externa! 

stimulation. This could be because light might not be produced from happy in-

vitro cells and they require some form of stimulant to produce biophotons or light. 

The results also implied that the killing or growing process of the cells seemed to 

produce greater photons. This finding could be utilized further to test the 

hypothesis that cells would use this stimulated light to a certain purpose. The 

stimulated light could be utilized as sources in intercellular communications. This 

phase of research was successful in finding a suitable method of stimulation to 

generate photons. The next phase of the research would utilize this and look into 

the possible natural uses of photons in intercellular communications. 
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CHAPTER 9: BIOPHOTON'S ROLE IN INTERCELLULAR COMMUNICATION 

9.1 Introductions and overview 

Biophotons have been studied for a long time but their causes and significances 

are still unknown. From our research, it was determined that biophotons existed 

in animal tissues and cell cultures, and their existence differed in normal and 

dead tissues [142]. They were generated in greater numbers when they were 

stimulated by hydrogen peroxide or growth factors [143]. 

In this part of the research, biophotons from cultured cells would be studied 

under the hypothesis that they might be involved in intercellular communication. 

Intercellular communication always involves chemical means of communication 

and this thermal diffusion is thought to be responsible for every type of 

communication involving all biochemical reactions. Theorists believe this might 

not be true in all aspects and propose another level of communication protocol 

on top of this chemical diffusion. 

The challenge to design an apparatus to test the hypothesis is enormous and 

each and every detail of light optimization need to be incorporated because the 

biophoton light of concern is very, very weak. Although the biophoton spectrum 

ranges from ultraviolet (UV) to infrared region, cells are highly unlikely to use UV 

photons for communication because they would be mostly absorbed by cellular 

proteins [18]. So my instrument setup should incorporate the photons that are 
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generateci below the ultraviolet region. Another concern is to select the types of 

cells that would most likely communicate. Rabbit skin fibroblast cells were 

chosen since they were readily available in the laboratory (successfully tested 

previously with stimulation) and they required minimum serum for growth. It was 

then realized that skin cells were not the best option, if we assumed that the 

optical communication would occur, because skin is always exposed to sunlight. 

A switch was made to mouse 3T3 fetal fibroblasts later since they were known to 

react to light stimulation [20]. The other issue was to devise methods to test for 

any optical communication occurrence. They could be as simple as checking the 

cell morphology, cell counts or as complicated as performing protein and gene 

analysis. 

With all these issues in mind the experiment design was completed, identifying 

all the experiment protocols. The goal then would be to prove that cells would 

use photons to transfer information. 

9.2 Literature survey 

In order for optical communication to take place, at least four capabilities are 

required: 1) A light signal must be generated in cells, 2) The light signal must be 

transmitted between cells, 3) The light signals must be received by cells, and 4) 

The received signals must be transduced into information that a cell could 

process. Biophotons present in cells and tissues support the first capability and 
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our research showed that collagen fibers could act as waveguides, which 

supports the second capability. Retinal photoreception and transfer of visual 

information to the brain prove that requirements 3 and 4 exist in some systems. It 

is reported that photoreception in 3T3 cells appears to occur at the centrosome 

[144]. Still, the capability for photoreception and signal transduction in most cells 

is presently unknown. 

It is believed theoretically that the signaling could occur over vast biological 

distances, in the form of solitons, which do not degrade over distances [145]. The 

signal destination is believed to be the DNA from which it is seen that quantum 

like photons were emitted [146]. The role of photons in optical intercellular 

communication is very unclear and few are willing to study these phenomena. 

This is because biological systems are more than half composed of water, which 

is strong absorber of the frequencies of concern. So the signals are closely 

contained and are channeled along macromolecular structures, without loss, and 

water acts as a containment, insulator [106], and absorber to prevent loss of 

"confidentiality" [147]. 
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9.3 Theory 

The research in this section involves a completely new area for which 

mathematical models have not been developed yet. This chapter would not look 

into developing such mathematical models but instead all the analysis would be 

performed using statistical models and methods. 

The hypothesis is that light would change cell's characteristics. To test the 

hypothesis, three groups (simulated S, transmitted T and blocked B) of different 

cell counts were collected. Most likely the individual groups are broadly similar 

but with a different average (mean) cell counts. Could this difference in average 

cell counts be taken as evidence that the groups in fact are different (and 

perhaps light causes the difference)? Note that even if there is not a "real" effect 

of light on cell counts (the null hypothesis) the groups are likely to have different 

average cell counts. The likely range of variation of the averages if the 

hypothesis is wrong, and the null hypothesis is correct, is given by the standard 

deviation of the estimated means: 

o7n 1 / 2 where o is the standard deviation of the cell counts and n is the number of 

individual cell counts. 

Two statistical methods would be employed, one involving ANOVA to test the 

control experiments to check if they are statistically similar. The other would 
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involve Student's t-test and this would check for any statistical difference 

between Transmitted and Blocked counts. 

ANOVA tests for the equality of all of the means in a single test from three 

different groups (Stimulated S , Transmitted T and Blocked B), i.e., 

mean1=mean2=mean3 and at least one pair of means is unequal to obtain the 

variability or variance of the data. 

If the data were to be examined, the overall variability of the data could be 

found, as measured by the variance and this could be calculated in two ways: 

Way One - the overall variability of the data would be measured using a formula 

such as: 

Stota l 2 = I ( X-X ) 2 

(9.1) 
n 

In this formula, it is seen that the variance is computed by summing the squared 

differences from the overall mean to each piece of data. In our three-group 

experiment, this would be like finding the variability across all three groups by 

using the mean across the three groups denoted by x. 
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Way Two - the variance would be partitioned into several components. For 

instance, the variability for each group would be found and added. This would 

give something like the following: 

S i 2 = 2(x-îf,)2 

(9.2) 
Ni 

Three equations would be obtained for each of the three groups. Thus, another 

way to estimate the overall variability would be to add the variances of the 

individual groups. It would result in: 

Swithin 2 = S - | 2 + S 2

2 + S 3 3 (9.3) 

Now, if each of the group means were identically equal to the overall mean 

across all groups, the estimate of the variance that was computed in Way One 

would be exactly equal to what was computed in Way Two. When each of the 

group means were not identically equal to the overall mean, the method of 

estimating the variance for Way One would be larger than the method used in 

Way Two. The reason for this is that there would be some variability included in 

Way One that would be comprised of the differences between the individual 

group means and the overall mean. This could be shown in the following 

equation: 
Sbetween 2 = (XrX) 2 +(¾-¾ 2 + (¾ - x ) 2 (9.4) 

The total of the variances is equal to the sum of the between and within 

variances: 
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Stotal = Swithin + Sbetween (9.5) 

If a ratio was computed between sample variation divided by the within sample 

variation the F number would be obtained, like the following: 

F = Sbetween 

(9.6) 
Ç 2 
>->within 

It is seen from the equation that when the mean difference between groups 

increases, the numerator of the equation would become large relative to the 

denominator because the between variation is dependent on the difference 

between the group means and the overall mean while the denominator is 

relatively independent of this difference. 

This ratio follows a statistical distribution called the F-distribution. The F-

distribution in statistics is frequently used to make probability statements about 

the ratio of two variances. In the ANOVA test, the number of degrees of freedom 

(DF) for the numerator is one less than the number of groups of data. The 

number of degrees of freedom for the denominator is the total number of data 

minus the total number of groups. 
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The F-test is always a one-tail test. If the computed test statistics F exceeds the 

tabled value, one rejects the hypothesis that all of the population means are 

equal. 

When the null hypothesis is correct, i.e., there would be no difference; F is 

expected to be about 1, whereas large F would indicate a difference between two 

or more results. How big should F be before the null hypothesis is rejected or a 

difference would be observed? P reports that significance level and the value of 

P < 0.05 was considered significant indicating >95% confidence interval. 

ANOVA was good to check for statistical variation significance between three or 

more groups of data. A N O V A would put all the data into one number (F) and 

would give one P for the null hypothesis. 

When only two groups of data were involved then the statistical significance was 

checked using Student t-test. This test strictly involves a pair of results and a 

probability, P < 0.05 is considered significant. If sample size, n = 5, 95% of the 

time the actual mean would be in the range: X a v g ± 2.776oYN 1 / 2, i f n =10: X a v g ± 

2.262 o/n 1 / 2 , and i f n = 20: X a v g ± 2.093 o7n I / 2. 
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Here is the formula for calculating t: 

t= ( X , - X 2 ) 
(9.7) 

(Sp) (1/n, + 1/112) 1 / 2 

where Xi and X 2 are the means of the two groups and ni and n 2 are the sample 

sizes of each group. Finally, Sp is the pooled standard deviation. To calculate 

this number we first calculate the pooled variance: 

Sp 2 = {(m-1) S! 2 +(n 2 - l ) S 2

2 } 
*— (9.8) 

(m+n2-2) 

where r\-\ and n 2 are the sample sizes of the two groups, and S-i 2 and S 2

2 are the 

sample variances of the two groups. Take the square root of S p 2 to calculate Sp 

in the equation for t. 
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9.4 Experimental designs 

9.4.11nstrument setup 

The experiment design is given in Figure 9.1. There were three figure-8 shaped 

glass petri dishes labeled T, S and B. The covers were silvered on the inside to 

reflect the photons and blackened on the outside to reduce the ambient photons. 

The dishes sat on top of a metal dish holder, which had slots to accommodate 

the dishes. The holders also contained two holes for the cables. The light guide 

cables fit exactly through the holes and rested just underneath the petri dishes. 

The gap in between the petri dish and optical cable was filled with the optical 

refractive index matching fluid to help eliminate the losses associated at the 

boundaries due to Fresnel reflections. The middle S dish and the left T dish were 

connected with a connector, which passes the light but the S dish and the right B 

dish were connected with a connector which did not pass any light. The 

connector and cable interfaces were also filled with the index matching 

Petri Dish T Petri Dish S Petri Dish B 

Light guides 

Figure 9.1: Experiment design to test biophoton's role 
Connector 
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The T and B dish had one empty cable each, which were terminated with a black 

plastic cover. These extra cables were placed so that gases would not circulate 

through the bottom and would not make the environment of dishes, T & B any 

different from that of S dish. 

The actual setup is shown in Figure 9.2. The 12" fiber optic light guides could be 

seen and the glass figure 8 shaped petri dishes covered with blackened covers 

were seen sitting on the metal holders. This figure represents two experiment 

setups so it has six different petri dishes and 12 different cables. The whole 

setup was put on a stand in such a way that the whole setup could be inserted in 

an incubator. Figure 9.3 shows the whole apparatus sitting inside an incubator. 

Great care was taken to level all the petri dish holders so that the cells would not 

be influenced by gravity when they attached to the bottom of the petri dish. All 

the dishes were labeled and extreme care was taken to ensure that the cells 

were not contaminated while they were growing in the dishes. 
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Figure 9.2: The apparatus shows the light guides and the petri dishes 
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Figure 9.3: The apparatus situated inside the incubator 
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9.4.2 Materials and methods 

The RAB-9 skin fibroblasts and the cell lines of 3T3 fibroblast cells were obtained 

from A T C C , USA. The fiber optic light guides were purchased from Edmund 

Industrial Optics, USA and they are 12" in length, 0.5" in diameter with 82% 

packing density of fibers and 60% transmittance from 400 to 1600nm. The 

peanut shaped glass petri dishes and the covers were made at the Glassblowing 

shop at the University of Calgary. Two types of stimulants were used, 30% 

hydrogen peroxide and 10% Fetalclone-3 serum. The medium was Iscoves 

Modified Dulbecco from GIBCO/BRL. 

9.4.2.1 Experiment preparation 

The petri dishes and the covers were autoclaved before the start of the 

experiment. Stock cell (5 ml) would have cells attached at the bottom surface and 

were confluent. The media was then thrown away from the stock cell and 4 ml of 

trypsin was added and put back in the incubator for 2 minutes for the cells to 

resuspend. In a separate test-tube, media was warmed up at 37°C in VWR 

Scientific Product's water bath. Then 4 ml of the warmed media was placed in a 

centrifugal tube and mixed with the cells in trypsin (4ml). The whole mixture was 

centrifuged for 6 minute @800 rpm in order to spin down the floating cells to the 

bottom of the tube. After this process, the media was thrown away along with the 

trypsin and 6ml of fresh media was added and mixed thoroughly to resuspend 

the cells. 
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The volume that the petri dish could accommodate was 1 ml and the experiment 

was started initially with 10,000 cells because with 40,000 cells, after 48 hours 

the cells were confluent (full in the dish that they would stop growing as desired) 

which we did not want. In order to get the required cell numbers, the 

resuspended cells were counted with hemacytometer and microscope until a 

concentration of 20 x 10 4 /ml was obtained (Diluted if required). So, 0.1 ml would 

have 20,000 cells and 0.05 ml would give the required number of cells, i.e., 

10,000. After this, 950 \i\ of media was put into the petri dish and 0.05ml or 50 uJ 

of cells (10,000 cells) was added to make the volume of 1ml required for the petri 

dish. The remaining cell solution (5 ml) was kept as a stock solution and allowed 

to grow for the next set of experiments. 

9.4.2.2 Experiment protocol 

The experiment protocol was as follows. Start with 10,000 cells/ml in a petri dish 

placed on the apparatus of Figure 9.2. The middle S dish was stimulated with 

either hydrogen peroxide or growth factor and it was assumed that some of the 

biophotons generated in the process (from previous work) would be transferred 

via the light guides to the T dish but not to the B dish. The whole setup was 

placed inside an incubator for 42 hours (chosen from the cell growth curve given 

in Figure 9.4) and cells were harvested. After harvest, the media was dumped; 

cells were washed with P B S , released with 300 u.L of trypsin followed by the 

addition of 300 u,L of media and counted by Coulter counter to give the cell 
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counts/600|il_ (instead of counts/ml for manual counting). The differences in 

morphology and cell counting were obtained for all the three dishes. 
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Figure 9.4: 3T3 ceil growth curve 
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Two types of experiment were performed, one with the killing of the cells and 

another with the growing of the cells. The killing of the cells were performed with 

the addition of 0.1ml of 30% hydrogen peroxide in the S dish and the supposedly 

negative "death" signal via biophotons were assumed to travel to T dish. The 

statistical differences between S, T and B dish were reported. 

The other positive "growth" signal experiment involved a combination of serum 

growth. Different approaches were performed. In one case, the T and B dishes 

contained the required number of cells in media but with no serum and the S dish 

contained the cells, media and 10% serum. This was performed to stimulate the 

middle S dish with serum which contains all the growth factors and the positive 

"growth" signal biophotons were assumed to travel to the T dish to change cell 

growth properties. 

In another case, T, B and S dishes contained 1% serum at the start of the 

experiment and after 18 hours, 9% more serum was added to the S dish and the 

cells were harvested in another 24 hours. This was done to allow the cells to 

attach to the bottom of the dish (before being stimulated) and prohibit the light 

from traveling through the absorbing media (This would happen if they were 

floating as in the first case). The differences in cell counting were then reported 

between S, T, B and the control. 
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The calibration of the experiment was performed initially with RÂB-9 rabbit 

fibroblasts. 40,000 cells in 10% FC3/lscoves DMEM were plated and allowed to 

attach overnight. Media was removed in the morning and replaced with 1% 

FC3/lscoves. Cells were allowed to grow for 24 hours (48 hours total growth) 

before being trypsinized and counted. 

9.4.2.3 Differential Methods 

There are basically four types of methods, which could be incorporated to 

determine cell differences between stimulated S, transmitted T, and blocked B 

dishes. 1) Cell morphology 2) Cell counting 3) Protein analysis, and 4) mRNA 

analysis. Out of the four methods, the last two were not performed because of 

the lack of a technical person to handle the radioactive material involved in the 

process, and also the insufficiency of RNA generated (about 1 microgram) from 

our setup to perform the RNA analysis, which requires at least 5 micrograms of 

RNA. 

Cell morphology, i.e., the differences in shapes and colors of the cells were 

visually inspected and only reported if differences were seen. If cloudy media 

was seen the results were thrown out as this involved contamination by bacteria 

(Refer to the appendix A for details). 
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Cell counting would be performed manually with hematocytometer or 

electronically through the Coulter counter. The manual cell counts were tedious, 

time consuming, and prone to human errors so after certain initial calibration 

experiments, cell counting was performed with a Coulter multisizer I manometer. 

This electronic counting process took about 20-30 minutes to count the cells from 

all the six dishes. In 200 u.l of cells, 10 ml of isotonic solution was added, 

thoroughly mixed and 500 ui of the solution was taken and counted. The tip that 

immersed in the solution was rinsed before and after each counting process with 

the isotonic solution. For counting, the coulter was reset first and then the 

manometer, and in the process, a visible light would come up. Then the knob 

was turned to "Count" to count the cells. The sum of the cell numbers was 

displayed on the screen. The process was repeated for all six dish samples. 
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9.5 Results 

First, the calibration was performed to get all the variables under contro! to see if 

all the six different dishes produced reproducible results. The initial calibration 

involved 40,000 RAB-9 cells grown for 48 hours placed in the apparatus/run. 

Twelve runs were performed and the cell counts/ml are presented in Table 9.1. 

S dish TDish B dish ANOVA 

102400 84800 56800 F = 2.29 

99200 102400 62400 DF = 35 

53600 72000 46400 P = 0.12 

73600 55200 35200 

76000 66400 96000 

79200 92000 60000 

58400 64800 65600 

52000 77600 47200 

42400 55200 51200 

53600 50400 48800 

75200 72800 57600 

64000 43200 50400 

69133.3 69733.3 56466.7 Average 

27.1% 25.2% 26.5% Stdev 

Table 9.1 Calibration of the experiment with RAB-9 cells 
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The results showed that B dish average cell counts were lower but the standard 

deviation was too high. When ANOVA was performed, the probability assuming 

they are similar came out to be 0.12. This indicates the variation were similar for 

only 12% of the time. But in a control experiment this is not desired. So steps 

were taken to identify the various sources of errors. The errors could be the initial 

seeding error, manual cell counting error, and effect of temperature variation 

inside the incubator. 

Also, it was assumed that this step of calibration for control might not be 

appropriate as some biophotons produced in the process might be transferred to 

affect the results since the setup had an optical connection between S and T 

dish. So a negative calibration process was undertaken whereby the connection 

between the S and T dish was also blocked. Thus the dishes S, T and B dishes 

were not optically connected. The averages and standard deviation of the 

counts/ml of 12 different runs (48 hour/run) each for three dishes are presented 

in Table 9.2. 

S Dish TDish B dish 

Negative control 79040121.5% 76320±14.3% 68133.3±23.3% 

Table 9.1 69133.3±27.1% 69733.3125.2% 56466.7±26.5% 

Table 9.2 Negative control and previous control results comparison 



167 

It is seen from Table 9.2 that the B dish cell counts are still lower so it needs to 

be investigated and the experiment was again performed with S and B dishes 

swapped with one another. If the B dishes were still lower then it could be 

concluded that the B dishes were a problem. The results with the dish swapping 

are given in Table 9.3 and all the results with individual six dishes are presented. 

Only two runs of experiment were sufficient to verify that the blocked dishes were 

a problem. 

S1 T 1 B1 S2 T2 B2 

Exptl 80000 97333 90333.33 43666.7 78333 67333 

Expt2 73667 84667 76666.7 50333.3 64000 71333 

Typical from 

Table 9.2 

84000 90400 52800 64000 60000 47200 

Table 9.3 Negative control and dish swapping cell counts comparison 

It is seen that with Exptl and Expt2, with dishes swapped S dishes were always 

lower than B dishes, but from the previous experiment (where a typical reading is 

given), S dish counts were always higher than B dishes. So, it was concluded 

that the B dishes in particular were a problem. They were visually tested and 

were found that the areas of the dishes looked smaller than other dishes. Also it 

was felt that the glue that was used to make the dishes might be causing 
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differences in cell counts. This resulted in the fabrication of completely new sets 

of dishes. 

Also, in order to control the manual counting error, each count were counted 

three times and averages were taken for each run. The temperature of all the 

dishes were taken inside the incubator with a thermocouple and the temperature 

were found to be within a difference of ±0.1 °C so it was concluded that the error 

associated with the temperature variation inside the incubator was not important. 
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With the switch to new dishes, cells were switched too. It was believed that the 

skin cells were not the right choice for the possibility of cell communication. So 

3T3 fibroblasts were used that seemed to respond to an external light source 

[20]. The growth curve for the 3T3 cells was obtained (See Figure 9.4) and it was 

decided that 42 hours of cell growth was sufficient enough for each experiment 

(instead of the 48 hour run). This was because after 42 hours, cell growth was 

exponential and cells seemed to grow unpredictably disallowing any comparison 

of the cell counts. 

The experiment protocol established in 9.3.2.2 was used. Each run of experiment 

lasted for 42 hours. In order to increase the number of data, two sets of the 

experiment were created with six cell dishes. This provided two runs of data in 42 

hours. The cells counts were counted with the Coulter Counter instead of a 

manual counter and the results were expressed as counts/0.6ml. 

The calibration of new dishes was performed with all the dishes sitting on the 

apparatus but with all connections blocked to light. Three different runs (42 hours 

each) were performed to provide 6 data sets/dish and the results are presented 

in Table 9.4. 
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Dish Average ± Stdev.(%) 

(x 1(f)/ml 

Total No. of cells/ 

dish (x0.6x1(f) 

ANOVA 

S 4.9±5% 29400±5% F=3.5 

DF=17 
T 5.5±5.5% 33000±5.5% 

DF=17 

P = 0.06 
B 5.4±9% 32400±9% 

P = 0.06 

Table 9.4 Control experiments with no optical connection between dishes 

When ANOVA was performed, it was found that F = 3.5 with degrees of freedom, 

DF =17 and P = 0.06. Since P was greater than 0.05, it meant that there would 

be no difference in cell counts or the dish counts would be statistically similar. 

Since T and B count differences are important, Student's t-test was performed 

between T and B counts. It was found that t = 0.35, DF = 10 and p = 0.74, 

indicating they are very similar. This is what was desired in the control 

experiment and with this the calibration was performed successfully with the new 

cells and dishes. 

With the successful calibration, three different types of experiments were 

performed; one without any stimulation, another with "death" signal (hydrogen 

peroxide stimulation) and final one with "growth" signal (serum stimulation) and 

the results are discussed separately. 
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9.5.1 No stimulation but with optical connection 

If changes could be found between S, T and B dishes without any stimulant, then 

that would be truly remarkable because it would prove that the biophotons 

present in S and T cells would communicate with each other to affect their 

growth. The results of the experiment are shown in Table 9.5. The table lists the 

averages of nine different runs (42 hours each) and each run would provide two 

sets of data S1 , T1, B1 and S2, T2, B2 creating six groups of data. 

Dish Average ± Stdev.(%) 

(x 10 4)/ml 

Total No of cells in 

dish (x 0.6 x 104) 

ANOVA 

S1 6.4±12.85% 38633±12.85% F=2.5 

DF = 53 

P = 0.05 

S2 6.5+11.51% 38967+11.51% 

F=2.5 

DF = 53 

P = 0.05 
T1 7.1 ±14.85% 42467±14.85% 

F=2.5 

DF = 53 

P = 0.05 

T2 7.5±16.66% 44833±16.66% 

F=2.5 

DF = 53 

P = 0.05 

B1 7.4±12.68% 44200±12.68% 

F=2.5 

DF = 53 

P = 0.05 

B2 7.7±13.16% 45933±13.16% 

F=2.5 

DF = 53 

P = 0.05 

Table 9.5 Cell counts with no stimulation but with optical connection 

Major highlights are that the B1 dish counts > S1 dish counts in 8/9 runs but B1 > 

T1 in 5/9 runs. Similarly, B2 > S2 in 8/9 runs but B2 > T2 in 6/9 runs. When 

ANOVA was performed between the six dish counts, the probability came out to 
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0.05 indicating differences in cell counts. Since the probability lied exactly at 

0.05, the variation in cell counts between dishes might not be considered 

statistically significant. So further testing was proposed with stimulation in S dish. 

9.5.2 Potential "death" signal transfer 

0.1 ml of hydrogen peroxide was added to the S dish and cell counts were 

obtained again for all the dishes. The results of the similar dishes were combined 

and reported as S, T, and B dishes. They are given in Table 9.6. 

Dish Average ± Stdev.(%) Total No of cells in dish Student's 

(x 10 4 )/ml ( x 0 . 6 x 104) T-Test 

S 0.55±12.85% 3300±12.85% T = 0.94 

DF = 8 
T 7 ± 1 % 42000±1% 

DF = 8 

P = 0.37 
B 7.25±4.88% 43500±4.88% 

P = 0.37 

Table 9.6 Cell counts with hydrogen peroxide killing in S dish 

It is seen from the above table that the cells in S dish are very low suggesting 

that the cells were killed. The killing however did not seem to influence the T dish 

cells. 
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The cell counts between T and B dishes are nearly equal with B counts slightly 

higher than the T counts. Since two groups of data are involved, ANOVA could 

not be used. So, Student's t-test was performed between the T and B dishes to 

see if the variation was statistically significant. But P = 0.37 indicating that the 

variation in cell counts were not different. The counts were similar so the killing of 

cells with hydrogen peroxide did not produce any different T and B dish counts. 

9.5.3 Potential "growth" signal transfer 

9.5.3.1 With 10% serum stimulant, T & B dishes with no serum 

When 10% serum is used as the stimulant, cell counts of the S dish should 

increase because the serum possesses all the ingredients required for the cells 

to grow. Whether the cell growth in S dish affected the T dish is seen in Table 

9.7. 

Dish Average ±Stdev.(%) Total No of cells in dish Student's 

(x 10 4)/ml ( x 0 . 6 x 104) T-Test 

S 4.1 ±8% 24600+8% T = 3.0 

D F = 18 
T 0.29±5% 1740+5% 

D F = 18 

P = 0.007 
B 0.33±7% 1980±7% 

P = 0.007 

Table 9.7 Cell counts with 10% serum growth 
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It is seen that the cell counts in the S dishes are high as expected. Again Student 

t-test was performed between the T and the B dishes. The probability came out 

to be 0.007 indicating statistical significance between their variances. This 

implies that the T and the B dish cell counts are different. Figure 9.5 provides the 

individual experiment comparison between T and B cell dish counts. B dish 

counts were higher in 9/10 experiments. 
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Figure 9.5: Comparison of T and B dish counts (10% serum stimulation) 

9.5.3.2 With 10% serum stimulation but T & B dish have 1% serum 

Another variation of the experiment was performed. Initially, all the dishes 

contained 1% serum and after 18 hours 9% serum was added to the S dish to 

stimulate thè cells. The results are provided in Table 9.8. 
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Dish Average ± Stdev.(%) 

( x10 4 ) /m l 

Total No of cells in dish 

( x 0 . 6 x 104) 

Student's 

T-test 

S 5.05±9.6% 30300±9.6% T = 3.5 

D F = 18 

P =0.002 

T 2.6±10.4% 15600±10.4% 

T = 3.5 

D F = 18 

P =0.002 
B 3.2±8.8% 1920018.8% 

T = 3.5 

D F = 18 

P =0.002 

Table 9.8 Cell counts with 10% serum growth and T & B dishes have 1% serum 

It is seen that the addition of 9% serum after 18 hours did stimulate the cells 

which is seen by the higher number of S dish counts and they almost grew 5 

times the initial seeding. 

Again Student's t-test was performed between the T and the B dish counts. It 

was found that P = 0.002 indicating statistical significance in the variance 

between T and B cell counts. This implies that the cell counts were different in T 

and B dish. 

Again the individual counts were compared for individual experiments in Figure 

9.6 and the B dish counts were higher in 9/10 runs. 

The fact that the B, blocked counts were higher is very interesting because it 

shows that the light generated in the S dish with growth factor stimulation might 
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have transferred to the connected T dish to change the growth. This finding is a 

major advancement in this light pipe experiment. 

1 2 3 4 5 6 7 8 9 10 

Experiment Number 

Figure 9.6: T and B cell counts comparison 
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9.6 Discussions 

Calibration with RAB-9 cells was incorporated but various sources of errors were 

encountered such as seeding error, counting error, petri-dish errors. All the 

variables that affected the cell count were identified and controlled. 

The cells were then switched to 3T3 cells and successfully calibrated with new 

cell line and new petri dishes. With hydrogen peroxide stimulation, 3T3 cells were 

killed and from the data it is seen that the "death" signal transfer did not occur. 

The reason might be that the cells might have died within the first hour of 

stimulation and the transferred biophotons did not have a significant effect to 

change cell counts in such a short period of time. The dead cells in the remaining 

41 hours did not produce enough biophotons to communicate to the other 

growing cells. But one thing should be noted here is that the averages of the B 

counts were slightly higher than the T counts. 

Without stimulation, P came out to be 0.5. Still it was not believed that the growth 

alteration occurred. So stimulation was sought and with 10% serum stimulation, 

3T3 cells were growing at a faster rate and in the process lots of biophotons were 

produced and transferred to the connected T dish. In this case, statistical 

differences between B and T dish were seen with the cell counts from B dish 

being higher most of the time. This implies that the light transfer might be altering 

the cell growth. 
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To further verify the finding, a few modifications were undertaken with this 

experiment so that the B and T dishes have healthy and slightly growing cells. 

Again the B counts were found to be statistically higher than the T counts 

validating the alteration of growth with light transfer. Any extra experiments would 

have just improved on the probability number and since it is already low, it was 

felt that no more experiments would be required. The probability number was 

very low so the null hypothesis could be rejected. This implies that the cell counts 

between T and B were different. Also, it was seen that the B counts were higher 

than T counts in 9/10 runs of the experiments, again signifying the cell growth 

change with light transfer. 

The cell dishes were observed visually for any cell morphology changes and 

none whatsoever was observed. 
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9.7 Conclusions 

The RAB-9 cells helped in the calibration process of the experiment. After 

switching to 3T3 cells, experiments were performed and it was observed that the 

killing "signal" of the cells did not apparently transfer to the optically connected 

dish. However, with growth factor stimulation, it was observed that the 

transmitted biophoton might be altering the cell growth in the optically connected 

dish. 

Further verification is required and it is suggested that a protein analysis and a 

micro-array gene analysis is performed on the samples to validate the point 

through protein and gene expression. 

This part of research was successful in proving that the transmitted light altered 

the characteristics of the received cells. Even though 3T3 fibroblasts which has 

been shown to extend their psedopodia towards light, this had not proven that 

the growth of the cells were altered with light. This research showed that the light 

that came from another cell dish was used to alter the cell growth of the receiving 

cells. 

It could be argued that any external light could also be employed to alter the cell 

growth. But controlling the heat associated with the light source and finding the 

right wavelength and power of incident light would provide a lot of challenges. 
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The goal in this research was not to use the external light but to study and use 

the light that is inherent inside the tissues to alter the cell's characteristics. Then 

it was hoped that the result could be further extended towards intercellular 

communications. Even though this research was not successful in proving that 

the light would act as a signal in intercellular communications, it was successful 

in providing a base for future researchers pursuing this aspect. It obviously 

generated a considerable interest in the biophoton research community. 
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10.1 Achievements of this dissertation 

The objectives that we set forth in section 2.1 have been successfully fulfilled. 

Minimally invasive techniques have been attained using three different methods. 

Among the three, the biophoton technique was found as the best minimally 

invasive technique and it could act as an in-vivo technique too. If employed in-

vivo, it could monitor the changes in dynamic properties of tissues such as the 

changes while tissue is healing. Though the in-vivo monitoring must be 

performed in dark. 

The clinical significances of a variety of optical techniques have been proposed. 

The transmission method provided various significances such as anti-scarring, 

distinguishing scars, determination of relative tissue water content and relative 

hemoglobin concentration. The LM-CL method could open doors to not only 

distinguishing live and dead tissues but other diseased tissues as well. It could 

find uses in studying pathological situations using biological disease modifiers 

and studying the changes in light emissions. The biophoton method 

demonstrated that the biophoton counts depended on the tissue's condition. 

The final goal to prove the role of light in intercellular communications has also 

been achieved to some significant degree. Sources, waveguides and detectors 
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are required in a communication link. It was found that collagen fibers acted like 

waveguides and oxygen radicals and biophotons acted as light sources. So, cells 

could incorporate light sources and use the collagen fibers as a path to transfer 

the light from one place to another. 

The research found that the properties of light-transferred cells differed slightly 

from the optically isolated cells with growth stimulation. Light could transfer from 

one cell dish to another via fiber optic cables and the transferred light could be 

used as information to alter the cell growth. Further research is needed to 

achieve the ultimate Holy Grail of proving that cells would use light for 

communication purposes. 

10.2 Summary of contributions 

The anisotropy work has been conducted in other tissues such as breast [148], 

heart [149], and the effort to prove it in collagenous soft-tissues is unique. The 

work on the production of oxygen radicals by live collagenous tissues is novel. 

Finally, the research on distinguishing CL emissions from live and dead tissues is 

an original contribution in the area. 

Biophotons have been studied for a long time but their causes and significances 

are still unknown. Their role in optical intercellular communication is theoretically 

speculated but no evidence has been reported so far. The 'breakthrough' in this 
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dissertation shows experimentally that the communication might exist in the 

optical domain and light might be altering cell growth. Also, this dissertation 

found the existence of light sources and a possible channel required for the 

proposed optical communication. 

The contributions of this dissertation are summarized below: 

10.2.1 Development of optical diagnostic methods 

Three different methods were developed for diagnosing soft-tissue abnormalities. 

10.2.1.1 Collimated transmission Spectroscopy 

Tissue samples were placed in between the collimated light (at a particular 

wavelength) and the photodiode, and the transmitted light was recorded and 

normalized with the light without the sample in place. The normalized intensity 

was then plotted against the wavelength. The plots provided an absorption curve 

for the wavelengths from 400 to 1100nm. The process was performed for two 

collagen directions of tissue sample, input light polarized parallel to collagen 

orientations and input light polarized perpendicular to collagen orientations. 

This method showed that the collagenous tissues are anisotropic. This indicates 

that there is less scattering parallel to the collagen fibers and that a form of light 

guiding is present. The anisotropy could be utilized to obtain collagen orientation 

or collagen structure. The phenomenon finds clinical significances in 



184 

distinguishing scars that might provide a better soft-tissue diagnostic tool and 

also in anti-scarring. Also, the absorption peak of water was seen at 980nm and 

hemoglobin at 550nm so that their relative concentrations could be obtained. 

In the next stage, the water content from tissues was eliminated by dehydration 

and the differences in transmissions were recorded for both directions. The 

tissue was left in the sample holder for a certain amount of time in air to dry and 

the intensity was measured with tissue dehydration. Again, the normalized curve 

was plotted against the wavelength. It was observed that tissue dehydration 

increased the transmission characteristics while the waveguiding effect remained 

constant. The water absorption peak changed with dehydration so it could be 

employed to obtain the relative water content in tissues. 

10.2.1.2 Luminol-Amplified Chemiluminescence 

Live or dead tissues were placed on top of the photomultiplier window. Luminol 

was then added to the tissues and after a certain amount of time hydrogen 

peroxide was added to create CL. The photon-counting method was used to 

compare the CL from the two types of tissues with the control. 

The LM-CL method demonstrated that the oxygen radical production depended 

upon cell vitality. The results showed that CL from live tissues was greater with 

slower decay time constant than the CL from dead tissues. If luminol was not 
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used, C L from live tissues was also higher with slower time constant than that for 

dead tissues. This finding could be utilized to differentiate between live and dead 

tissues. 

The hydrogen peroxide was invigorating the cells or destroying the cells: either 

way, live cells were producing more light. This resembles the phenomenon in 

macrophages where oxygen radicals produce light when macrophages combat 

external intruders in tissues. This suggests that other cell types might have their 

own defense/destruction mechanism. The defense mechanism is important in 

injury and healing, and the destruction mechanism in cancer and arthritis. 

10.2.1.3 Biophoton 

Plant tissues and animal cell cultures were studied. Petri dish with samples were 

placed on top of the PMT window. The stimulation was added with the help of a 

syringe and a pipe. Biophotons were recorded from live and dead plant tissues, 

and cell cultures. 

This method showed that both animal and plant tissues produced biophotons. It 

was also observed that injuries to tissues produced a higher number of 

biophotons and this could help distinguish normal from injured tissues. Hydrogen 

peroxide and growth factors increased the photon output. This could find uses in 
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the study of healing with growth factor stimulation, and in the differentiation of 

normal and healing tissue with growth factor stimulation. 

10.2.2 Intercellular communication aspects 

This is a completely new concept and it tried to prove that all the required 

components of optical communications are in tissues such as waveguides, light 

sources and receptors, which are discussed below. 

10.2.2.1 Collimated Transmission Spectroscopy 

This method proved that light could travel to longer distances parallel to collagen 

fibers and the collagen fibers acted like light guides. 

The dehydration of tissues showed that transmission was greater with 

dehydration. Since water is the major constituent in the matrix, this dehydration 

study suggested a possible role of the matrix in intercellular communication. If 

the removal of water increases the transmission of light then water might be 

acting as a light attenuator. Since light travels longer distances along the fibers in 

dehydrated tissues then it might be traveling through the collagen fibers and not 

through the water or matrix. It was proposed that the light would travel through 

the collagen fiber bundles. 
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10.2.2.2 LM-CL and Biophoton Methods 

LM-CL and biophoton methods verified the existence of light sources in live 

tissues. The light could be biophotons or produced from stimulated oxygen 

radicals. These forms of light could act as sources in the communication. 

10,2.3 Development of a new method and possible intercellular optical signaling 

In order to test the hypothesis that cells might use light for information exchange, 

a new method was developed. This method used three sets of cell cultures 

connected by optical fiber light guides and the cultures were placed in an 

incubator for about two days to observe the cell counts. Stimulation was added to 

the second dish and cell count differences were recorded from the first (light 

connected) dish, the second (stimulated) dish and third (light isolated) dish. 

It was shown that without any stimulation, the cell counts in all the dishes 

remained similar. With hydrogen peroxide stimulation, the cells in the middle dish 

were killed but the killing did not influence the cells in the light connected dish. 

The reason could be that the peroxide might have killed the cells so soon that the 

communication never occurred between the cells in the two dishes. So the cell 

counts from transmitted and blocked dishes remained similar or it could be that 

biophoton communication never occurred. 
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With serum stimulation, the transmitted dishes seem to have lesser number of 

cell counts than the blocked cell dishes. This suggests that cells might be using 

light to alter the cell growth. This is pretty significant because it was found that 

the light could influence the characteristics of cell growth. This could find various 

uses in clinical applications. 

Even though the research was unsuccessful in proving that the light could act as 

a signal, it was successful in providing foundation and an interest for future 

research in this area. 
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10.3 Future research directions 

The future of this research should focus on two aspects: designing clinical 

diagnostic instruments for tissue abnormalities and finding significances of 

biophotons especially in intercellular communication. These proposed directions 

are discussed below. 

10.3.11mprovement of methods and instrumentation 

A few minor extensions to the methods are proposed here. The collimated 

transmission spectroscopy method could be modified to consider the wave 

aspects of light and this would solidify the result that collagen fibers acted like 

waveguides. The various transmission patterns observed from various stages of 

scarring could be imaged with a C C D camera and studied to obtain their collagen 

orientation, and collagen packing density. 

The LM-CL method could be further extended to study other tissues of interest 

such as cancerous and arthritic tissues. Instrument operation could be 

accommodated to detect such light intensity and the wavelength of emission from 

these tissues. This applies to the biophoton method of detection as well. 

The final experiment design to probe the intercellular communication hypothesis 

was obtained through rigorous brainstorming for more than six months. The 

apparatus design was optimized a lot. However, the experimental methods could 
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be modified further to optimize the light emissions through known gene 

stimulation. Also, modifications to optimize light transfer to the light guides could 

be performed with the proper use of optics. 

10.3.2 Clinical implementation of minimally invasive diagnostics 

There are a number of diagnostic results presented in this dissertation and the 

next goal would be to utilize the stated principles and work on designs to build 

clinical diagnostic instruments. 

Which diagnostic results could be utilized for clinical instrument purposes? Some 

of them are listed here. The collimated light spectroscopy showed that the 

method could distinguish scar and normal tissues, obtain collagen orientation, 

relative hemoglobin concentration, relative water content in tissues, and relative 

differentiation of water peak changes with tissue dehydration. The LM-CL method 

proved that it could differentiate live and dead tissues, and observed the 

production of reactive oxygen radicals in tissues. The biophoton method 

demonstrated that live, injured and dead tissues exhibited light differences, with 

higher light dependence on stimulation. 

10.3.3 Detailed study of the proposed optical intercellular communication 

If any message would be transferred between the stimulated and connected dish 

then it should be coded as messenger RNA or genes. So, the proposed optical 
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intercellular communication experiment could be further extended to perform 

protein and microarray analysis of the three sample dishes (stimulated, 

connected and blocked). 

Protein analysis would obtain the overall protein levels of the samples and it 

might not be sensitive enough for the intercellular experiment. So a much 

sensitive microarray method is suggested. With the micoarray method, gene 

sequences could be measured simultaneously and calculated instantly when an 

ordered set of DNA molecules of known sequence (a microarray) is used. The 

major problem of course is in identifying the control genes, which would be the 

first step in the process. Interpreting the results from the vast gene data obtained 

from microarray analysis provides its own challenge too. Also, the research 

would require significant funding to pursue the analysis. 
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APPENDIX A 

A.1 BIOLOGY 

The appendix highlights some of the biological aspects of interest for the 

dissertation. 

A.1.1 Anatomy and physiology basics 

Anatomy is the study of internal and external structures and the physical 

relationship among body parts. This can be divided into microscopic anatomy 

and macroscopy anatomy. The microscopic anatomy includes cytology, which 

studies the internal structure of individual cells, and histology, which examines 

tissues; groups of specialized cells and cell products that work together perform 

specific functions. Macroscopic anatomy involves the examination of relatively 

larger structures and features, which are visible with the unaided eye. 

Physiology is the study of the function of anatomical structures whereas cell 

physiology studies the functions of living cells which deals with events at the 

chemical and molecular levels, and pathological physiology studies the effects of 

diseases on organ or system functions. 

Molecules interact to form organelles, such as protein filaments. Cells are the 

smallest living units in the body; organelles are their structural and functional 
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components. Cells can combine to form tissues and the tissues in combination 

create organs. Let me briefly explain the cellular level of organization. Our cell is 

surrounded by a watery medium known as the extracellular fluid or interstitial 

fluid. A typical animal cell contains many structures such as cell membrane, 

cytoplasm, cytoskeleton, mitochondria and nucleus. Cell membrane is a lipid 

bilayer, which mainly provides physical isolation and control of entrance/exit of 

materials. Cytoplasm, the fluid component distributes materials by diffusion. 

Cytoskeleton is protein organized in fine filaments provide strength and support 

and movement of cellular structures and materials. Mitochondria produce 95% of 

the ATP required by the cell. Nucleus controls the metabolism, stores and 

process genetic information and controls protein synthesis. 

Connective tissues contain many types of cells and extracellular fibers in syrupy 

ground substance. Some of these cells are involved with local maintenance, 

repair and energy storage such as fibroblasts. Other cells responsible for the 

defense and repair of damaged cells migrate through healthy connective tissues 

such as macrophages and lymphocytes. Fibroblasts form fibers such as collagen 

fibers through the secretion of protein subunits that interact within the matrix. 

Each collagen fiber consists of a bundle of fibrous protein subunits wound 

together like the strands of a rope. Tendons, which connect skeletal muscles to 

bones, consist entirely of collagen fibers. Typical ligaments are similar to 

tendons, but they connect one bone to another. Cartilage tissues have a less 
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diverse cell population and a matrix that contains closely packed fibers. Cartilage 

cells, or chondrocytes, are the only cells found within the matrix. 

A.1.2 Animal cell cultures: laboratory basics 

Cell cultures are derived from dispersed cells taken from the original tissue, from 

a primary culture, or from a cell line by enzymatic, mechanical, or chemical 

disaggregation in the laboratory. In our case the cell cultures were obtained from 

cell lines. After the first subculture, the primary culture becomes a cell line and 

might be propagated and subcultured several times. With each successive 

subculture, the component of the population with the ability to proliferate most 

rapidly would gradually predominate, and nonproliferating or slowly proliferating 

cells would be diluted out. 

Many of the differences in cell behavior between cultured cells and their 

counterparts in vivo stem from the dissociation of cells from a three-dimensional 

geometry and their propagation on a two-dimensional substrate. Specific cell 

interactions characteristic of the histology of the tissue are lost, and, as the cells 

spread out, become mobile and, in many cases, start to proliferate, the growth 

fraction of the cell population increases. When a cell line forms it might represent 

one or two cell types and many heterotypic interactions are lost. Although the 

existence of such differences cannot be denied, tissue cultures possess their 

advantages. They are the precise control of the physicochemical environment 
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(pH, temperature, osmotic pressure, O 2 , C 0 2 ) , homogeneity of samples, and low 

cost. Cell cultures fair better when replicates are required because tissue 

samples are invariably hetereogeneous and the replicates even from one tissue 

vary in their constituent cell types. After one or two passages, cultured cell lines 

assume a homogeneous, or at least uniform, constitution as the cells are 

randomly mixed at each transfer and the selective pressure of the culture 

conditions tends to produce a homogeneous culture of the most vigorous cell 

type. Since experimental replicates are virtually identical, the need for statistical 

analysis of variance is seldom required. 

Cell cultures grow in media with 5-20% serum supplementation. Media 

constitutes many acids and minerals required for cell survival and growth rate. 

Calf serum is the most widely used serum and it contains primarily protein, 

polypeptides and growth hormones. 

Bacteria, yeasts, fungi all appear as contaminants in cultures. Characteristic 

features of microbial contamination are as follows: 1) Sudden change in pH; 

usually a decrease with most bacterial infections, very little change with yeast 

until contamination is heavy, and sometimes an increase in pH with fungal 

contamination. 2) Cloudiness in medium, sometimes with a slight film or scum on 

the surface or spots on the growth surface, which dissipate when the dish is 

moved. 3) When examined on a low-power microscope, spaces between cells 
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would appear granular and might shimmer with bacterial contamination. Yeasts 

appear as separate round or ovoid particles, which might bud off smaller 

particles. Fungi produce thin filamentous mycelia, and sometimes denser clumps 

of spores. 

A.2 BIOPHYSICAL ASPECTS 

A.2.1 Light Absorption, Reflection and Transmission in tissues 

Light waves consist of a continuous range of wavelengths or frequencies. When 

a light wave with a single frequency strikes a tissue, a number of things could 

happen. The tissue could absorb the light wave, in which case its energy is 

converted to heat; the tissue could reflect the light wave; and the tissue could 

transmit the light wave. Rarely however does just a single frequency of light 

strike the tissue but usually the light with many frequencies are incident towards 

the surface of tissues. When this occurs, tissues have a tendency to selectively 

absorb, reflect or transmit light of certain frequencies. The manner in which the 

light interacts with the tissue is dependent upon the frequency of the light and the 

nature of atoms of the tissue. 

Atoms and molecules contain electrons. The electrons have a tendency to 

vibrate at specific frequencies. They have a natural frequency at which they tend 

to vibrate. When a light wave with that same natural frequency impinges upon an 
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atom of the tissue, then the electrons of that atom will be set into vibrational 

motion. If a light wave of a given frequency strikes a material with electrons 

having the same vibrational frequencies, then those electrons will absorb the 

energy of the light wave and transform it into vibrational motion. During its 

vibrations, the electrons interact with neighboring atoms in such a manner as to 

convert its vibrational energy into thermal energy. Subsequently, the tissue would 

absorb the light wave with that given frequency, never again to be released in the 

form of light. So the tissue absorbs light selectively because the selected 

frequency of the light wave matches the frequency at which electrons in the 

atoms of that material vibrate. Since different atoms and molecules have different 

natural frequencies of vibration, they will selectively absorb different frequencies 

of light. 

Reflection and transmission of light wave occur because the frequencies of the 

light waves do not match the natural frequencies of vibration of the tissues. When 

light of these frequencies strike the tissue, the electrons in the atoms of the 

tissue begin vibrating. But instead of vibrating in resonance at a large amplitude, 

the electrons vibrate for brief periods of time with small amplitudes of vibration; 

then the energy is reemitted as a light wave. If the tissue is transparent, then the 

vibrations of the electrons are passed on to neighboring atoms through the bulk 

of the tissue and reemitted on the opposite side of the tissue. Such frequencies 

of light waves are said to be transmitted. If the tissue is opaque, then the 
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vibrations of the electrons are not passed from atom to atom through the bulk of 

the material; rather the electrons vibrate for short periods of time and then 

reemitted as a reflected light wave. Such frequencies of light are said to be 

reflected. 

A.2.2 Light scattering in tissues 

Scattering is a basic physical process by which light interacts with matter. 

Changes in internal light distribution, polarization, and reflection could be 

attributed to scattering processes. A basic understanding of photon scattering 

and absorption, together, leads to a natural description of light propagation in 

biologic tissue. Although often viewed as an experimental nuisance, scattering 

could be used as the basis for quantitative non-invasive measurements. 

The interaction of light with matter could be broken down into a hierarchy of 

scattering processes: (1) interaction of light with electrons; (2) interaction of light 

with particles composed of many molecules; and (3) interaction of light with many 

particles. As the light wave interacts with electrons in the medium, the light slows 

by a fraction equal to the index of refraction of the material. This change in speed 

results in refraction of the light as it travels from one medium to another, and is 

also responsible for "specular" or Fresnel reflection. 
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Fresnel reflection is the reflection of a portion of light at a discrete interface 

between two media having different refractive indices. Resultant transmission 

losses, on the order of 4% per interface in fibers, can be reduced considerably by 

the use of index-matching fluids. The coefficient of reflection depends upon the 

refractive index difference, tha angle of incidence, and the polarization of the 

incident radiation. For a normal ray, the fraction of reflected incident power is 

given by, 

( n r n 2 ) 2 

R = _ (A.1) 
(ni+n 2) 2 

Where R is the reflection coefficient and ni and n 2 are the respective refractive 

indices of the two media. In general, the greater the angle of incidence with 

respect to the normal, the greater the Fresnel reflection coefficient. 

The interaction of light with particles is composed of multiple internal reflections 

and redirections of the incident light. The resulting scattering profile (angular 

distribution) is described by complicated formulae, which could only be calculated 

for geometrically simple shapes. Detailed mathematical descriptions are not 

available for amorphous biologic shapes, but a general understanding of how 

scattering changes with wavelength and particle size is possible by examining 

the scattering profiles for spheres of various sizes. In biologic media, scattering is 

typically highly forward-directed (anisotropic) for visible wavelengths. 
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With a few notable exceptions (e.g., cornea) light propagation in biologic 

materials thicker than tens of microns is typically characterized by multiple 

scattering events. These multiple interactions wash out any detailed structure 

associated with individual scattering events and therefore permit radical 

simplification of the scattering process. Scattering in optically thick media could 

be characterized by two parameters (the scattering coefficient and the scattering 

anisotropy), and is often further simplified to a single parameter called the 

effective scattering coefficient. The effective scattering coefficient is proportional 

to the density of scattering particles. Experiments show that the effective 

scattering coefficient of tissue does not vary dramatically with wavelength. 

Multiple scattering dramatically affects propagation of light, but when the effective 

scattering coefficient is known, the changes caused by scattering may be 

corrected and quantitative absorption, fluorescence, or other spectroscopic 

measurements are possible. Several methods for accurately determining both 

scattering and absorption in tissue using reflected and transmitted light are 

available. Other less accurate methods based solely on reflected light allow non

invasive determination of both absorption and scattering. Such methods include 

radial or angular measurements of reflected light, time resolved measurements, 

and coherent backscattering techniques. 
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A.3 COMMON CHEMILUMINESCENT EMITTERS 

Some of the common chemiluminescent light emitters (after undergoing a 

chemical reaction) are listed below. 

3-aminophthalate (luminol) 425 nm 

C H 3 S e 750-825 nm 

C N 383-388 nm 

HCF 475-750 nm 

HCHO 350-500 nm 

HF 670-700 nm 

HSO 360-380 nm 

IF 450-800 nm 

N-methylacridone (Lucigene) 420-500 nm 

Na 589 nm 

N 0 2 
1200 nm 

OH 306 nm 

Oxyluciferin (Luciferin) 562 nm 

Ru (bpy)3 
600 nm 

s 2 
275-425 nm 

S F 2 550-875 nm 

S 0 2 
260-480 nm 
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APPENDIX B 

B.1 ORIEL PHOTOMULTIPLIER DETECTOR 

The Oriel 77065-cooled side-on system was used and it contained the built-in 

high voltage supply required for the PMT, a built-in transimpedance amplifier and 

a 77060 cooler/bias controller. A re-circulating cooler was purchased separately. 

B.1.1 PMT Housing 

Each housing consists of two parts: a cooled enclosure, and an Electronic 

Compartment. When fully assembled the Electronic Compartment seals off the 

Enclosure. The enclosure contains a thermoelectrically cooled cell, EMI 

shielding, temperature control sensor, safety thermostat, and a heated (to avoid 

condensation) entrance window. All of the components are thermally isolated and 

sealed to minimize unwanted heat transfer and condensation. 

All cooled enclosures have a high permeability magnetic shield permanently 

contained in the PMT cell. This magnetic shielding stabilizes the PMT gain in the 

presence of magnetic fields. The enclosure also incorporates electrostatic 

shielding to prevent the erratic and unstable PMT behavior under the influence of 

extraneous electrostatic fields. Gain stability and dark current are affected by the 

field gradient in the vicinity of the photocathode. Secure metal-to-metal contact 
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between housing parts are provided at the exterior of the cooled enclosure to 

assure high level of immunity from electromagnetic interference. 

The layout of the cooled PMT housing is shown in Figure B.1. 

Figure B.1 : The layout of the cooled PMT housing 

Two cables from the cooler/bias controller come to the PMT housing unit, one is 

the bias cable and other the signal cable. The 15-pin D connector signal cable 

connects to the housing and the rear panel of the controller. The HV cable 

coming out of the PMT housing connects to the rear of the controller. The 

controller only requires A C power supply, at the rear panel of the controller. The 

PMT housing incorporates the built-in transimpedance amplifier. Two pipes from 

the re-circulating cooler come to the drip proof water line connectors for water re

circulation and thermo-electric cooling (TEC). 

Signal Cable 

Two Cooling Water 
Pipes 
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B.1.2 Oriel 77060 PMT cooler/bias controller 

The controller controls two things, the PMT temperature and the PMT bias 

voltage. The front panel of the controller contains the following controls and 

displays and is listed in Table B.1. 

In order to set the PMT temperature, press and release the "meter function" 

button until the "°C" LED is lit. Press and hold the "value adjust/preset" button 

and using the "adjust/preset" knob set the desired PMT temperature. To set the 

bias voltage, press and release the "meter function" button until the "PMT BIAS 

V O L T A G E (-V)" LED is lit. Then press and hold the "value adjust/preset" button 

and using the knob set the desired PMT bias voltage. The voltage applies only 

when the HV is pressed ON and then the "HV ON" LED is lit. 

The controller could control the temperature to -40°C and the PMT bias to 

1000V. The controller maintains the temperature to ±0.05°C and the bias to 

±0.005V. 
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Controls/displays Function 

Meter function 

button: 

Toggles the display between temperature mode, bias 

voltage mode and the TE current mode 

Value Adjust/Preset 

button 

Press and hold to enable temperature or bias control set 

point change. 

HV button Turns bias voltage on or off 

Ready LED On when PMT cell reaches the preset temperature. 

HV ON LED On when bias voltage is on 

Current limit LED Might come on when the cooling elements are working 

at factory preset full power; it goes off when the system 

nears the preset temperature 

Fault LED Signals that PMT cell is overheated and the controller 

shuts off. Make sure that the cooling water in the 

Recirculating Cooler is at the proper level and the flow is 

not restricted; continue running the water until the "fault" 

LED is off. This indicator might also come on or flash 

when the cooler current is 0 amps. This condition 

means that the controller is not controlling the 

temperature and the PMT cell temperature is 

temporarily lower than the set point. 

Table B.1 The PMT cooler/Bias controller controls and functions 
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B.1.3 Electronic Compartment 

The Electronic Compartment contains a socket-adapter assembly for PMT tubes 

as well as the transimpedance amplifier and the amplifier resides inside the PMT 

housing. This minimizes the length of connecting leads and places them in a 

shielded environment to reduce electronic noise that might degrade the signal. 

Current sources such as PMTs use the preamplifier. It is a low current-to-voltage 

amplifier and it has six switchable amplifier selections, 10 4, 10 5, 10 6, 10 7, 10 8 and 

10 9 volts per ampere. Changing the switch changes the feedback resistor and it 

also has a three-position time constant switch. Gain and time constants settings 

switches are located on the top of the electronic components of the cooled PMT 

housing. 
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The gains and bandwidths for various amplifier settings are listed in Table B.2. 

c GAIN 
(V/A) 

10 4 10 5 10 6 10 7 10 8 10 9 

MIN 

C= BW 100KHZ 100KHZ 100KHZ 8KHz 800Hz 80Hz 

2pF Time 

const. <2us <2us <2us 2 0 L I S 200us 2 ms 

MED 

C= BW 100KHZ 10KHz 1KHz 100Hz 10Hz 1Hz 

150pF Time 

const. 1.5us 15us 150us 1.5ms 15ms 150ms 

MAX BW 1KHz 100Hz 10Hz 1Hz 0.1Hz 0.01Hz 

C = Time 

.015U.F const. 150us 1.5ms 15ms 150ms 1.5s 15s 

C is the circuit capacitance 

Table B.2 The gains and bandwidths of the preamplifier 

B.1.4 Re-circulating Cooler 

The RTE-100 re-circulating cooler cools the PMT using TEC. T E C is based on 

the Peltier effect, which refers to a reversible heat process. Passage of an 

electric current across an isothermal (constant temperature) boundary formed by 

two different materials causes the generation or absorption of heat (the Peltier 

effect) at the junction. Specifically, if current flow from one material to another 

generates heat, then reversing the current direction cause heat to be absorbed. 
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T E C s are highly reliable, maintenance-free devices suited for cooling small 

components like PMTs. 

The cool-down and stabilization time for the PMT tube is typically 2 hours or less, 

depending upon the set point temperature. System temperature display shows 

only the enclosure temperature. This temperature could reach its preset point 

sometimes in minutes. However, the vacuum construction of the PMT hampers 

quick thermal transfer and the tube itself needs about half an hour to fully 

equilibrate with the enclosure temperature. 

The cooled enclosure employs three T E C elements configured in a two-stage 

module designed to provide high temperature differential. A specially designed 

cooled heat sink removes the heat from the hot side of the TEC module. These 

systems could use any water source, capable of 1 Ipm or more water flow. 

Keeping the water temperature at or below 10°C, for 25°C or lower room 

temperature environment, would achieve the lowest PMT temperature of -40°C. 

B.1.5 Photomultiplier Tube 

The PMT is a side-on 77348 model. Installation of the PMT into the housing 

required wearing of protective gloves and glasses. The gloves and glasses 

should protect from glass pieces in case of tube breakage. Using gloves would 

also protect the PMT from being contaminated by the sweat on the hands. The 
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three-thumbcap screws on top of the PMT housing were unscrewed, and the 

upper portion of the housing (Electronic Compartment) was lifted. Then the PMT 

was inserted into the socket and the Compartment was replaced with the tube 

attached. Some force and light twisting was required to overcome the friction 

from the O-ring seals [77]. 

B.2 EG&G PHOTON COUNTER 

Photon counting is an effective way to use a PMT for measuring low light levels. 

By using a fast PMT to detect the light and equally fast electronics to process the 

signal, the arrival of individual photons could be detected and counted. 

A multichannel scaler MCS-plus photon counter supplied by EG&G was used. 

The M C S behaves like 8192 sequential counters. 

B.2.1 Software controls 

The input is S C A (Single Channel Analyzer), which is situated at the rear end of 

the photon counter board. The S C A input was connected to the PMT output via a 

co-axial cable. S C A inputs are slow positive signals of at least 500ns wide. The 

counts occur when pulses rise above the lower-level threshold, and drop below 

the lower level threshold without crossing the upper-level. Thresholds were set 

from the software. 
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A few software controls of interest are; dwell time, channels and threshold 

selections. The dwell time and channels were selected from the menu. 

S C A "sweep" provides the pulse height distribution curve. The lower threshold 

was set at the valley of the PHD curve and the upper threshold at a maximum. 

B.3 EXPERIMENTAL CHALLENGES AND REMEDIES 

Specific experimental challenges associated with the PMT system and photon 

counter are discussed below. 

B.3.1 Problems associated with the PMT system 

B.3.1.1 Dark room and box 

The PMT system is highly sensitive to light signals, hence any stray light 

becomes a major problem. Various steps were taken to minimize this problem as 

follows: 

i) All the light openings in the room were sealed. 

ii) LEDs in computers were blocked. 

iii) PMT was placed in a light proof box. 

B.3.1.2 Signal Window 

The signal window in the photon counter shifted with various settings of the PMT 

system. This made the calibration of PMT challenging. 
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B.3.1.3 Recirculating Cooler 

There were two major problems with the cooler; ice formation of cooling water 

and condensation in the pipe. 

Ice formation blocked the circulating water. The problem was fixed by cleaning all 

the hoses and the recirculating cooler, every time this happened. The problem of 

condensation was resolved by raising the water temperature in such a way that it 

was able to cool PMT to the desired temperature without condensation. 

B.3.1.4 Signal coupling at PMT Input 

There are two choices to couple the optical signal to the PMT window. Either to 

place the sample directly on top of the PMT window or couple a fiber optic cable 

to a flange at the window of the PMT. The former was chosen because, most of 

the experiments involved petri dishes, which easily sit on top of the PMT. 

Extreme care was taken to maintain that all the samples sat at the same point on 

the PMT. 

Another challenge was inserting the chemicals, in the dark, into the cells or 

tissues. Syringes with pipes were used with the pipes passing through a hole in 

the cover of the petri dish. Since a plastic petri dish could possess undesirable 

delayed phosphorescence effects a glass dish was used. In some experiments, 

flat petri dishes did not allow the equal diffusion of the chemicals. So, the setup 
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was modified to accommodate a glass test tube rather than a glass petri dish. 

Also, sufficient care was taken to place the test-tube at the same point on top of 

the PMT. 

B.3.1.5 Miscellaneous 

The PMT controller broke down during the experiment and it had to be sent to 

Oriel, the manufacturer, for repair. It took 6 months to get it fixed. The technical 

support from Oriel during the research was very poor. 

B.3.2 Problems associated with the photon counter 

B.3.2.1 Conflict with computer hardware 

A major problem was faced in installing the MCS-plus board into the computer 

since the computer failed to recognize the board due to hardware conflicts. The 

problem was fixed only after replacing the whole motherboard but this slowed the 

research considerably. 

B.3.2.2 Photon counting software 

It took a significant time to understand the photon counting (MCS plus) software 

and both the instruction manual and the technical support were very poor. 

M C S plus has only 8192 channels. Due to fixed number of channels in the 

software, the dwell time has to be compromised with the experimental time. For 
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example, the dwell time of 1 second gives 8192 seconds (2.275 hours) of 

experimental time, which is considered good enough for many of the 

experiments. But for the dark noise experiment of 24-hour duration, longer dwell 

time of 12 seconds had to be used. 

The MCS plus software also lacked in graph analysis tools. So the data has to be 

exported to other software, which was a slow process. The software would 

transfer the data to a buffer but it would not convert the contents into data points 

required for further analysis. So, two reports were generated, one for even points 

and another for odd points and the desired data points were extracted from the 

reports. The data points were then exported into another spreadsheet 

applications such as Microsoft Excel for data analysis. 




