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CHAPTER 1 

TERBIUM CHELATE SPECTROSCOPY 

1.1 Introduction 

Lanthanide spectroscopy was exhaustively studied in the early 19'*' 

Century.^ It was quickly learned that the fluorescence of the molecules was 

superb; however, the absorption cross section of the molecule was low and 

interest in the molecules subsided. The interest in Lanthanides resurfaced 

in the 1980's when chelation of a lanthanide central ion into an organic 

cage solved the absorption problem.^ The most striking features of the 

Lanthanide chelates were the enormous Stoke's Shift and long 

luminescence lifetimes. These two features enabled the investigator to 

sensitively probe for the solute because the signal was spectrally and 

temporally shifted from background noise. 

Over the years, groups have employed special chemistry and optics to 

study biological systems.^'^ For the most part, tissue spectroscopy has been 

studied based on the native spectral properties of the tissue.'̂ '̂  Although 

strides have been made in this endeavor, site-directed contrast 

enhancement agents could increase the signal-to-noise ratio (S/N), or 

detectability, by moving the signal away from the noise, or 

autofluorescence, inherent to such spectrally complex systems. These 



techniques have been used extensively in microscopic and MRI imaging. ^' 

The apparent tissue selectivity, low toxicity and excellent spectral 

characteristics of the lanthanide chelates made them ideal for MRI imaging. 

It was therefore hypothesized that they can also be used as tissue site 

selective fluorescent markers.®'̂ '̂ ° The limitations in using chelates as 

tissue exogenous markers have been poor molecular stability,^'*^° limited 

water solubility and poor tunability of tissue site selectivity. We have 

identified a new class of molecules that seem to be excellent candidates as 

site-directed chemical markers. These polyazamacrocyclic chelates of 

Terbium (III) are chemically stable,̂ '̂ '̂̂ ^ highly water soluble, demonstrate 

some tissue selectivity,^ have moderate fluorescence quantum efficiencies^ 

and posses the same spectral advantages associated v^th other chelates of 

Lanthanides. In particular, two Terbium (III) chelates are considered to 

have advantageous properties as tissue markers. The first is {Terbium III 

3,6,9-Tris(methyl phosphonic acid)-3,6,9,15-tetraazabicyclo[9,3,l] 

pentadeca-l(15),ll,13-triene}, abbreviated Tb-PCTMP and the second is 

{Terbium III 3,6,9-Tris(methyl phosphonic acid n-butyl ester)-3,6,9,15-

tetraazabicyclo[9,3,l]pentadeca-l(15),ll,13-triene}, hereafter abbreviated 

Tb-PCTMB. These tv^o chelates, depicted in Figures 1.1 and 1.2, 

respectively, demonstrate dramatic tissue selectivity^ to specific organs 

upon i.v. introduction to Spraque-Dawley rats. Further, it is possible to 



modify Tb-PCTMP and Tb-PCTMB by varying the organic moities or side 

arms of the chelate potentially offering enhanced tunability of their tissue 

selectivity. Thus, by varying the groups on the side chains and thereby 

affecting both the lipophilicity and charge of the molecule, selective 

binding to specific organs, organ groups or cells can be achieved. 

The advantage of tissue selectivity is mute if the spectral 

characteristics of the chelates are not attractive. Knowing the binding 

location of the chelate is not advantageous if the molecule is not detectable. 

Therefore, the focus now changes to spectral evaluations of the chelates 

aimed at elucidating their potential use as tissue marker probes. 

1.2 Absorption Process 

In the absorption process, atoms or molecules in the medium 

become excited, and the radiation absorbed can be dissipated as thermal 

energy (heat), radiant energy (fluorescence or luminescence) or chemical 

energy (photochemical reactions). The amount of radiation absorbed is 

proportional to the total number of absorbers in the medium. Therefore, it 

is not surprising that the amount absorbed depends on the thickness of the 

medium and the concentration of the absorber. The efficiency of 

absorption, when the medium thickness is expressed in cm and the 

concentration is expressed in M (mol • L"̂ ), is termed the molar 



absorptivity, 8. The molar absorptivity normally increases as the degree of 

conjugation in the molecule increases, reaching a value as high as 10^ or 

10^ for some molecules. 

The absorption spectra were acquired and recorded using a 

Shimadzu 265 UV-vis spectrophotometer at ambient temperature (recorded 

to be 23-25°C), with a standard 10-mm quartz cuvette and a slit v^dth of 1 

mm. The Czerny-Turner monochromator provided a resolution of O.lnm 

and the on-board computer was used to find the peaks in each spectrum 

throughout the analysis. 

From Figures 1.3 and 1.4, it can be seen that both Tb-PCTMP and 

Tb-PCTMB absorb in the UV with X^^ occurring at 272.Inm and 271.9nm, 

respectively. The molar absorptivity values for the two molecules is derived 

from a Beer-Lambert Plot using equation 1.1 

A = £-b-c 1.1 

where b is the cuvette thickness and c is the molar concentration. To 

determine the molar absorptivity, five solutions of each chelate were 

prepared. The concentrations of the two stock solutions were 2.87 x 10"* M 

for Tb-PCTMP and 2.20 x 10 ' M for Tb-PCTMB. Four 1:2 sequential 

dilutions of each stock was made providing the 5 solutions and each was 

analyzed on the UV-vis. A plot of absorbance versus concentration was 

constructed giving a straight line of slope e. Using a linear, least-squares 



fit, the molar absorptivity of Tb-PCMTP and Tb-PCTMB was 2513 and 

3424 L • mol"̂  • cm"\ respectively. In comparison to other conjugated 

organics, this value is quite reasonable. The Terbium(III) chelates are not 

completely conjugated and therefore have a molar absorptivity an order of 

magnitude lower than completely conjugated molecules such as benzene 

and napthalene. However, the moderate value of 8, coupled to the 

intersystem crossing to the central Tb̂ "*" ion, should provide fluorescence 

which is not seen in molecules such as benzene. 

1.3 Emission Process 

Once light is absorbed by molecules, as discussed above, relaxation 

can occur by emission of radiative energy. This process is most common in 

rigid molecules with a high degree of Ti-system overlap. Since a certain 

amount of the absorbed energy is dissipated via other mechanisms, the 

emitted light is of lower energy than the energy absorbed. The wavelength 

change betv^een the excitation light and the red-shifted emission light is 

termed the Stoke's shift. 

The emission spectra v^ere acquired with an SLM Aminco 4800C 

fluorometer also using a standard 10mm quartz cuvette. The excitation 

monochromator slit was set at 16 microns and the emission 

monochromator sUt was set at 4 microns, providing a resolution of 1 nm. 
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The gain for the instrument was set at 100 and the PMT high voltage at 

850V. Fluorescence was collected at 90° with respect to the angle of 

incidence and all spectra collected were analyzed using software provided 

with the instrument. 

As can be seen in Figures 1.5 and 1.6, the emission spectra, at 270.1 

nm excitation, for both Tb-PCTMP and Tb-PCTMB consist of a four peak, 

spiked emission with the largest peak at 550.0 nm. This enormous Stoke's 

shift {AX = 270nm), derives from a multi-step process involving energy 

transfer from the organic ligand to the Tb^^ central ion. Prompt absorption 

by the organic ligand promotes an electron in the organic pi-system from 

the ground state, SQ, to the first excited singlet state, Ŝ .̂  In most organic 

molecules, thermal deactivation, prompt fluorescence or phosphorescence 

would return the excited electrons to the ground state. However, in the 

lanthanide chelates, an intersystem crossing mechanism exists allowing 

access to the d̂ orbitals of the Tb(III) and subsequent relaxation to the 4f 

orbital resulting in the red-shifted luminescence.^ Whether the intersystem 

crossing occurs via Sj to M, or spin flip from the Ŝ  to the triplet state, T ,̂ 

of the first excited singlet state is not knovm at this time. Regardless of the 

specific mechanism leading to the luminescence, the result is an extremely 

large Stoke's shift, allowing signal collection that is spectrally shifted from 

background noise, such as tissue autofluorescence. 



1.4 Aqueous Lifetime Determination 

In order to perform temporally resolved fluorescence imaging, 

information about the fluorescence lifetime decay is critical. By probing for 

a fluorescence signal after prompt autofluorescence, or other background 

signals, has decayed, detection can be accomplished at a much greater 

sensitivity. Therefore, spectroscopically complex systems, such as tissue, 

can be interrogated giving structural information and a signal that is 

temporally shifted from the background. In other words, tissue 

morphology can be examined based on changes in fluorescence lifetime as a 

function of tissue pathology. Typically, the lanthanide chelates have 

lifetime decay rates on the order of 0.5 to 9 milliseconds.^^ This long 

lifetime is a result of the intramolecular energy transfer and the 

intersystem crossing mechanism between the organic ligand and the Tb' 

central ion, as discussed above. Therefore, the time necessary to access 

the d orbitals of the central lanthanide ion results in long-lived 

luminescence. 

The instrument for the lifetime determinations, shown in Figure 1.7, 

consisted of a 200W Xe discharge lamp fitted to an excitation 

monochromator for wavelength selection. The excitation monochromator 

had the wavelength set to 270.0 nm, v^th a bandwidth of 5 nm, and the 

slits were completely open (20 mm). This beam was focused onto the 

.3 + 



sample cuvette using a pair of quartz plano-convex lenses (Melles Griot 

OlLLPOll, f=40.0 mm). Since UV light is not visible by our eyes, the 

illumination beam was focused by replacing the cuvette vnth filter paper 

covered in Rhodamine 6G. Once aligned so that the focus of the excitation 

beam was in the center of the cuvette, the emission, at 550.0 nm, was 

focused onto the entrance slit of a second monochromator by a set of plano

convex lenses. The emission monochromator had the wavelength selection 

set to 550.0 nm, with a bandwidth of 5 nm, and the slits at 4 microns. To 

maximize signal, the plano-convex lenses on the emission side were 

positioned such that the maximum count was achieved on the photon 

counter. A mechanical light chopper was place between the sample and the 

light source to modulate the excitation source at 50Hz. The signals 

collected by a photon counter, based on a PMT, were fed through a Data 

Acquisition Board, a PC and software constructed in-house using 

Lab Window. 

Data analysis was performed using SigmaPlot and the following 

equations: 

I = (I^)(e / ^ 11 

t 
log/ = -—+ log/ 1.2 

r o 



where Î  is the luminescent radiant power at the time the excitation source 

is shut off and T is the fluorescence lifetime decay. A plot of log/ versus t 

gives a straight line with a slope of-l/x. The fluorescence lifetime decay 

curves, shown in Figures 1.8 and 1.9, demonstrate the long lived 

fluorescent lifetime decay of the lanthanide chelates. From this data, it 

can be seen that the chelates, Tb-PCTMP and Tb-PCTMB, have 

fluorescence lifetime decays of 5.31 and 4.98 milliseconds, respectively. 

These are satisfactory values and compare well with respect to chelates of 

similar structure. These long-lived emission processes are extremely 

beneficial for time-resolved spectroscopy allowing inexpensive 

instrumentation to be used and high S/N detection. 

1.5 Solid Surface Studies 

It is critically important that the chelate remain intact while resident 

in the human body. If the Tb^^ ion leaves the organic hgand, the Stoke's 

shift and luminescence is lost. Additionally, any fluorescence from the free 

Terbium would be effectively quenched by water. Therefore, in theory, you 

could excite free Tb̂ "̂ ; however, luminescence is impossible v^thout the 

intact chelate. According to biodistribution studies performed by a 

collaborator,'^ the ^̂ Ŝm radioactive analogs of the chelates remain intact 

throughout the body until excretion. However, it is necessary to examine 



any spectral changes from aqueous phase measurements to solid tissue 

spectroscopy. 

To examine the effects of metabolic activity on the chelate 

spectroscopy, a rat was injected via the tail vein with a 2 mg/Kg body 

weight dose of Tb-PCTMP. After two hours of equilibration, the animal 

was sacrificed and the femurs were removed. 

For bone tissue emission analysis, the optical train shovni in Figure 

1.7 was used with the light chopper turned off and the cuvette holder 

replaced with a solid sample holder. The bone sample was rotated and 

moved closer to the entrance slit of the emission monochromator until the 

photon counter registered a value above 10^ photons. The solid surface 

emission spectra, shown in Figure 1.10, possesses the same four peaked, 

spiked emission bands. The increased noise, in the baseline, was probably 

due to lower signal. Since the chelate binds throughout the bone sample 

and the excitation light can only access the first few cell layers, the signal 

was decreased. The observation of the characteristic emission spectra from 

the bone sample further confirms that the chelate is transported intact. 

This is due to the fact that the spectra would be impossible to discern if the 

chelate decomposed during the metabolic activity of the rat. As discussed 

above, the fluorescence derives from the energy transfer from the organic 

ligand to the Tb^^ not from free Terbium fluorescence. 

10 



In addition to the emission spectra, the bone fluorescence lifetime 

decay was determined. Knowledge of the chelate lifetime, entrained in 

solid tissue, would be very beneficial to the end of tissue diagnostics. This 

is due to recent evidence that the fluorescent lifetime decay changes as the 

tissue disease state changes. By simply powering the chopper and using the 

same optical train in the bone emission spectra system, entrained marker 

dye lifetimes can be determined. The lifetime decay of Tb-PCTMP was 

calculated and analyzed as described above in section 1.4. From this data, 

shovvm in Figure 1.11, it can be readily seen that the lifetime is slightly 

altered, from 5.31 ms to 4.20 ms, in the solid tissue sample. As with most 

spectroscopic investigations, the signal is dependent on the medium in 

which the solute is determined. Penetration depth of the light and the 

escape of the fluorescence through the tissue can alter the spectroscopic 

signal. Therefore, the inaccessibility of the solute residing deep in the 

tissue would reduce the number of photons available for the PMT. As the 

number of photons available decreases, the Unearity of the decay curves at 

longer time intervals decreases. Therefore, the lifetime decrease could 

result from poor linearity in the curve and inadequate data points for curve 

fitting in analysis software, not a real change in the lifetime of the 

molecule. The lifetime does remain, however, on the order of milliseconds 

and therefore allows temporally resolved spectroscopy. 

11 
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Figure 1.1 Molecular Structure of Tb-PCTMP 
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Figure 1.2 Molecular Structure of Tb-PCTMB 
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Figure 1.8 Aqueous Fluorescence Lifetime Decay of Tb-PCTMP 

Figure 1.9 Aqueous fluorescence lifetime decay curve of Tb-PCTMB 
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CHAPTER 2 

ENDOSCOPE DEVELOPMENT AND CHARACTERIZATION 

2.1 Introduction 

In recent years, there have been significant advances in tissue 

spectral analysis. ̂ '̂̂ ^ Various groups have employed the combination of 

spectral analysis and endoscopic probes to perform in-situ investigations of 

tissues and have shown the potential for minimally invasive diagnostics. 

For example, multi-dimensional imaging has been used to study cervical 

tissue,^° evaluate human artery tissue^^ and track photodynamic cancer 

therapy.^^ In addition, fluorescence imaging coupled to conventional 

endoscopy offers advantages for diagnosis. Cothren et al. showed that 

gastrointestinal tissue diagnosis using laser induced fluorescence resulted 

in 100% sensitivity and 94% positive predictive value.^^ Furthermore, a 

bronchoscope fluorescence imaging system used by Lam et al. showed 50% 

higher sensitivity than conventional white light microscopy.^ 

These investigations demonstrate the merit of performing in-vivo 

spectral analysis; yet, improvements are still necessary in order to reach 

the goal of clinical practicality. To construct a comprehensive in-vivo 

diagnostic tool, the spectrometer must be combined with image processing 

techniques to perform time dependent physiological process imaging events 

20 
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in real time. Current research has been hampered by the limited resolution 

inherent to fiber optic imaging systems,^'^^ by low contrast between normal 

and abnormal tissue and by the low signal to noise ratio produced by tissue 

autofluorescence background.^^^° 

Improved image contrast can also be achieved by employing tissue 

site-selective markers that spectrally shift the signal wavelength away from 

the emission region for tissue auto-fluorescence.^^ A new class of 

fluorescence imaging tags, based on polyazamacrocyclic chelates of 

Terbium, has recently been developed.^^ These molecules have 

spectroscopic and physical properties which make them ideal for in-vivo 

diagnostic applications. Spectroscopically, the 270 nm shift in emission 

(Stoke's shift) of the molecules,^ high quantum efficiency^ and millisecond 

relaxation lifetimes^ allow signal collection after prompt tissue 

autofluorescence has subsided and allows data collection outside the range 

for normal tissue fluorescence. Additionally, the physical properties of the 

chelates, such as, high water solubility, thermod5niamic stability^ '̂̂ ^ and 

low toxicity^ make them a good choice as contrast enhancement site-

markers for in-vivo diagnostic imaging. 

In this chapter, the construction and evaluation of a high resolution, 

imaging spectrometer that employs Hopkin's rod lens endoscopes will be 

described. It will be shov^m that the performance trade-off by using 

21 



inflexible rod-lens scopes is overcome by improved optical performance. 

The absence of pixels normally found in the imaging conduit used to 

construct small, flexible endoscopes enhances both perceived and measured 

resolution. Both improved light through-put (excitation and emission) and 

overall resolution allows visualization of tissue sites that are in the regime 

of 10 fam. Presented here is the quantitative evaluation of an endoscopic 

fluorescence imaging system based on plastic optic rod lens endoscopes. 

Included is the determination of field of view and limiting resolution and 

the combination of this system with site-specific chemical markers, 

improving image contrast in solid or semi-solid tissue such as bone. The 

ability to image tissue samples, in-vitro, and observe morphological 

differences based on solute uptake is demonstrated. In-vitro endoscopic 

fluorescence images of Sprague-Dawley rat tissues are presented that 

illustrate enhanced imaging of morphological and possibly pathological 

abnormalities. The potential for using the described methodology for 

minimally invasive in-vivo diagnostic imaging is discussed in this chapter. 

2.2 Materials and Methods 

The optical train for the endoscopic spectrometer is depicted in 

Figure 2.1. For the resolution studies, a 1951 USAF (Newport, RES-2) 

resolution target was used. The resolution target consists of groups and 

")"t 



elements (lines) that are a known width, length gmd distance apart. The 

lines on the target are made from a black emulsion deposited onto a white 

positive background. The images are obtained by back illuminating the 

resolution target using an IR filtered xenon discharge lamp (ILC 

Technology, cat# R150-9). The beam from an optical fiber passes through 

a diffuser of in-house construction which replaces the 270 nm interference 

filter shown in Figure 2.1. The distance of the scope tip from the target 

(1.5 mm) was chosen so that the best in-focus image is produced. The 

image was collected by a 0°, 30° and 60° thin rod lens endoscope made of 

molded plastic optic. The angles for the three scopes refers to the angle of 

the field of view, with respect to the central axis, on the object side. 

Objects were aligned vsdth respect to their central axis parallel to the face of 

the collection optics of the scope (Galileo, 1005-9000/9025/9060). While the 

specifics of the optical train are proprietary, the design of the scopes follow 

standard practice for construction of a rod lens endoscope. Collection 

optics on the tip are normally constructed of multi-element lens set 

containing a micro-prism. The subsequent image is then transferred via a 

series of rod and field lenses. A lOX microscope objective, placed 10 mm 

from the endoscope, collected, magnified and played the image onto an 

astronomical grade charge coupled device (CCD) (SBIG ST-6, Santa 

Barbara). The image collected by the CCD was displayed on a high 

23 



resolution video monitor and downloaded to a PC for image processing and 

analysis (Matrox Inspector v. 1.7). The software has a line tool which 

allows the intensity as a function of position along the line pairs to be 

plotted in graphical or tabular form. From this data, the limiting 

resolution (LP/mm) is calculated using an aerial image modulation (AIM) 

plot, and is defined as the point where the dl/dx, the intensity 

modulation, remains constant. 

Field of view (FOV) measurements were made by repositioning the 

target so that a single line laterally spanned the field of view of the 

endoscope. The circular field of view is easily calculated knowing the 

length of the line on the resolution target that represents the diameter of 

the viewing zone. At the expense of image detail, the FOV can be enlarged 

allowing large segments of the sample to be viewed. For the fluorescent 

measurements, the distance between the scope and the bone sample was 

approximately 5 mm. The best, in-focus, image was found when the 

microscope objective is placed near its working distance and at 21 mm from 

the backend of the rod lens system. 

For analysis of the bone fluorescence, two rats were injected with 

Tb-PCTMP or Tb-BP2P. After two hours of equilibration, the animals 

were euthanized and the femurs were removed. These samples were 

stored, in saline, until analysis. For the fluorescence measurements, the 

24 



instrument diagrammed in Figure 2.1 was modified. External illumination 

is directed from a UV curing lamp (Dymax PC3) fitted with a 270 nm 

bandpass filter (Omega #270BP20) through a flexible liquid light guide to 

the sample. A 550 nm bandpass filter (Omega #550DF10) was placed 

between the microscope objective (Newport) and the CCD (SBIG, ST-6) to 

select fluorescence and block background light. The collected images were 

converted to a TIFF format and processed using Matrox Inspector v. 1.7. 

2.3 Results and Discussion 

A practical approach to determine optical performance of an imaging 

system was employed. In this methodology, an object with a square wave 

brightness pattern, such as a USAF resolution target, is viewed. A typical 

image of the target is shown in Figure 2.2. The modulated contrast of the 

target is measured from the image pattern produced by illuminating the 

object. This contrast may be expressed in terms of modulation, M, by 

Equation 2.1 

w » ; • max.-min. ^ ^ 
Modulation z. 1 

max.+ min. 

where max. and min. refer to the maximum and minimum illumination 

values, respectively. A plot of M versus the frequency of the lines in the bar 

target results in a curve often referred to as the aerial image modulation 

curve (AIM),'̂ ^ As the frequency of the lines in the target increases, the 
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amplitude of the max. and min. values in the image pattern decrease and M 

approaches zero. The frequency at which M does not appear to change is 

taken to be the limiting resolution of the system. 

In the present work, several line pairs of various frequencies were 

sampled and their M values were plotted as a function of line frequency. 

The AIM plots for the three endoscopes tested are shovm in Figure 2.3. 

From this data, it can be seen that the three scopes differ slightly in the 

slope of the curve. This results from the difficulty in alignment of the 

angled scope to the surface of the object. At such high magnification, 

depth of focus contributed to image aberration resulting in variance in the 

AIM plots for each scope. The limiting resolution, as seen through the high 

resolution video monitor, for the three scopes, with different viewing 

angles, is approximately equal and has a value of 181 LP/mm. However, 

fidelity degradation due to limited sampling in the electronic digitization 

process reduces the resolution of the grabbed images to 112 LP/mm. 

Resolution is critically dependent upon the mode or method used to display 

or view the image. The human eyes signal average the 60 Hz video output 

improving apparent resolution; yet, a frame grabber captures a single CCD 

event and the process of grabbing a frame and storing the image adds noise 

to the image. Once an image is grabbed, the frame can be displayed and 
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processed by smoothing non-uniform lighting and increasing image 

contrast and brightness. 

Using the relationship in equation 2.2, the USAF resolution target 

and the limiting resolution, we can determine the minimum line width 

resolvable by our imaging system. This line width, LW, is given by: 

LJV = - ^ 2.2 
2 LP 

where LP is the resolution in line pairs/mm. 

Upon visual inspection of the high resolution video monitor, one can 

obtain a resolution of 181 LP/mm. Resolution of this magnitude allows 

objects spaced 2.76 |am apart to be resolved. Such magnification would 

allow analysis of subcellular organelles such as a tj^pical nucleus (—5-6 f-im) 

or endoplasmic reticulum (~3 |im). This would enable one to remotely 

observe and quantitatively evaluate profusion or binding of tagged 

biomolecules as they traverse normal and neoplastic tissue. After 

electronic fidelity degradation, we obtain a resolution of 112 LP/mm which 

corresponds to a resolving power of 4.46 |im. Resolving power of this 

magnitude should facilitate observation of large organelles with some loss 

of nuclear detail. However, the current working resolving power is only 

about 6 |im due to image quality degradation resulting from modest light 

levels and the limiting resolution of the frame grabber. Further, it should 

27 



y 

be noted that the rod lens endoscope has a variable focal length and 

therefore can be used as a telescope, allowing finer detail to be imaged at 

the expense of field of view. In-vivo diagnostics requires the resolution of a 

structure that is several cells across and is achievable using improved 

illumination and a megapixel, high sensitivity CCD imager. The 

fluorescence images presented in this and the remaining chapters 

demonstrate this capability. Signal averaging techniques now available in 

new frame-grabber software programs will allow improvements. 

The field of view can be determined for the instrument by finding an 

in-focus image of a line on the resolution target that spans the diameter of 

the viewing zone. Based on equation provided by Melles Griot, the length 

of a line, L(mm), on the resolution target is given by Equation 2.3: 

L = 5LW 2.3 

where LW is the line width. The diameter of a circular image that is 

spanned by a Une of length, L, will have a field of view represented by the 

viewing area, A (mm^), and is given by Equation 2.4. 

A = TT 2.4 
V2.' 

Using the above equations, the field of view of the rod lens endoscopic 

imaging system is 415 mml Another useful method of defining optical 

performance is calculation of the numerical aperture (NA). The NA is a 
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measure of the most oblique ray collected or seen by the optical system and 

is calculated using the following relationship: 

XA = /7sin0 2.5 

where n is the index of refraction and 6 is the angle between the normal 

and the most oblique light ray. Knowing the FOV (2.3 cm), the distance of 

the endoscope from the image (5 mm) and the index of refraction for air, n 

= 1, the NA is calculated to be 0.92. Therefore, the rod lens endoscope 

combines high resolution, a large field of view and a high XA, making this 

system ideal for in-vivo tissue diagnostics. These performance attributes 

are shown pictorially in Figure 2.4 and Figures 2.5a-c. 

Figure 2.4 shows a close-up view of a section of rat bone using white 

light reflectance imaging. In this view, we can see the detail of the bone 

and readily distinguish the regions that contain blood or other 

morphological differences. In the image, a portion of the femur has been 

magnified with the total object dimensions corresponding to a region 

measuring about 4.45 mm by 9.44 mm. The resolution of the image is 

limited by the CCD camera, it could be improved by using an ultra-high 

resolution microscope camera. However, we can use this image to evaluate 

the working performance of the system. Using the central blood vessel 

which is about 4.95 mm long and the first branch which is about 1.49 mm 

long and about 0.044 mm wide, the functional limiting resolution can be 

29 



determined. Objects that are 5.76 or about 6 îm wide can be distinguished. 

Resolving power of this level would allow the identification of 

morphological abnormahties that would negate the use of the bone as a 

graft material. Yet, often times, the evaluation by bone banks for 

suitability toward implant use requires a wider view of the sample. Larger 

field views and contrast enhancement using fluorescent markers for 

indicating morphological changes in the bone (as needed in the selection of 

bone tissue for grafting) is shown to be possible as discussed below. 

To further elucidate the possibilities of using this endoscopic 

spectrometer for in-vivo investigations, an in-vitro, fluorescence study was 

conducted. Presented in Figure 2.5a-c is a white light, fluorescence and 

false color image of the excised rat femur, respectively. The animal was 

dosed with just 0.3 mmol/Kg of the respective chelate, allowed to 

equilibrate for a period of two hours, and sacrificed. The femurs were then 

excised, placed in saline until analysis. 

The identification and quantitation of contrast enhancement at low 

doses is important. As shov̂ m in a related study,^^ our endoscopic 

spectrometer shows the potential to perform a quantitative optical mass 

balance of solute uptake in tissues. While this technique has not been 

perfected for bones, our previous calibration curves and Monte Carlo 

simulations described in detail elsewhere^^ allow an estimate of the amount 

30 



of Tb chelate solute present in an imaged region of the bone surface). In 

our previous investigations, calibration curves of camera response versus 

solute amount were generated using highly reflective, tissue like substrates. 

The background levels were found using undosed substrate and tissue 

samples, including bone. Calculations performed^^ based on a Monte Carlo 

simulation and using tissue light diffusion properties^'* allow an estimate of 

the photon flux which actually escapes from a highly scattering media like a 

bone sample. Using such a determination, which is a one dimensional 

diffusion model that defines the penetration depth, and assuming uniform 

penetration depth across the imaged region, we find that 270 nm excitation 

and 550 nm emission allows optical sampling to about 6 fim. The net 

result predicts that the measured signal is attenuated, producing a total 

fluorescence fluence of approximately 66%. Applying these correction 

figures to the calibration curves and the relative gray scale values 

represented by false color in Figure 2.5c, we can estimate the quantity of 

solute within a particular imaged zone. By sampling the entire region 

showing appreciable S/N, we calculate 5.19 picomoles of solute is present. 

Selecting smaller regions allows the determination of sub-picomole levels of 

solute. For example, a purple-red region would contain about 1.54 x 10^^ 

moles Tb-BP2P/pixel and a red region about 3.35 femtomoles Tb-

BP2P/pixel. 
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The images shown in Figures 2.5a-c also demonstrate the ability of 

our system to view gross tissue morphology differences based on the 

binding characteristics of our chelate. It is now known that the 

physiological conditions of normal and neoplastic tissue vary drastically. 

Further, in recent investigations,® we have shown that the Tb-chelates 

exhibit measurable spectral changes as a function of in-situ physiological 

conditions such as pathological changes. It is believed that this imaging 

methodology has the potential to offer minimally invasive identification of 

suspect sites and to perform early stage disease diagnostics in-vivo. 

2.4 Conclusions 

Polyazamacrocyclic chelates of Terbium can be used in combination 

with a high resolution endoscopic imaging system to improve visualization 

in the area of in-vitro diagnostics and are thus applicable to in-vivo 

measurements. The high quantum efficiency (0.51),^ large Stoke's shift 

(275 nm), millisecond fluorescence lifetime and tissue selectivity make 

them excellent candidates for future research in in-vivo image 

enhancement and disease diagnostics. 

32 



Sample 

o 

Light 
Source 

Scope '-' d 
MO. 

CCD 

PC 

F = 270 nm bandpass filter CCD = Charge coupled device 

M.O. = lOx microscope objective CCU = Camera control unit 
F = 550 nm bandpass filter 

Figure 2.1 Block diagram of the endoscopic spectrometer 
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Figure 2.2 Image of a USAF resolution target viewed through a rod-lens endoscope 

34 



ry 

o 
CN 

0) 
Q. 
O 
O 

CO 
o 
O 
CD 

D 

0) 
Q. 
O 
O 

CO 
o 

o CO 

< 

0) 
Q. 
O 
O 

CO 
o 

o 

o 

o 
o 

LO 
CO o 

CO 

T T 

ID in o 
CN CN T -
CD d d 

UO!JB|npO|/\| 

in o 

o o 

o 
00 

o 
CO 

o 

_ o 
CN 

O 

o 

E 
E 

SI 

c 
o 

o 
(/) 
0) 

•J 

' J 

O 

y . 

< 

C 

TO 

1) 
< 

ri 
'J 

t i . 

35 



Figure 2.4 Magnified image of an excised rat femur 
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CHAPTER 3 

CELL CULTURE EXPERIMENTS 

3.1 Introduction 

Many contrast enhancement agents have been widely examined in 

recent years. These molecules range from porphyrin derivatives to green 

fluorescent proteins to substituted fluorescein derivatives. One of the goals 

of these experiments is to identify a marker that increases the contrast 

between or has different spectroscopic properties in normal versus 

abnormal tissue. According to Jain and coworkers, the internal localized 

environment of a cancerous cell is different than a normal cell.̂ ^ For 

example, using fluorescence ratio imaging microscopy, the pH of cancer 

tissue was determined to be as much as a full pH unit lower than normal 

tissue. In addition, it was determined that neoplastic tissue showed 

increased porosity and an elevated pressure gradient between the necrotic 

and semi-necrotic regions. Since the spectroscopy of a marker is dependent 

on its environment, it seemed logical to expect variations in wavelength, 

emission intensity or lifetime decay in normal and neoplastic tissue. 

Although non-invasive techniques are preferred by the patient, minimally 

invasive methods using micro-endoscopy offer the ability to probe very 

small regions of tissue with excellent resolution, reduced cost and smaller 
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incisions leading to reduces trauma. If a marker can be made to reside on 

the tissue for a length of time sufficient for interrogation, much can be 

learned about early stage abnormalities. Based on the tissue-selectivity, 

spectroscopic and physical properties of the Terbium chelates, they appear 

ideal for such investigations. Therefore, the next step towards 

demonstrating efficacy for diagnostic imaging is cell lines experiments to 

elucidate the cytotoxicity of the marker, uptake properties and 

spectroscopic characteristics in normal and abnormal cells. In this chapter, 

experiments with normal rat epithelial cells (IEC-6) and a human 

adenocarcinoma cell line (HT-29) will be used as models for chelate activity. 

3.2 Cell Propagation Protocol 

The first step in cell culturing is media preparation. From this point, 

all reagents, glassware and containers are sterilized by mesh filtration, or 

autoclaving. Culturing normal cells is much more difficult than their 

cancerous counterpart; therefore, great care must be taken with the cells. 

Furthermore, they will only propagate for 30-50 passages. The growth 

media and antibiotics must be maintained carefully. For the IEC-6 cells 

DMEM (Dulbecco's Modified Eagle Medium) was chosen as the base media 

and prepared according to package directions. To this media, 10 mL/L 

gentamycin and 0.1 units/mL insulin was added. To this mixture, 
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glutamine was added to bring the glutamine concentration to 2mM in the 

media and FBS (Fetal Bovine Serum) was added at a 59r level. 

Media preparation for the HT-29 cells was, in contrast, much easier 

than the IEC-6 media. These cells will grow, for many passages, under a 

variety of conditions and are thereby much less fragile. For media 

preparation, DMEM (Dulbecco's Modified Eagle Medium) was again 

prepared according to package directions. To this media, lOmLT. 

gentamycin and 10 mL of FCS (Fetal Calf Serum) was added. 

The two cell lines IEC-6 and HT-29 were obtained from the 

American Type Culture Collection and are shipped frozen in liquid 

nitrogen. To insure proper growth, the cells must be thawed under strict 

guidelines until proper growth is determined, visually, with a microscope. 

A T-25 flask is labeled wdth the cell line name, the date, the propagation 

number (zero in this case), and the investigators initials. To this flask, 9 

ml of media is added and the flask is rolled to cover the bottom with media. 

The ATCC shipped vials, containing the two cell lines, are placed in a 

beaker of room temperature water, briefly, to thaw the cells. Once 

thawed, 1 mL of media is added to each vial and the mixture is agitated 

with a Pasteur pipette. This mixture is transferred to a conical centrifuge 

tube with 13 additional mL of media and agitated with a Pasteur pipette to 

break up cell conglomerates. The cell suspension is centrifuged in a 
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Beckman Ultracentrifuge at lOOOg for 10 minutes to pellet all cells The 

media is removed from the cells and the cells are resuspended in 1 mL of 

media. This suspension is transferred to the T-25 flask and incubated for 

24 hours. Following the incubation period, the old media is removed and 5 

mL of fresh media is placed on the cells which have adhered to the bottom 

of the flask. Every 24 hours, the media is replaced until the cells begin to 

grow. 

Now that the cells have adhered to the flask via pseudopodia and are 

growing normally, competition for flask space and media dictates the speed 

of growth. As the cells reach confluency, or complete grov^h in the area 

afforded by the flask, competition results in an increased cell mortality. At 

this stage, the cells must be subcultured to separate T-25 flasks to prevent 

losing the entire culture. 

The two cell cultures are "split" or sub-cultured in exactly the same 

manner. T3^ically, the cells are fed twice a week, by replacing old media 

with fresh, and split at the end of each week. To prevent cell 

contamination, bacteria in the hood must be removed by UV light exposure 

for 15 minutes and cleaning of the hood with 75% Ethanol. In addition, all 

pipettes and tubes must be sterilized, either by the manufacturer or 

through autoclaving. Once a sterile environment is established, two T-25 

flasks, for each cell line, are labeled, as described above, and the cells are 
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placed in the hood. The old media from each flask is removed through 

vacuum and the cells are washed with two 5 mL aliquots of phosphate 

buffered sahne (PBS) to insure complete removal of media. The PBS is 

removed and 3 mL of trypsin is added to each flask to break the 

pseudopodia and dislodge the cells from the flask. Once all cells are 

removed from the flask, about 4 minutes, the suspension is transferred to 

a conical centrifuge tube with 11 mL of media. The suspension is then 

spun at lOOOg for 10 minutes to pellet the cells. The media and trypsin are 

removed by vacuum, the cells are resuspended in 5 mL of media and 

agitated with a Pasteur pipette. It is critical that all trypsin is removed or 

the split cells will be unable to adhere to the new flask resulting in cell 

death. To one of the new T-25 flasks, 1.0 mL of the cell suspension and 4 

mL of media is added. To the other, 0.5 mL of the cell suspension and 4.5 

mL of media is added. This is done to insure that one cell line will grow 

sufficiently close to confluency in one week for splitting without becoming 

overconfluent. Once complete, the new flasks are capped and placed in the 

incubator and the old flasks are discarded. 

3.3 Cvtotoxicitv Experiments 

The most important consideration in the development of a diagnostic 

marker probe is the toxicity of the marker itself. It is imperative that the 
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probe demonstrates superior spectroscopic properties without harming the 

cells or tissues it interrogates. Therefore, the toxicity of Tb-PCTMB was 

evaluated on normal (IEC-6) and adenocarcinoma cells (HT-29) of the 

colon. 

Two flasks of both IEC-6 and HT-29 cells were grovm to confluency 

using established protocol, as described above. One flask of each cell line 

was equilibrated with Tb-PCTMB for 2 hours. Inoculation with 2 mL of a 

2.2 X 10-̂  M chelate solution provided 4.4 ^mol of Tb-PCTMB for the cells. 

The chelate/media suspension for the inoculated cells and the media from 

the control cells was removed and the cells were washed with 4 aliquots of 

PBS to insure complete removal of the chelate and media. Each flask was 

treated with trypsin to dislodge the cells from the flask and the cells were 

transferred to a conical centrifuge tube with 11 mL of media. The cells 

were pelleted by centrifugation at lOOOg for 10 minutes and the cells were 

resuspended in 5 mL of media. Using a micropipette, 100 ^1 of the cell 

suspension was mixed with 100 fil of media in a microfuge tube. In a 

second microfuge tube, 50 |uL of this dilution was mixed with 50 |iL of 

tr3T)an blue. Dead cells are much more porous than living cells and stains 

enter dead cells much easier after cell membrane degradation. Therefore, 

assuming that any cell that stains blue is dead, the trypan blue will allow 
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counting of dead cells,. This 100 îL dilution is loaded into a 

hemocytometer for cell counting using a Zeiss inverted microscope at 200X 

magnification. A hemocytometer is a small cartridge that has squares on a 

white background and an injection port that allows a 100 |iL injection to 

cover the viewing area. By counting the number of cells in 5 squares on 

either side of the hemocytometer, the average live and dead cell numbers 

can be determined. This average multipHed by the dilution factor (4) gives 

the number of cells x lOVmL. This process was performed twice for the 

inoculated and control cells from both HT-29 and IEC-6 cells and the two 

determinations were averaged. 

The results from a first attempt to determine cytotoxicity are shown 

in Table 3.1. Note the high percentage of dead cells in both inoculated and 

control cells. The live to dead cell ratio, however, stayed approximately the 

same in both inoculated and control cells suggesting that the molecule is 

not toxic to those cell lines. This indicates that the high cell mortality is 

not a function of chelate toxicity but of external factors. A possible 

explanation for the high mortality rate is the degree of confluency. The 

cells have completely covered the available space in the T-25 flask and 

competition for food and space increases the number of dead cells. To 

interrogate this possibility, a second round of cytotoxicity experiments 

prior to confluency should correct for the increased mortality. 
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Therefore, as shown in Table 3.2, the cytotoxicity experiment was 

repeated on cells that were two days prior to confluency (about 70% 

confluent on visual inspection). From this data, it can be seen that both 

control and inoculated cells from both lines had much less cell mortality 

and again the chelate had little effect on cell viability. Since the data set 

came from triplicate counting of cells stained with trypan blue, some 

concern about the validity of the mean can be expected. Using the mean 

and standard deviation, a simple Student's t-test was performed on the 

data to interrogate the precision. From this calculation, the IEC-6 cells 

had a 95% confidence limit of 90.1 ± 1.10 for the control cells and 90.93 ± 

3.53 for the inoculated cells. In addition, the HT-29 cells had a confidence 

limit of 92.99 ± 2.11 for the control cells and 92.23 ± 2.82 for the inoculated 

cells. Therefore, the overlap of the two data sets for each cell line 

substantiates that a direct correlation between the data sets is highly 

probable and the chelate has little to no effect on the viability of the cells. 

Now that the chelate appears to have no toxicity on normal and 

cancerous cell lines, progress can be made towards elucidating the mode of 

action of the chelate on cells. If the chelate binds only to the cell 

membrane, there is much less chance that the chelate can offer any 

diagnostic potential. However, if the chelate can traverse the cell 
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membrane and bind to cytoplasmic organelles or proteins, tissue 

abnormalities can, potentially, be discerned based on spectroscopic 

properties. 

3.4 Site-Binding Experiments 

To elucidate the site of chelate binding in the cells, differential 

centrifugation was chosen. This simple technique of varying the speed, 

time and temperature of cell centrifugation produces pellets from various 

components of the cell and offers quick results with minimal biochemistry. 

For this experiment, the bone seeking chelate Tb-PCTMP was chosen due 

to its high water solubility. As a consequence, the cell line used was 

UMR108 osteosarcoma cells. These aggressive bone tumors are found in 

rats and propagate easily in culture. The cells were grown in Basal Eagle 

Media using standard protocol, as described above, until an adequate 

population was established (approximately 25 million cells). 

Before splitting the cells, a T-25 flask was inoculated with Tb-

PCTMP for two hours. The inoculation of 5 mL of Tb-PCTMP at a 

concentration of 2.70 x 10"̂  M provided 13.5 îmol of Tb-PCTMP for the 

cells. At the end of the incubation period, the media, chelate and dead 

cells were removed by vacuum. The cells were then given 2 mL of trypsin to 

dislodge the cells from the flask. The cells were then transferred to a 
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centrifuge tube with sufficient buffer to complete the transfer. The cell 

suspension was spun in a Beckman Ultracentrifuge at 5000 rpm for 10 

minutes at 4°C to pellet the cells. The supernatant was removed from the 

cells, the cells were washed with media, agitated with a Pasteur pipette 

and respun. This procedure was repeated 3 times to insure that all 

unbound chelate had been removed from the cell suspension. 

The cells were spun at 10,000 rpm at 0°C to pellet the cells. The tube 

was frozen with N2(l) and the pellet was scooped out and placed in a mortar 

with an equal volume of sea sand. Liquid nitrogen was added to cover the 

mixture and the cells were cracked with a pestle for 20 minutes (until the 

mixture was liquefied.) The solution was then transferred to an 

Ultracentrifuge tube and respun to leave organelles and free proteins in the 

supernatant and any intact cells, membranes and sand in the pellet. The 

supernatant was spun at 45,000 rpm for 90 minutes in an ultracentrifuge 

until all organelles were pelleted. 

The pellet containing the membranes was mixed v^th 5 ml of ice cold 

PBS and filtered through a fine ceramic filter to remove the sand and a 10 

micron mesh filter to remove any intact cells. The organelle pellet was also 

resuspended in 5 ml of ice cold PBS and both membrane and organelle 

solutions were spun down. Each pellet was smeared onto glass microscope 

slides and viewed through a Zeiss microscope modified for UV fluorescence 
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microscopy. The microscope was configured with a 150 W Xe arc lamp, a 

quartz condenser lens set, a UV transmitting objective lens and a special 

set of excitation/emission filters. The filter set consisted of a UV 

transparent cut-off filter (UG-11, Melles Griot), a dichroic beam splitter 

(DCF 310 Chroma Tech), and a 550 nm interference filter. A high 

resolution, megapixel (6.8 |im wide) digital, thermoelectrically cooled CCD 

was affixed to the camera mount on the headpiece of the scope. Images 

were collected after a 0.01 s integration time with the camera temperature 

set to 10°C. Images were digitized, processed and exported using Image Pro 

Plus v. 3.0 image processing software 

Upon inspection with our modified Zeiss microscope, the membrane 

smears showed absolutely no fluorescence. In contrast, the organelle 

smears demonstrated marked fluorescence. Since the fluorescence images 

of the membranes show no fluorescence, they have been omitted. 

However, in Figures 3.1, 3.2 and 3.3, the white light reflectance image, 

fluorescence image and a false color contour plot demonstrate the large 

fluorescence signal from such a small inoculation. This indicates that the 

chelate indeed crosses the cellular membrane and binds to C3^oplasmic 

organelles. Although probes specific for each organelle would allow 

identification of the exact binding location, this first attempt was sufficient 

for progression to the next step. 
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3.5 Preferential Uptake Studv 

To conclude the cell line studies, and preface animal model studies, 

a preferential uptake experiment was performed with IEC-6 and HT-29 

cells. The goal of this experiment was to elucidate any binding specificity of 

the colon specific chelate, Tb-PCTMB, for cancerous versus normal cells. 

The cells were propagated according to established protocol, as 

described above. After adequate growth was estabhshed, both cell lines 

were incubated in Tb-PCTMB for 2 hours. Inoculation with 2 mL of a 2.2 x 

10-̂  M chelate solution provided 4.4 lumol of Tb-PCTMB for the cells. To 

remove unbound chelate, the cells were washed with PBS 3 times. The 

cells were dislodged from the T-25 with a 3 mL aliquot of trypsin. Once 

free, the cells were transferred to a 15 mL conical centrifuge tube and 

pelleted by centrifugation at lOOOg for 10 minutes. The cells were 

resuspended in media, agitated with a Pasteur pipette and respun. This 

process was repeated 3 times to insure that all unbound chelate was 

completely removed from the cells. The pellet was resuspended in 5 mL of 

media. Three drops of this suspension was placed in a Shandon Cytospin 

Cytocentrifuge and spun to leave a cell plug on a clear microscope slide. 

The cell plug required centrifugation for 15 minutes at 1200 RPM to 

complete the plug. 
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These slides, 3 from each cell line, were viewed under a Zeiss 

microscope modified for UV fluorescence. Illumination from a 200 W Xe 

short gap source fitted with a low-pass filter was reflected onto the sample 

by a 300 nm dichroic beam splitter. The 550 nm fluorescence from the 

sample passed through the beam splitter and a lOnm FWHM 550 nm 

bandpass filter before striking a Photometries SenSys 1400 CCD. The 

camera, operating at 10°C and an integration time 0.1s, was connected to a 

PC-SCSI frame grabber which stored the images for analysis using Image 

Pro Plus 3.1. 

In Figures 3.4, 3.5 and 3.6, a white light image, fluorescence image 

and a false color contour reconstruction of the fluorescence image is shown 

for the IEC-6 cells. There is uniform, low-level illumination which is 

evident in the image. This may derive from chelate fluorescence; however, 

the uniformity of the signal is more likely to derive from background, 

microscope light leak or sensitivity of the camera. In contrast, the white 

light image, fluorescence image and false color reconstruction of the HT-29 

fluorescence image is shown in Figure 3.7, 3.8 and 3.9, respectively. From 

these images, marked fluorescence is evident in the culture. To 

interrogate the signal difference between the normal and abnormal tissue, 

information about the background is needed. Therefore, a sample of 

undosed colon tissue was imaged with the fluorescence microscope. Using 
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the Inspector (Matrox ver. 3.0) line tool, each region of the tissue was 

examined for maximum and minimum gray scale value. The result yielded 

values from 27-65 GSV (arbitrary gray scale values from 0 to 255) and a 

mean of 42.8. The IEC-6 cells were compared using the same method and a 

range of 41-71 GSV with a mean of 52.2 was determined. In contrast, HT-

29 cells ranged in gray scale value from 39-209 with a mean of 130.7. Due 

to the 3-fold increase in gray scale value, it can be concluded that the 

adenocarcinoma cell line HT-29 takes up more chelate than the normal 

epithelial cell line IEC-6. The mechanism for preferential uptake is not yet 

established; however, a plausible h3^othesis is that the increased growth 

and respiration of the cancerous cells could lead to increased pinocytosis; 

subsequently, more chelate would be engulfed by the cells. Photodynamic 

therapy drugs have been shown to exhibit similar uptake properties in 

cancer.^^ Therefore, based on the cellular uptake of the chelate and the 

preferential binding of Tb-PCTMB to rat tumor cells, an animal model 

study based on endoscopic visualization is indicated. 
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Table 3.1 Cytotoxicity of Tb-PCTMB in IEC-6 and HT-29 cells at 
confluency 

IEC-6 Colon Cells 

Control 

Total Cells*: 7.20x10' 

Live Cells: 70.6 % 

Dead Cells: 19.4% 

Tb-PCTMB Inoculated 

Total Cells *: 8.60 x 10' 

Live Cells: 81.4 % 

Dead Cells: 18.6% 

HT-29 Colon Cells 

Control 

Total Cells*: 4.90x10' 

Live Cells: 79.6 % 

Dead Cells: 20.4 % 

Tb-PCTMB Inoculated 

Total Cells*: 4.80x10' 

Live Cells: 75.0 % 

Dead Cells: 25.0 % 
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Table 3.2 Cytotoxicity of Tb-PCTMB in IEC-6 and HT-29 cells 2 day^ 
prior to confluency 

IEC-6 Colon Cells 

Control 

Total Cells*: 5.70x10' 

Live Cells: 89.5% 

Dead Cells: 10.5% 

Tb-PCTMB Inoculated 

Total Cells*: 5.30x10' 

Live Cells: 90.6% 

Dead Cells: 9.4% 

HT-29 Colon Cells 

Control 

Total Cells*: 5.30x10' 

Live Cells: 94.3% 

Dead Cells: 5.7% 

Tb-PCTMB Inoculated 

Total Cells*: 4.70x10' 

Live Cells: 91.5% 

Dead Cells: 8.5% 
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Figure 3.1 White light image of the UMR 108 organelle smear 

Figure 3.2 Fluorescence image of the UMR 108 organelle smear 

Figure 3.3 False color contour plot of the fluorescence image of the 
UMR 108 organelle smear 
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3.4 White light image of the IEC-6 cell line 

3.5 Fluorescence image of the IEC-6 cell line 

3.6 False color contour plot of the fluorescence image for the IEC-6 cell 
line 
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Figure 3.7 White light image of the HT-29 cell line 

Figure 3.8 Fluorescence image of the HT-29 cell line 

Figure 3.9 False color contour plot of the fluorescence image for the 
HT-29 cell line 
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CHAPTER 4 

ANIMAL MODEL STUDY 

4.1 Animal Care and Use 

All animals were cared for according to strict TTUHSC Animal Care 

and Use guidelines. The rats were housed in separate wire frame cages in a 

temperature and humidity controlled room and fed twice daily. Periods of 

light and dark were controlled to simulate day and night. 

4.2 Tumor Induction Method 

The basis of tumor induction is a weekly injection of the chemical 

carcinogen 1,2 dimethylhydrazine dihydrochloride (DMH) and diet 

modification. The solution was prepared by dissolving enough DMH to 

allow a 0.2 mg/kg body weight injection in 0.1 M EDTA. The pH of the 

subsequent solution was raised to 6.54 by addition of 0.1 N NaOH. Each 

rat was weighed and administered a subcutaneous injection of DMH at a 

0.2 mg/kg dose via a 26 gauge needle. The animals were kept under a 

chemical fume hood for 3 hours post injection to insure that all DMH had 

been respired or uptaken because it is a suspected human carcinogen. In 

addition to the injections, the subsequent feeding of a high fat, meat-based 

diet^^ provided additional assurance of tumor growth. 
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4.3 Analvsis for Tumor Growth 

Subjects that contained potential colon abnormalities were identified 

using a three-step process, (i) Rats that exhibited weight loss and feeding 

difficulties were set aside as potential candidates, (ii) These animals were 

inspected for signs of rectal bleeding or blackened fecal pellets, often an 

indication of a significant abnormal growth, (iii) Finally, using a 2.5 mm 

diameter, 3 meter long, flexible micro-endoscope,^ '̂̂ ^ the large intestine of 

several animals was inspected under white-light endoscopic visualization to 

conflrm the presence of an abnormal tissue mass. One animal, with an 

observable lesion, was anesthetized, allowing it to respire, during lavage 

introduction of the fluorescent marker. Anesthetization was accomplished 

using a 50 mg/kg body weight dose of pentobarbital solution (50 gm/ml) by 

i.v. injection. Under endoscopic visualization, the animal had an almost 

fully occluding gastrointestinal mass that was visually confirmed by a 

pathologist as a potential tumor. This animal was euthanized by 

asphyxiation in a CO2 tank and dissected. The tumor was excised for 

spectroscopic and histological evaluation. For a control, an apparently 

normal segment of normal colonic mucosa was excised 15 cm removed from 

the tumor. Both of these tissues were placed in sterile saline and 

transported to Anatomical Pathology for preparation. 
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4.4 Histological Tissue Preparation and Evaluation 

Due to the harsh conditions of conventional embedding and cutting 

of overnight histological preparations, frozen sections were chosen for 

evaluation. For the normal and suspect tissue, four frozen sections were 

cut of each. Two of each were stained using Hemotoxylin & Eosin (H&E) 

for conventional histological diagnosis. Briefly, the cells were dehydrated 

and fixed by 4 washes in alcohol baths of increasing ethanol concentration 

(70-100% ethanol by volume). For nuclear staining, the slides were placed 

in Hemotoxylin for 30 seconds and excess stain was removed by four 100% 

ethanol washes. The C3d:oplasm was stained wdth OG-6 followed by four 

alcohol washes to remove excess stain. Finally, for ease of interrogation, 

the cytoplasm was counterstained to highlight morphology with EA-50 

followed by four alcohol washes. These slides were dipped in Xylenes and 

coverslipped with Permount. The unstained slides were fixed in 70% 

Ethanol for evaluation using the modified Zeiss microscope. 

4.5 Spectroscopic Tissue Evaluation 

The normal and abnormal slides were imaged using the Zeiss 

microscope, modified for UV fluorescence microscopy. Each sample was 

imaged at 400X magnification under white light for focusing. For 

fluorescence, illumination was provided by a 200W Xe short gap arc lamp 
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using the optical train described above. Fluorescence was collected by a 

Photometries SenSys 1400 and processed with Image Pro Plus 3.1. 

Shown in Figures 4.1, 4.2 and 4.3 is the H&E stained tissue, the 

fluorescence image of the unstained slide and a false color contour plot of 

the fluorescence image of the normal tissue. Figures 4.4, 4.5 and 4.6 show 

the same images for the abnormal tissue. Dr. David Morgan, at TTUHSC, 

verified that the suspected mass was adenocarcinoma and the control tissue 

was indeed normal colonic mucosa. The fluorescence images and false color 

contour plots demonstrate that dramatic preferential uptake of the marker 

by abnormal rat tissue. Based on the gray scale values of the two images, 

the cancerous tissue fluoresces 100 times more than the normal tissue. 

Although this is accomplished using fully differentiated adenocarcinoma, 

the results are quite encouraging. 

4.6 Conclusions 

We have identified and evaluated a new class of tissue marker 

probes. Based on the biodistribution, Stoke's shift and luminescence 

lifetimes of the two probes, Tb-PCTMB and Tb-PCTMP, they are excellent 

candidates for use in tissue spectroscopy and disease identification. 

Furthermore, the chelates of Terbium have minimal cytotoxicity and 

traverse the cellular membrane providing selectivity of abnormal cells 
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without harming the tissue. Finally, a lavage experiment invohing 

introduction of the chelate Tb-PCTMB into a rat colon with induced 

adenocarcinoma tumors showed preferential uptake of the marker probe by 

abnormal tissue providing enhanced contrast of colonic adenocarcinoma. 

Further experiments necessary to transition these chelates into the 

clinical environment should involve elucidation of the binding mechanism 

of the chelate. This information is vital to understanding the preferential 

uptake of the chelate in neoplastic tissue. Additionally, tissue analysis on 

earlier abnormalities is critical. Our investigations thus far have centered 

on well differentiated adenocarcinoma. Although an achievement, 

enhanced visualization of early cancers is critical to improve the clinical 

outcome of patients. Furthermore, the construction of an endoscopic 

imaging system based on a lifetime fluorometer would increase the signal to 

noise and possibly allow enhanced detection of early abnormalities such as 

abberant crypt foci and flat dysplasia. 
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Figure 4.1 H&E Stained normal gastrointestinal tissue excised from a 
Sprague-Dawley rat. 

Figure 4.2 Fluorescence image of normal gastrointestinal tissue 

Figure 4.3 False color contour plot of the fluorescence image for normal 
gastrointestinal tissue. 
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Figure 4.4 H&E Stained adenocarcinoma gastrointestinal tissue excised 
from a Sprague-Dawley rat . 

Figure 4.5 Fluorescence image of adenocarcinoma gastrointestinal tissue 

Figure 4.6 False color contour plot of the fluorescence image for 
adenocarcinoma gastrointestinal tissue. 
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