
REMOTE QUANTITATIVE TRANSPORT AND IMAGING 

INVESTIGATIONS OF SMALL FLUORESCENT MOLECULAR 

PROBES IN AN INTERSTITIAL TISSUE MODEL 

by 

MICHAEL PATRICK HOULNE, B.S., M.S. 

A DISSERTATION 

IN 

CHEMISTRY 

Submitted to the Graduate Faculty 
of Texas Tech University in 

Partial Fulfillment of 
the Requirements for 

the Degree of 

DOCTOR OF PHILOSOPHY 

Approved 

August, 1998 



ACKNOWLEDGMENTS 

I would like to express my appreciation and gratitude to my research 

mentor, Professor Bornhop, for his direction during my time in his laboratory. 

I would also like to extend appreciation to Professor Shelly for his helpful 

resources and discussions regarding transport phenomena. I would also like 

to thank Professor Janssen for his helpful discussions regarding tissue 

physiology and cell culturing. I would also like to acknowledge Professor 

Makhatadze for his discussions regarding protein structure and folding. 

Finally, I would like to thank all of my graduate student colleagues, friends 

and my family for their support and help during my graduate career. 



ABSTRACT 

The diffusive transport characteristics of a unique class of small 

fluorescent molecular probes in an interstitial tissue model are investigated 

using micro-endoscopy. 

The probes employed in the present work are organo-metallic 

complexes of polyazamacrocycles chelated to Terbium. These particular 

molecules have large Stoke's shifts, making them amendable to tissue 

analysis. The delocalized electronic structure of the organic chelate absorbs 

ultra-violate light (~270 nm) and, after inter-molecular transfer, the lanthanide 

cation fluoresces in the visible region (550 nm). 

The diffusive transport properties of the probe molecules are related to 

their chemical structure, which governs their affinity toward the components of 

the interstitial model. The basic polyazamacrocyde is functionalized with 

three phosphate groups. Presently, methyl, ethyl, propyl and butyl alkyl 

chains are added to the phosphate groups on the polyazamacrocyde to 

modify the affinity of the probes toward the components of the interstitial 

model. 

The interstitial tissue model is constructed by preparing a Type I 

collagen gel in phosphate buffer solution. Known quantities of the probe are 

injected into the gel and the resulting diffusive transport of the probe is 

digitally imaged through a micro-endoscope as a function of time. Micro-



endoscopy coupled with digital imaging allows remote, quantitative analysis of 

the transport process in near real time. Cross sectional analysis of the 

images yields the concentration profile of the probe as it diffuses through the 

gel. The concentration profile is fit to Fick's second law of diffusion to 

determine the diffusion coefficient for each of the probe molecules. 
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CHAPTER I 

INTRODUCTION 

Digital imaging, using fluorescence, has found use in many biomedical 

and biological applications (1-3). The fluorescence signal measured can be 

endogenous if tissue auto-fluorescence is measured or exogenous If a 

fluorescence probe is introduced to the tissue site. For example, some 

investigators have explored the use of native spectroscopic properties to 

probe tissues for early changes in morphology. Native tissue spectroscopy 

requires no chemical substance to be added to the tissue sample and can be 

used either in vitro or in vivo. However, the auto-fluorescence signal is 

present with a large background making interpretation difficult (4-7). An 

alternative approach to probing endogenous spectroscopic changes is to use 

a dye or exogenous chemical probe. Exogenous probes are advantageous in 

their own right since they offer an enhanced signal to noise ratio (S/N) over 

native tissue auto-fluorescence. 

This enhanced S/N advantage can be realized in three ways. First, In 

a very stralghtfonA/ard approach, the signal from a highly fluorescent 

fluorophore can simply overcome the smaller auto-fluorescence signal of the 

tissue. In this case, the detected fluorescence is only due to the signal from 

the probe and the auto-fluorescence signal is negligible. This type of 



approach has been very popular in traditional microscopy where common 

fluorophores such as Rhodamlne or fluorescein derivatives have been 

conjugated to biologically active molecules that serve as an indicator for 

some biological process. Second, if the de-excitation pathway of the 

fluorophore is long lived (> ns), then it is possible to perform the tissue 

spectral analysis in the life-time regime. In this configuration, one simply 

excites the tissue sample with pulsed excitation and delays detection until the 

tissue auto-fluorescence has subsided. If the probe fluorescence life time is 

long lived, then the probe signal can be measured in the absence of tissue 

auto-fluorescence. The third approach to S/N enhancement, particularly 

unique to organometallic complexes, requires a large Stoke's shift. In this 

case the de-excitation wavelength is largely red shifted from the excitation 

wavelength. If the de-excitation wavelength is completely removed from the 

tissue auto fluorescence wavelength range, then this approach is similar to 

the life time approach in that the fluorescence signal is measured against 

Instrumental or environmental noise that is not related to tissue auto-

fluorescence. 

Another advantage available with exogenous probes is that they can 

be made to be tissue site selective. With appropriate chemical and structural 

properties, exogenous probes can partition toward a particular tissue type or 

morphology. Tissue selectivity can be an especially useful feature if one has 

knowledge of the chemical interactions that direct the probe to a particular 



site. Such a priori knowledge would allow one to intelligently design future 

probe molecules for enhanced tissue site selectivity. 

Presently, a new class of fluorescent molecules has been identified as 

biological probes for surface endoscopy aimed at early disease detection (8-

10). These particular probes are polyazamacrocycllc organic complexes of 

Terbium and Europium, and are well suited for biological analysis since they 

posses many of the characteristics suited for S/N enhancement discussed 

above. In particular, they have long fluorescent lifetimes and large Stoke's 

shifts. These molecules exhibit tissue selectivity and have recently shown 

potential for use as early disease detection markers (8-10). 

It is important to understand, quantitatively, the delivery mechanisms 

and transport characteristics of the fluorescent probes in tissues especially in 

applications where one is measuring a temporal response or where the 

analysis must be performed remotely, such as in colonoscopy. Molecular 

transport in tissues has attracted much attention, particularly toward 

understanding mechanisms of therapeutic delivery and distribution in cancer 

tumors (11). Blood-borne molecules that eventually reach tissue cells 

encounter three basic physiological barriers during delivery; vascular 

distribution, micro-vascular extravasation and interstitial transport. 

Distribution through vascular space is dependent on the morphology 

(quantity, length, diameter and spatial arrangement) of the various blood 

vessels. For example tumor tissues have a larger number of blood vessels 



than do normal tissues but they are often disconnected and do not efficiently 

pass blood, causing heterogeneous and inefficient drug distribution in tissue. 

Transport across the micro-vascular wall occurs by diffusion and convection, 

which are driven by concentration and pressure gradients, respectively. The 

final barrier to therapeutic delivery, transport through the interstitial space, is 

also a function of both convective and diffusive mechanisms. Indeed, many 

authors have investigated molecular transport In various tissue types and 

media using several types of molecules, ranging in size from small inorganic 

molecules such as H2 and O2 to large macromolecules such as dextran and 

insulin (12). 

The focus of this dissertation is threefold. First, the utility of the 

aforementioned terbium chelate complexes as site selective fluorescence 

markers are shown in a remote, endoscopic Imaging application using a rat 

model. Second, the endoscopic instrumentation is advanced to include 

micro-endoscopy. The ability to quantitatively measure transport processes 

using a similar in situ experimental configuration in a remote modality is 

demonstrated. The importance of this remote measuring capability is 

discussed in regard to determining transport properties of probe markers in 

the native tissue environment. Finally, with respect to the transport 

characteristics of the probe molecules, the diffusive characteristics of this 

class of small fluorescent molecules are measured in a biopolymer matrix, 

serving as a simple interstitial tissue model. The results of these molecular 



transport Investigations are discussed using general ideas from classical 

separation science. Indeed, when one discusses tissue selective delivery of 

molecular species, one should realize that the classical mechanisms that 

drive solute partitioning are at work. In a very simple, but Illustrative example 

extended from Giddings (13), the partitioning of blood borne solute species in 

an animal may be represented as 

S—>(XbioodS+XboneS+X|jverS+... + X n S ) 

where S is the total quantity of solute S, and Xn Is the mole fraction of S that 

partitions in the n**̂  tissue type. Tissue selective delivery to a particular tissue 

occurs when the chemical potential of the solute Is minimized in that tissue 

(13). For example, if the solute species is a fluorescent probe and the probe 

chemical potential is minimized in diseased tissue, then the probe is 

concentrated in that tissue and can serve as a marker for disease detection. 

The transport experiments designed in the present work were 

constructed to demonstrate general solubility concepts and that diffusive 

transport mechanisms can be elucidated through a remote, quantitative 

imaging detection technique. 
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CHAPTER II 

SPECTROSCOPIC CHARACTERIZATION AND 

TISSUE IMAGING USING SITE-SELECTIVE 

POLYAZAMACROCYLIC TERBIUM (III) COMPLEXES 

Introduction 

Fluorescence imaging has found great use in many chemical and 

biomedical analysis (1-3). Lanthanide complexes are among the various 

classes of molecules that are useful in chemical markers in clinical diagnosis 

and bioanalytlcal procedures such as protein and DNA assays (4-7). 

Because of their unique spectroscopic properties, i.e., energy transfer from 

ligand to metal provides long lived fluorescence lifetimes and large Stoke's 

shifted emission bands. 

As discussed In Chapter I, many detection modalities and major 

strides have been made toward using spectroscopy to image and diagnose 

diseased tissue (8-10). These investigations have demonstrated the utility of 

various spectroscopic modalities in tissue analysis; yet there is still a need to 

develop a methodology which facilitates the identification of abnormal tissue 

at the earliest stages of growth. 

8 



Early stage spectroscopic imaging in soft tissue can be enhanced 

significantly through the use of site-directed molecules that concentrate in a 

specific tissue. Utilizing lanthanide based chelate complexes for both 

diagnostic and therapeutic applications (11-14) has successfully employed 

this approach. Recently, several new lanthanlde-chelate complexes have 

been reported which show tissue selectivity, making them potentially valuable 

for diagnostic applications (11,12). In their investigations, Kim et al. (10) 

studied various macrocyclic aminocarboxylates and demonstrated that a 

cationic samarium (Sm) complex showed unusually high selectivity for bone 

tissue. Neutral and anionic complexes In this series where found to exhibit 

renal clearance similar to previous reports dealing with biodistribution of 

stable lanthanide complexes (10). In addition, Geraldes et al. (15) have 

demonstrated that related macrocyclic gadolinium chelate complexes can be 

specifically delivered to the gastrointestinal tract through modifications to the 

aliphatic character of the organic chelating agent. The Gd complexes have 

proven to be useful as contrast enhancement agents for magnetic resonance 

Imaging. Therefore, It has been shown that, by carefully modifying the 

structural features of the chelate (charge and lipophilicity), one can fine tune 

the selectivity of the chelate to achieve tissue specificity. 

In the work presented here, it is shown that macrocyclic terbium 

chelate complexes possessing the pyridine moiety can be used as tissue-

selective imaging agents for fluorescence spectroscopy. In contrast to other 



fluorescent complexes that are readily quenched in aqueous media, the 

spectral properties of these molecules are excellent in water, making them 

well suited for animal in vivo imaging applications. Furthermore, chelating 

agents derived from this family of macrocyclic ligands are among the most 

thermodynamically and kinetically stable lanthanide complexes known 

(14,16). This feature is particularly critical in biological studies where the 

metal ion toxicity is of major Importance. 

To use molecular probes in quantitative physiological studies such as 

fluid flow dynamics or drug distribution imaging, it is necessary to correlate 

the quantity of the probe molecule with spectroscopic response. In general, 

this knowledge will allow the quantity of the probe molecule to be determined 

in vivo as a function of time or position, thereby yielding quantitative 

information in dynamic physiological process analysis. For example, fluid flux 

across tissue boundary, such as drug perfusion through a biological 

membrane, may be calculated by observing change in a spectroscopic 

response that correlates to the quantity of the probe molecule in the moving 

fluid or region. This information would be valuable in identifying effective 

drug distribution strategies. 

Investigations aimed at determining spectroscopic characteristics 

(molar absorptivity and quantum efficiency) of three lanthanide chelate 

complexes posses unique spectral properties and tissue site-selectivity. Site-

selective compounds selectively partition toward specific tissue types or sites 

10 



when introduced into the blood stream. The chelating agents are derived 

from 3,6,9-tris(methylene phosphonic acid n-buty ester)-3,6,9,15-tetraaza-

bicydo[9.3.1]pentadeca-1(15), 11,13-triene (PCTMB), 3,6,9-tris(methylene 

phosphonic acid)-3,6,9,15-tetraaza-bicyclo[9.3.1 ]pentadeca-1 (15), 11,13-

triene (PCTMB) and N,N'-bls(methylene phosophonic acid)-2,11-diaza[3.3]-

(2,6)pyridinophane(BP2P). The structures for these complexes are shown in 

Figure 2.1 

Common to all three molecules, the terbium (III) cation is positioned at 

an apical position above the 12 member macrocyde and held in place 

through ionic coordination with phosphonic acid chelating groups. It is this 

unique combination of functionalized nitrogen positions and chelating groups 

that lead to different tissue selectivity upon chemical modification. These 

complexes are well suited as fluorescent markers In biological analysis since 

they absorb light in the UV (-270 nm) and emit light in the visible region 

(-550 nm). This radiative emission in the visible region Is 280 nm wide and is 

far from the native autofluorescence (17-19) of most biological matrices 

exdted with UV light. This leads to an Inherent signal-to-noise (S/N) 

advantage. 

11 



The aqueous-phase spectroscopic properties and rat tissue 

biodistribution for Tb-PCTMB, Tb-PCTMP and Tb-BP2P have been 

determined. Quantitative investigations reported here include the 

determination of the molar absorptivity and fluorescence quantum efficiency 

for each complex. These values are critical toward defining the utility of the 

complexes as imaging and fluid transport probes. 

The combination of tissue selectivity and a significant fluorescence 

Stoke's shift in an aqueous environment is unique. It is believed that these 

complexes can be employed as spectroscopic probes for imaging specific 

tissue sites such as the small intestine and for future investigations of fluid 

transport In tumors (20). 

Experimental 

Spectrochemical Analysis 

The absorption spectra were scanned from 220 nm to 320 nm and 

recorded on a Shimadzu 265 UV-VIs spectrophotometer at ambient room 

temperature (recorded to be 23-25 °C). All Instrument slit widths were set at 

1 mm and the sample was held in a standard 10 mm quartz cuvette. An on

board computer in the Instrument employs a peak find algorithm to identify 

the maximum relative signal and the corresponding wavelength throughout 

12 



the analysis and was used to determine the maximum absorbance 

wavelength used in the fluorescence Investigations and for the calculation of 

the molar absorption coefficient, s. The absorbance spectra for each of the 

complexes were established by scanning a solution that produced an 

absorbance of less than 1.0 AU (allowing calibration plots to be constructed 

within the linear range of the instrument and the Beer-Lambert relationship) 

from 220 nm to 320 nm. The maximum absorbance wavelength values were 

further confirmed by step scanning the excitation wavelength while monitoring 

the resultant fluorescence signal. 

The emission spectra were acquired with an SLM Amino 4800C 

fluorometer also operating at room temperature (23-25 °C). A standard 10 

mm quartz cuvette was used for all studies and the fluorescence was 

collected 90° to the angle of incident radiation. The excitation and emission 

slit widths were set to 4 mm. The software controlling the Aminco 4800C 

fluorometer allows raw spectra to be corrected for fluctuations in the 

excitation source by a background subtraction algorithm and also allows the 

spectra to be Integrated with user-selectable Integration limits. Corrected 

spectra were used for all quantum efficiency analysis. The user normalizes 

corrected spectra against source fluctuations, an option selectable in the SLM 

4800. 

13 



Refractive index values are needed in the determination of relative 

fluorescence quantum yields and were measured with a Bausch & Lomb 

refractive Index instrument (Cat. No. 33-45-58). The refractive index 

measurements were taken at 25°C. 

All chemicals were reagent grade. The Rhodamlne 6G solid was 

obtained from Aldrich (purity -99% suitable for laser grade, lot no. 8329KL) 

and dissolved in ethanol (AAPER Chemical Co., 200 proof) to produce a 

solution concentration of 1.07x10'̂  M. The Rhodamlne 19 solid was obtained 

from ACROS (laser grade, lot no. 88A) and dissolved in a basic ethanol 

solvent. The basic ethanol solution was prepared by dissolving 0.112 g. 

NaOH (EM Sdentlfic, 97%) in 25.00 mL of EtOH. The concentration of 

Rhodamlne 19 was 1.47x10"® M and the solution was red to litmus paper. 

Both Rhodamlne dye solutions were allowed to equilibrate with the 

ambient atmosphere for approximately 20-30 minutes to correspond with 

established methodology in determining quantum efficiency values (21-23). 

Although all solutions were analyzed shortly after preparation, the Rhodamlne 

19 solution In basic ethanol was found to become cloudy over a period of one 

to two days, probably due to ambient CO2 absorption into the basic solution. 

The Rhodamlne 6G solution In ethanol remained visually unchanged 

throughout the duration of the study. Because of the uncertainty of solution 

stability, all solutions were prepared fresh before use. 

14 



Sample Preparation 

Synthetic methods for preparing the lanthanlde-chelate complexes 

may be found elsewhere (23-25). The compounds were assumed to be 

100% pure for calculating the solution concentrations. They are white solids 

at room temperature and are readily soluble in water at Img/mL. Stock 

solutions were made by dissolving the solid in deionized water first 

equilibrated with the atmosphere for at least 24 hours. The stock solutions of 

each compound were diluted to make four additional solutions for use as 

standards in determining the molar absorptivity. The respective stock 

concentrations of each terbium complex, Tb-PCTMP, Tb-PCTMB and Tb-

BP2P were 2.87x10"^ M, 2.20x10"^ M and 9.95x10"* M. These solutions were 

subsequently used for standards in determining the molar absorbtivity. 

Results and Discussion 

Standard linear regression procedures were used to construct 

calibration plots of absorbance versus concentration for each of the three 

complexes. The plots are linear over three concentration decades and have 

correlation coeffidents ranging from 0.999 to 0.998. The slopes of the 

response plots are computed from a linear least-squares fit and are used to 

determine e tabulated in Table 2.1. 

15 



The terbium complex absorbance In the ultraviolet region is believed to 

be 7t-bond excitation In the organic portion of the ligand. The excitation 

manifold has been previously attributed to the So -^ Si transition In similar 

lanthanide complexes (4), for many years termed "Intra-molecular energy 

transport" (25,26) and is likely to be the predominant radiative relaxation 

pathway in the complex. Tb-PCTMB and Tb-PCTMP exhibit a single 

absorbance maximum at 270 nm while Tb-BP2P exhibits a doublet with 

peaks occurring at 265 and 259 nm. Representative absorbance spectra for 

the terbium compounds are Illustrated in Figures 2.2 and 2.3. Molar 

absorbtivity values for the polyazamacrocycllc complexes are found to be in 

the range of 2200 to 3400 L»mole"̂ «cm'̂  and are comparable to molecules 

with a similar structure such as substituted pyridines (27). Typical pyridines 

exhibit s values on the order of 1200 to 8000 L»mole"̂ «cm'̂  in cydohexane 

and hexane. 

The ultimate goal of our work is to employ lanthanide complexes as 

tissue site-selective markers in cancer diagnosis and for quantitative 

evaluation of flow in tissue matrices. In fluorescence imaging, adequate 

intensity is necessary to see the site of interest. Further, quantitative 

spectroscopy requires an understanding of fluorescence efficiency; it Is 

therefore critical to determine the quantum yield for a candidate probe 

molecule. 

16 



It is believed that the spectroscopy of the lanthanide complexes 

studied here correspond to that of other similar lanthanide complexes. 

Following the Initial absorbance and excitation of the ligand from So to Si, 

there is an energy transfer from the lowest level of Si in the pyridine ring to a 

triplet state. Energy transfer from the triplet state in the ligand to the 4f 

energy level In the lanthanide ion Is thought to result in a radiative transition 

producing the characteristic narrow-line emission spectra typical of the ion 

(2,25,26). Of the several lanthanide complexes believed to undergo this 

energy transfer process, the Tb(lll)-chelate complexes have been identified 

as strong emitters (2), since the excited energy level of the ligand closely 

matches the excited energy level of the metal cation. Close energy matching 

is important for high energy transfer efficiency. Representative emission 

spectra for a typical Tb-chelate complex are shown in Figure 2.4. 

The procedure employed here for determining quantum efficiency 

parallels established techniques (21,22) and provides a relative measure of 

the efficiency of photon energy transfer into the radiative manifold leading to 

fluorescence. The quantum efficiency, O, for the lanthanide complexes is 

determined by: 

17 



K^rJ 

(1-10-°^-
(1-10-°^^ 

(2.1) 

Where D is the integrated area of the corrected fluorescence curve in 

arbitrary units, TI is the refractive index and OD is the optical density in 

absorbance units. The subscripts s and r refer to the sample and reference, 

respectively. This equation has been useful for quantum effldency 

determinations where accuracy within 10% of literature values is acceptable 

(21). 

Two standards are employed In the quantum yield determination, 

Rhodamlne 19 (Rh-19) with a well known quantum efficiency, <D=0.95 and 

Rhodamlne 6G (Rh-6G), 0=0.95. To determine the suitability of the above 

equation and the experimental methodology, Rh-19 was measured against 

Rh-6G. A second standardization was then performed by measuring Rh-6G 

against Rh-19. In each calculation, the accepted literature values for Or were 

used. The experimental values of O for both Rhodamlne compounds are 

tabulated in Table 2.2 and are found to be within 7.4% of literature values. 

As an example, O for Rh-19 was found to be 0.89 when R-6G was used as 

the reference dye. This is 92.6% or the accepted value 0.95 for R-19. Thus, 
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this experimental configuration can provide a quantum efficiency value within 

about 8% of the actual value. 

Values of O for the terbium chelate complexes are summarized in 

Table 2.2, as are the physical constants that were used to compute them. 

The quantum efficiency values for the three terbium compounds are 

determined at the strongest emission peak, 550 nm. Duplicate analyses are 

performed on each of the chelates and with each of the Rhodamlne 

reference standards. As demonstrated in Table 2.2, quantum efficiency 

values for an individual terbium complex are reproducible from within 0.03 

units with either Rh-19 or Rh-6G used as the reference. 
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Table 2.1. Molar absorptivity and respective regression coefficients. 

Compound 
Tb-PCTMP 
Tb-PCTMB 
Tb-BP2P 

Molar Absorptivity 
(Lmole-1 

2513 
3424 
3281 
2210 

cm-1) 
^excitation 

270 
270 
265 
259 

(nm) Regression Coefficient 

1.00 
0.999 
0.999 
0.998 

Table 2.2. Quantum efficiency values and the physical parameters used to determine 
them. 

Compound 

Rhodamlne 19 
Rhodamine 6G 
Tb-PCTMP 
Tb-PCTMB 
Tb-BP2P 
D=265 
Tb-BP2P 
n=259 

Cone, M 
(xlQ-̂ ) 

1.47 
1.07 
3.99 
2.88 
2.16 

2.15 

OD 
0.181 
0.121 
0.010 
0.0097 
0.0071 

0.0047 

D 

660.8 
505.4 
10.6 
24.3 
13.6 

9.67 

Tl 

1.3612 
1.3600 
1.3318 
1.3318 
1.3318 

1.3318 

<I>iit' 

0.95 
0.95 

— 

— 

— 

— 

Oexp' 

— 

1.018 
0.22 
0.51 
0.42 

0.44 

Oexp' 

0.89 
— 

0.21 
0.48 
0.40 

0.41 
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Figure 2.1. Molecular Structures for the Tb Chelate Complexes 
employed in this study. 
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Figure 2.2. A typical absorbance spectrum for Tb-PCTMB. 
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Figure 2.3. A typical absorbance spectrum for Tb-BP2P. 
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Figure 2.4. A typical emission spectra for a Tb-chelate complex. 
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CHAPTER 111 

REMOTE SEMIQUANTITATIVE TWO-DIMENSIONAL 

FLOW TRANSPORT IMAGING USING 

MICRO-ENDOSCOPIC PROBES 

introduction 

There are many applications where there is a need to obtain a 

quantitative measure of solute transport remotely. For example there exists a 

need to quantitatively define the physiochemical characteristics of tissue and 

to further define solute transport mechanisms in situ (1-3). Therefore, 

imaging should be performed, preferably in real or near-real time, so that the 

interrogation site remains in the native environment under normal 

physiological conditions. Remote, minimally invasive imaging investigations 

can easily be accomplished with micro-endoscopy, thus allowing solute 

transport investigations to be made in situ and in vivo. This chapter 

discusses a simple optical train, based on micro-endoscopy, that allowed 

remote and quantitative transport investigations of an optically absorbing dye 

through a thin, porous paper substrate. 

One particular application for remote imaging is the quantitative study 

of fluid transported therapy. In order for fluid born drugs to be effective, the 

27 



pharmaceutical solute must be effectively delivered to the diseased tissue 

site. For example in cancer therapy, the solute must pass through the 

vasculature region in the outer part of the tumor and into the semi-inner 

necrotic tumor tissue for effective treatment (4). Solid tumors do not have 

lymphatic systems as do most other normal tissues (5). This deficiency 

allows interstitial pressure in a solid tumor to become quite high, thus limiting 

the forces that normally cause fluid and solutes to move from the capillaries 

through the tissue. The result is significantly altered or hindered delivery of 

tumor killing drugs to the tissue. Previous techniques aimed toward the study 

of flow dynamics and drug perfusion in diseased tissues have required tissue 

isolation (6), used off line analysis (7) or have required sample preparations 

that can only record results under artificial conditions (8). Clearly, a remote, 

quantitative imaging modality such as micro-endoscopy would allow direct 

and visual evaluation of anti-tumor therapeutics or probes. 

The use of fiber optics has shown promise of measuring in situ 

transport. For example, Goldstein and co-workers (9) have demonstrated 

that multiple fiber optic probes can be used in the investigation of solute 

transport of a fluorescence dye in tissues by implantation. Yet, in order to 

obtain reasonable spatial resolution they found the need to use an array of 

individual sensors and then combine the responses of each sensor to 

generate a transport map. These investigations, using fluorescent probes 
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and fiber optics, are however limited by the necessity to implant many probes 

into the subject or tissue to be investigated. 

Multidimensional imaging techniques that seem to be most suited to 

facilitate non-perturbing, in vivo studies are based on endoscopic 

visualization. Although various groups have employed fiber optic endoscopes 

to perform minimally invasive in situ diagnostic investigations of tissues (10-

13), the focus has been primarily on detection of dysplasia or carcinoma, not 

on remote or quantitative evaluation of solute transport in these matrices. 

To this end a flexible microscope has been configured and evaluated 

for the application of remote, transport imaging. This simple device, 

consisting of an endoscope, an objective lens, a camera and imaging 

processing software, can be used to perform remote time-sequenced, 

quantitative transport imaging and to access the tissue site in vivo. Results 

presented here show that this system has moderate resolution (45 LP/mm) 

employing micro-endoscopes, constructed in-house (12,14). The scopes are 

made from imaging conduits that have 3,000 or 6,000 optical fibers, micro-

lens sets or GRIN imaging lenses and an assembly of illumination fibers. The 

catheter that contains the scope is flexible, has a guide wire lumen and in 

some cases a balloon at the tip. Finished scopes have outer diameters 

ranging from 1.5 mm to 2.5 mm. The system can provide high resolution 
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(<15 mm) and quantitative maps for a time dependent process, such as the 

movement of a marker dye through a tissue-like model matrix. 

Presented here is a quantitative, remote observation of a rapid marker 

dye transport process (complete in 10 seconds). The resulting transport 

maps (two dimensions of position and solute concentration) provide 

quantitative information regarding diffusion and convection for a solute in a 

porous, fibrous substrate. The potential to provide a methodology for in vivo 

monitoring of anticancer drug movement through tumor tissue, minimally 

invasively will be discussed. 

While significant progress has been made in defining transport 

mechanisms for solid mass tumors (1), the microscopic or molecular factors 

that affect movement of anticancer drugs through tumor tissue have not been 

clearly defined (2,4). This is probably due to the fact that in vivo biological 

matrices tend to be exceedingly complex and not easily amendable toward 

rigorous modeling. Therefore, this chapter will also qualitatively discuss 

aspects of solute transport, rooted in classical separation science, as they 

may be applicable to transport in tissue and tissue-like matrices. 
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Experimental 

Instrumental Configuration 

The optical system for the flexible microscope is depicted in the block 

diagram presented in Figure 3.1. Excitation light was produced by an IR 

filtered, 150W Xe discharge lamp (ILC Technology, cat # R150-9) directed 

either onto the backside of a resolution target or into an internal illumination 

bundle contained in the endoscope via a light guide. The illumination bundle 

has multiple fibers that are 5 \xm in diameter. Images collected by the micro-

endoscope were transferred to a ten-power (10X) microscope objective 

(Newport, M-10X) having a working distance of 6.0 mm and a numerical 

aperture of 0.25. The magnified image was directed onto an industrial-grade 

color CCD camera (Panasonic, GP-KS152). This CCD image sensor is 

compact and has 682(H) X 492(V) pixels with 430 lines of horizontal 

resolution. The real time signal from the CCD was looped through a video 

cassette recorder and then sent to a high resolution color monitor (Sony, 

Japan) for visual display. 

Flexible micro-endoscopes, have been constructed in house as 

described previously (12,14). Normally, conduits that are 0.35 mm O.D. 

containing 3,000 to 6,000 individual optical fibers (pixels) are affixed with 

either 0.35 mm diameter GRIN lenses (NSG, New York) or 0.35 mm diameter 

glass lens sets (Citation Medical, Reno NV) using UV curable optical 
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adhesive. These assemblies are drawn into a multi-lumen catheter extruded 

from polyethylene and then surrounded by many illumination fibers. The 

assembly is finished with epoxy and the working ends are terminated, cut, 

ground and polished. The resulting assemblies are complete imaging 

endoscopes that have working lumens and range in diameter from 1.5 mm to 

2.5 mm in outer diameter. Physical specifications for the micro-endoscopes 

employed in this study are listed in Table 3.1. 

Experimental Configuration 

All transport processes were collected remotely using the micro-

endoscope. For remote analysis the CCD detector was approximately 1.5 

meters removed from the sample substrate. The tissue-like model substrate, 

described below, was illuminated directly by the endoscope through the 

internal illumination fiber assembly. Collected light is that which was 

reflected from the sample. As shown in the graphical illustration in Figure 

3.2, the scope was positioned so that the marker dye spot was smaller than 

the scope field of view (FOV). Additionally, the viewing position of the scope 

was selected so that during the dye transport process the marker dye never 

crossed out of the viewing boundary of the imaging system (FOV for the 

scope or active area of the CCD sensor), thus allowing the complete 

transport process to be recorded. 
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All time event images were recorded onto a video cassette for 

subsequent digitization (Global Lab Image, Data Translations, ver. 2.0) and 

quantitative evaluation (Matlab for Windows, The Mathworks Inc., ver. 4.2C). 

A still frame was acquired from the recording and digitized as a 256 gray 

scale image. The image was processed as a mathematical matrix wherein 

each element of the matrix has a gray scale value, ranging from zero (dark 

regions) to 255 (light regions), corresponding to the intensity of light incident 

on each CCD pixel. Collectively, the array of elements maintains the spatial 

integrity of the original image and represents a quantitative, three 

dimensional (intensity vs. two degrees of positional freedom) reconstruction 

of the original image. The gray scale value at each CCD (image plane) pixel 

was found to be directly proportional to the intensity of light incident on each 

substrate (object plane) pixel. 

The substrate employed was standard analytical filter paper (Scientific 

Products, F2402). It has irregular regions of tightly woven fibrous material 

and interstitial regions of empty space with an average pore size of 

approximately 10 }im. In addition, the woven cellulose fibers provide an 

excellent absorbing matrix for the EBT solute (which is hydrophobic), and the 

interstitial space acts to promote capillary action. Samples of ten pieces of 

substrate, randomly taken from the container, were measured using high 

precision calipers. The average thickness was found to be 0.006 inches and 
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was constant within the error of the calipers (0.001 inch). The sample matrix 

was not treated prior to application of the dye solution. During the analysis, it 

was always placed flat on a mounting block that was attached to the optical 

bench. There was no observed flow between the block and the substrate. 

Resolution Measurements 

A USAF resolution target (Newport, RES-2) was employed in 

resolution measurements for the micro-endoscopes. Uniform back 

illumination of the resolution target was accomplished by passing the light 

through a diffuser of in-house construction. The light diffuser was produced 

by bead blasting both surfaces of a standard glass microscope slide, thus 

ensuring a well frosted optic producing a highly scattering surface with a 

milky-white appearance. The measurements were taken by placing the 

micro-endoscope tip 2mm from the target surface. This distance produced 

the best in-focus image and was the same distance employed in the 

calibration and flow studies. As described by others (12, 13), the depth of 

field of a micro-endoscope is somewhat soft and critically dependent on the 

type of imaging optics employed. Here we simply found the best in-focus 

image and employ that configuration throughout. The smallest line pair group 

and element set that was resolved in this fashion was taken as the functional 

limiting resolution of the instrument. 
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Solution Preparation 

A standard stock solution of Eriochrome Black T (EBT) dye was 

prepared by dissolving 0.01932 g of the dyestuff (Aldrich Chemical Co., 

54.4% pure by Nitrogen elemental analysis for lot # 04301TG) in a solvent 

containing 25 ml triethanolamine (Fisher Scientific, 99.1% pure, lot # 902170) 

and 75 ml EtOH (AAPER Chemical Co., 200 proof, lot # 941280A) (15). The 

resulting concentration of the stock EBT solution was 0.186 M. Using the 

same solvent as in the original stock solution preparation, a 1/10 and 1/5 

dilution of the standard EBT stock solution was carried out using a high 

precision automatic pipette (Ranin Instrument Co.) and volumetric flasks. 

The concentrations of the subsequent standard EBT solutions were 0.815 M, 

0.407 M and 0.0815 M. The unknown solution used for the transport 

investigation was prepared by dissolving approximately 0.2 g of the EBT 

dyestuff in a 150 ml volume of the same solvent as used for the standards. 

EBT solutions prepared under these conditions are known to be stable for 

several months (15). 
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Solute Calibration Methodology 

It was assumed that the light striking the substrate and sample that 

was reflected by the substrate and sample was diffuse reflectance since the 

substrate surface was rough. The resultant gray scale value measured was 

directly proportional to the absorbance of the substrate or the amount of 

solute contained in the matrix. This assumption was based on Beer's Law, 

where absorbance is directly proportional to the quantity of absorbing species 

present. Any light that was not absorbed by the dye was reflected back into 

the collection optics of the instrument. It was also assumed that all of the 

signal observed at the CCD emanated from this matrix. In general, dark 

regions at the CCD image plane are areas where little light was reflected 

(high absorbance) and therefore correspond to regions where an absorbing 

species is present. The high intensity regions (large gray scale values) 

detected by the CCD correspond to regions with significant levels of reflected 

light, so these areas are absent of or have a lower concentration of absorbing 

species. 

Standard EBT dye solutions were applied to the dry, untreated 

substrate in 0.1 ml aliquots using a high precision autopipette. As in the fluid 

transport experiments, the scope position was fixed, the light intensity held 

constant and the entire spot was imaged within the field of view of the micro-

endoscope. Employing commercial image processing software (Adobe 
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PhotoShop, ver 2.5), the absorbing region of the image corresponding to the 

dye sample was selected for solute quantitation, while a region of the 

substrate adjacent to the solute zone provided a gray scale value for the 

blank. 

Fluid Transport 

Time dependent fluid transport experiments were accomplished by 

spotting a small volume (1 ^L +/- 0.025 fiL accuracy with 0.012 ^L precision) 

of a dye solution of unknown concentration onto the substrate. This was 

accomplished using a small glass fiber and yielded a sample spot size 

approximately 0.4 mm^, or roughly 1/3 the entire field of view for the micro-

endoscope. Approximately one milliliter of deionized water was then applied 

with an automatic pipette to the substrate within two millimeters of the sample 

spot. The cartoon, shown in Figure 3.2, depicting the experiment indicates 

that the transport boundary for the carrier fluid was approximately parallel or 

flat with respect to the dye spot. As discussed below and with reference to 

Figure 3.2, convective flow was assumed to occur primarily in the horizontal 

direction (as indicated by arrows, the same direction the water front travels). 

Convective transport of the EBT was caused by dissolution of the dye in the 

transport fluid and the subsequent movement of the mixture by external 

forces including substrate capillary action. Fluid flow directed perpendicular 

37 



to the horizontal axis or in other directions would be driven by a concentration 

gradient or diffusion. Because the substrate thickness is approximately 1% of 

the total viewing area that transport took place, only transport in the plane of 

the substrate was considered. 

Results and Discussion 

Flexible Microscope Resolution and Field of View 

The resolution and field of view for the instrument was determined 

using four different micro-endoscopes in the optical train. Results of these 

investigations are presented in Table 3.1. The resolution target consists of 

groups and elements (lines) that are a known width, length and distance 

apart. The lines on the target are made from a black emulsion deposited 

onto a white positive background (clear glass). 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 is 

passed through a diffuser of in-house construction. The distance of the 

scope tip from the target is chosen so that the best in-focus image is 

produced. 

A practical and simplified approach to define optical performance of 

the imaging system may be employed for an object that has a square wave 
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brightness pattern, such as a USAF resolution target Contrast modulation is 

determined from the complimentary image illumination distribution pattern 

that is produced by illuminating the object. The resulting illumination 

distribution pattern is distorted or rounded off due to characteristics of the 

optical system (16). A schematic representation of this phenomena Is 

illustrated in Figure 3.3. 

The contrast may be expressed in terms of modulation, M, by the 

following 

max-min ,^ ^, 
M = (3.1) 

max+min 

where max. and min. refers 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 decreasing curve often referred to as the aerial image 

modulation (AIM) curve (16). As the frequency of the lines in the target 

increases, the 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 the limiting resolution of the system. In the present work, 

several line pairs of various frequencies are sampled and their M values are 

plotted as a function of the line frequency. The resolution values ranged from 
14.3 to 45.0 LP/mm. 

The 1951 USAF Resolution Target was also employed for the field of 

view measurements. Mathematical relationships for the length and spacing 
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of lines in the target may be found with the accompanying product literature 

(Newport Inc. catalog). Using these relationships below, one can determine 

the size of object that is resolvable and the field of view imaged. The line 

width on the resolution target is given by 

LW = - 7 ^ (3.2) 
2(LP) ^ ' 

where LP is the resolution in line pairs/mm. Once the resolution and line 

width is determined, the field of view is determined for each endoscope by 

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

diameter of the viewing zone. The length, L (mm), of a given line on the 

resolution target is given by 

L = 5x(LW) (3.3) 

And the diameter of a circular image that spans L (the length of a line) will 

have a field of view represented by the viewing area, A (mm2), given by 

(3.4) 
v^y 

The micro-endoscopic system reported here facilitates FOV's from 1.6 

mm^ to 17.7 mm^ with individual objects resolvable from 22.1 |im to 11.0 ^m. 

Large, single cells could therefore be resolved with a flexible microscope 

40 



configured with a micro-endoscope. This resolving power is sufficient for the 

studies detailed here since the marker dye covers a region considerably 

larger than the smallest resolvable zone and is comparable to an individual 

CCD pixel. It is also necessary that the total field encompass the entire 

transport process, without repositioning the endoscope. This criteria has also 

been meet with the system described here. One advantage with the current 

instrument is that it facilitates the non-invasive quantitation of the transport 

process under constant light intensity and at fixed magnification for both the 

standards and the unknown. 

With the current methodology, resolution is substantially reduced 

(-50%) when the image was digitized and recreated from the VHS tape 

recording. Resolution degradation is a consequence of low fidelity typical of 

VHS tape and the image transfer process, which requires the tape to be 

frozen when the still frame was acquired. 

Solute Calibration 

Samples for the calibration plot were obtained by acquiring an image 

from a still frame of each EBT solute standard. A 20,000 pixel region from 

each of the standard images was sampled to determine the average gray 

scale value in the solute containing region. A calibration plot was constructed 

from the standards by plotting the gray scale values (74, 93 and 155) versus 

the concentration of dye applied to the substrate (0.815, 0.407 and 0.0815 M 
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solutions). This plot was found to be linear with an r̂  value of 0.998. Using 

the linear relationship between gray scale values and EBT concentration and 

the time-sequenced flow transport images, the EBT concentration at a 

specific position (at any pixel) and a particular time for the unknown may be 

computed. 

The blank determination was found by sampling various regions on 

each 10 substrate pieces, it was found that the blank produces an average 

intensity value of 238.3 with a standard deviation of 1.81. Water decreases 

this value by about 30%. 

Marker Dye Transport 

This transport process is essentially the paper chromatography 

experiment where the driving force pushing the water through the filter paper 

substrate is capillarity, the tendency of wetting fluids to migrate by a wicking 

action into empty or pore space (21). In the simplest case where one 

assumes that all of the pores in the paper are the same size and can be 

treated as independent (non-connecting) capillaries, then the capillary 

pressure gradient, Ap, across the paper is given by 

Ap = ^ (3.5) 
r 
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where y is the surface tension and r is the radius of curvature of the liquid 

meniscus advancing into the capillary surface (21). It can be further shown 

that for flow in capillaries, the average velocity, (v), of capillarity is 

(v) = i ^ (3.6) 

where re is the radius of curvature of the liquid that has a contact angle, 0. 

with the capillary wall (21). The value Xf is the length of the capillary and ri is 

the viscosity of the moving fluid. An interesting result of equation 3.6 is that 

as the moving fluid fills the capillary, the average fluid velocity decreases, 

indicating that the fluid velocity in paper chromatography is never constant. 

The employed experimental configuration was composed of two 

sparingly miscible liquids. Triethanolamine is hydrophobic and observably 

more viscous than water. No fluid movement was observed when the EBT 

dissolved in triethanolamine/ethanol was placed on the filter paper substrate, 

indicating that the triethanolamine/ethanol solution does not exhibit 

measurable capillarity. 

EBT transport was evaluated at four representative periods during the 

process. The digitized time-sequenced still frames recorded are illustrated in 

Figures 3.4-3.7. False color contour plots are also shown in these figures 

that use a false color representation corresponding to ranges of gray scale 

values. For example, gray scale values within the range of 214-255 are 

colored green and represent low absorbance or high reflectance. These 
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regions represent low concentrations of EBT. In contrast, low gray scale 

values are white or yellow which correspond to high concentrations of EBT. 

Further quantitative information can be gained from these data sets. By first 

establishing a coordinate set, the transport can be evaluated along planes. 

This coordinate system has the origin (pixel position x=0 and y=0) in the 

lower left corner of the image. Therefore, the pixel in the upper right corner 

of the image has coordinates of (255, 255). The entire image contains 256 x 

256 pixels. Figure 3.4 illustrates the Cartesian coordinate system employed 

in all of the Figures. 

While previous transport studies in tissues have utilized various 

biological structures such as capillary walls as a reference for determining 

flow or distribution of a target molecule (4, 17-20), presently the reference 

point for measuring fluid transport is arbitrary and can be selected as needed. 

The goal has been to differentiate EBT dye transport that is facilitated by the 

capillary pressure of water moving through the matrix from transport by 

random diffusion driven concentration gradients. As a first approximation, it 

was assumed the diffusive contribution to dye transport was small during bulk 

transport caused by the carrier fluid and that pure capillary pressure driven 

transport occurred only along the axis (parallel to the arrows shown in Figure 

3.2 and along the horizontal lines in Figure 3.4. With reference to Figure 3.5, 

this approximation was validated because the water frontal line is clearly 

observed to be essentially flat with respect to the dye. Thus, the majority of 
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EBT transport perpendicular to the direction of water flow would be caused by 

concentration gradients and as such diffusive. 

Solute transport was interrogated by sampling the image in narrow 

regions (6 ^m) that span either the convective (horizontal) direction or the 

diffusive (vertical) direction. These regions are indicated as lines, drawn in 

Figures 3.4-3.7 with respect to the EBT dye spot centroid, illustrating the 

regions used to study flow. These regions have a variable length that is 

defined by the marker dye spot size. In the case of vertical flow (diffusion), 

two separate regions (lines) were chosen to quantify transport. Since 

convection occurs horizontally, the horizontal lines are referred to as the 

convective axis and similarly, the vertical lines are referred to as the diffusive 

axis. Thus, the lines shown are superimposed onto the actual images 

presented in Figures 3.4-3.7 and illustrate the convective axis and diffusive 

axes sampled to quantify EBT concentration and transport distance. Only 

one diffusive axis was sampled prior to transport in Figure 3.4 because no 

dye was present in the second diffusive region in this frame. 

Recall that the image has x and y coordinates where (0,0) corresponds 

to the lower left corner. Using this notation, the convective axis is chosen as 

y = 125 since this axis represents the center of the spot. The diffusive axes 

are located 50 and 103 pixels from the spot centroid. For the first frame (t = 

0) the spot centroid is located at x = 180 and for subsequent frames (t > 0), 

the centroid is shifted along the convective axis and is located at x = 150. 
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Several pixel rows neighboring the centroid lines (diffusive and convective) 

were sampled to insure appreciable marker dye is present (gray scale value 

corresponding to S/N greater than 2 a of the noise, where a is the standard 

deviation of the noise signal) and a transport length was assigned. The 

values for transport length along both axes at various times are tabulated in 

Table 3.2. The region lengths in Table 3.2 were easily determined knowing 

the number of image pixels spanning the field of view (nfov), the number of 

pixels in the sampling region (ns) and the actual diameter of the field of view 

(dfov). The length of the sampling region, Ls, is given by 

Ls = dfov (3-6) 

Next, the quantity of EBT along the transport axes for each time-

sequenced image was determined by finding the average gray scale value 

from a histogram analysis for the region of interest. These values were 

directly proportional to the amount of solute present due to the absorbance of 

the marker dye contained in this region. Using the calibration values for the 

known EBT solutions and their respective gray scale values, the EBT 

concentration values for the unknown solutions were determined. The 

A P 

change in average EBT concentration with respect to time, — , or position, 

AC 

Ax 
, was computed using the following expression 
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AC 

At 

AC 

_ C 2 - C , 

t2-t , 

_C2-C, 

(3.7a) 

(3.7b) 
Ax X2 - X, 

where Ci and C2 are the average concentrations along a chosen transport 

axis for a given time-sequenced image. For example, Ci would represent the 

value obtained at t = 0, or for the first image collected. Table 3.3 presents the 

calculated values for AC, A t and A x for convective transport, while Table 3.4 

and 3.5 contain the values for the two diffusive axes (at 330 ^m and 670 nm 

from the centroid). A sign convention was employed such that when — < 0 
At 

the time dependent concentration decreases along the sample axis and when 

AC 
— > 0 the EBT concentration increases along the sample axis as a function 

of time. The results of these quantitative analyses are depicted graphically in 

Figures 3.8 and 3.9, which show transport (solute amount) as a function of 

time and position along the convective and diffusive axis, respectively. 

The three-dimensional representation in Figure 3.8 illustrates several 

features of the system studied. First, a moderate decrease in EBT 

concentration is observed early in the experiment (from t = 0 to t = 2.81 

seconds), followed be sharp decrease during the period between t = 2.8 to t = 

4.22 seconds, as would be expected due to dilution and transport. This type 

of response indicates a dye transport phenomena primarily influenced by 
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capillary action of the water because these time periods correspond well with 

the appearance of the water frontal boundary. The second observation is 

that there is a non-uniform concentration distribution across the spot that is 

most noticeable in the region between t = 2.8 and 4.22 seconds. This 

concentration gradient is not surprising since the dye solution is not miscible 

with water and so only a fraction of the EBT dye solution partitions into the 

flowing water and is transported. As a consequence of this concentration 

non-uniformity and the presence of water entrained in the paper matrix, there 

is a diffusion process that is observable at later times (t=9.8 seconds). This 

can be seen more clearly by taking a single slice along the central region of 

the convective axis, shown in Figure 3.9 and comparing the solute 

concentration at t = 4.22 seconds and t = 9.84 seconds. It is postulated that 

the observed increase in concentration into this region at t=9.8 seconds, is 

attributed to solute diffusion through the wet paper substrate due to the 

concentration gradient resulting from the initial non-uniform starting sample. 

With further reference to Figure 3.8, this plot then represents the quantitation 

of two transport processes within a 10 second time frame. Convection is 

thought to be the dominant transport mechanism during the first sampling 

period (t = 0 seconds to t = 2.8 seconds). As the bulk fluid transports along 

the convective axis decays, transition to a combined mechanism is observed 

from the period for the second data set (Figure 3.5 to Figure 3.6). During the 

time period between t = 2.81 and t = 4.22 seconds it is difficult to distinguish 

48 



convection from diffusion. Yet, at time values greater than about 3.5 

seconds diffusion in all axes, including the x axis, dominates the transport 

process. Quantitatively, the derivative of concentration flux later in the 

transport process (diffusion during the ending 6 seconds), is 2 % of that for 

early in the transport process (convective during the first 5 seconds) 

indicating the contribution from diffusion to total fluid transport in the 

convective axis is small. 

Transport responses along the diffusive axes are plotted in 3-D in 

Figure 3.9 and as a line plot at a position 330 ^m from the centroid in Figure 

3.11. As expected in a concentration gradient controlled diffusion process, 

the average EBT concentration decreases as time progress in the 

experiment. An initial sharp spike in marker concentration at t = 2.81 

seconds is observed due to convective transport of the water. Because the 

water and triethanolamine/ethanol solvents are sparingly miscible, the 

concentration spike is believed to be caused by a momentum transfer from 

the water front to the triethanolamine/EBT solution which shifts the entire 

EBT spot from right to left. This is readily observed upon comparison of the 

actual images in Figures 3.4 and 3.5. It is clear from the actual images that 

once the water boundary passes this sampling region a concentration 

gradient is established and the convective forces are reduced to a minimum 

while diffusion ensues. Decreased convection with time is consistent with the 

typical paper chromatography experiment where the capillary action of the 
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moving fluid decreases with time. The presence of water entrained in the 

paper substrate allows EBT partitioning into the aqueous phase, which is a 

concentration gradient controlled diffusion process since convection has 

stopped. Further, upon comparison of Figures 3.5 and 3.6, it can be seen 

that the marker dye has spread significantly in all directions from the center of 

the sampling zone, as would be expected in a diffusion controlled transport. 

Diffusion dominates at times > 3.5 seconds and is seen as a continues 

increase in concentration (Figures 3.10 and 3.12) because there was a 

concentration gradient established by the convective transport of the marker 

dye central region. Thus, a steady increase in marker dye concentration is 

detected throughout the experiment as more of the EBT dye partitions into 

the aqueous phase. 

Conclusions 

It has been demonstrated that a moderate resolution, ca 45 LP/mm, 

flexible microscope can be configured as a micro-endoscopic imaging device 

and that this system can perform quantitative, time-sequenced imaging. It 

was also shown that by using proper calibration, time-dependent transport of 

an absorbing probe molecule can be quantified. Once the convective 

transport process is observed to cease, the potential to distinguish diffusion 

and convection during a rapid (five - ten seconds) transport process is also 

demonstrated. Investigations currently unden^/ay include the improvement of 
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the optical performance of the imaging system, the use of fluorescent probes 

to improve sensitivity and the extension of the methodology for the 

investigation of transport in tissues in vitro. In addition, a more rigorous 

quantitative description regarding the transport mechanisms is clearly in 

order. Future experiments will be designed to measure solubility parameters 

and partitioning coefficients to help substantiate the qualitative arguments 

regarding the transport mechanisms. 
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Table 3.1. Physical specifications, field of view and resolution values for 
various micro-endoscopes tested. 
Scope Length (m) Outer Diameter Field of View Resolution Working lumen 

* ("1"̂ ) (mm2) (LP/mm)/(^m)* Diameter (mm) 

1 

2 

3 

2.65 

1.5 

0.55 

1.5 

2.0 

1.8 

1.6 

2.3 

17.72 

36.0/13.9 

45.3/11.0 

25.4/19.7 

0.033 

0.75 

N/A* 

2.30 2.5 3.30 22.6/22.1 1.0 

*These resolution values are determined from observing the video output. 
^ / A is not applicable. This scope does not have a working lumen. 

Table 3.2. Quantitative data obtained from the still frame images used for 
computing transport values. 

Still 
Frame 

Time (s) Convective 
Axis Length 

(mm) 

Diffusive /\xis Length 
330 |im from Spot 

Centroid (mm) 

Diffusive Axis Length 
670 ^m from Spot 

Centroid (mm) 

1 
2 
3 
4 

0 
2.8 
4.2 
9.8 

0.69 
1.12 
1.43 
1.43 

0.75 
0.71 
0.95 
0.98 

0.38 
0.77 
0.88 
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Table 3.3. C, t and x values for each image are used to calculate 
AC, At and Ax along the convective axis in the unknown EBT 
flow study. 

Still Frame 

1 
2 
3 
4 

time (s) 

0 
2.8 
4.2 
9.8 

CEBT 

0.580 
0.541 
0.307 
0.322 

^ (Mis) 
At 

— 

-0.014 
-0.17 

0.0027 

^ (M/mm) 
Ax 

— 

-0.091 
-0.75 

— 

M is molarity with units of moles of solute/liter of solution. 

Table 3.4. C, t and 2C_values for each image are 
used to calculate AC. At and AX along the 
diffusive axis 0.330 mm from the EBT spot 
centroid. 

Still Frame 

1 
2 
3 
4 

CEBT ( M ) 

0.433 
0.529 
0.412 
0.286 

^ (M/s) 
At 

— 

0.34 
0.084 
-0.023 

^ (M/mm) 
Ax 

— 

2.4 
-0.49 
-4.2 

Table 3.5. C, t andx values for each image are 
used to calculate AC, At and AX along the 
diffusive axis 670 mm from the EBT spot centroid. 

Still 
Frame 

1 
2 
3 
4 

CEBT ( M ) 

0.000 
0.057 
0.107 
0.124 

^ (M/s) 
At 

— 

0.020 
0.036 
0.003 

^ (M/mm) 
Ax 

— 

0.151 
0.127 
0.153 
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(IG) 

Figure 3.1. A block diagram of the optical train and peripheral devices. The 
microscope objective is a 10X high NA (0.25) objective. The monitor is a high 
resolution color video monitor. The electronics include a PC computer and camera 
controller. The CCD is a commercial color micro-camera and the GRIN- conduit 
represents the micro-endoscope. 
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EBT Spot 

Substrate 

Figure 3.2. Schematic representation of the fluid 
transport process. The region where the water 
frontal boundary interacts with the maker dye is 
essentially flat. Convective transport occurs in 
the same direction that the water front travels, 
indicated by the arrows. 
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Figure 3.3. A schematic of the bar target brightness and the resulting image 
illumination pattern. 
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172-213 

129-171 

86-128 

44-85 

0-43 

5) 1D0 15D 2D0 2SD 

Figure 3.4. Actual Images and false color contour plot of the marker dye 
transport at time=0 seconds. The image is 256x256 pixel arrays having 
Cartesian coordinates where the lower left most pixel is (0,0) and the upper 
most right pixel is (255,255). The vertical and horizontal lines denote the 
regions in the actual image where the diffusion and convection processes are 
quantified, respectively. The gray scale value, GSV, ranges associated with a 
particular color are indicated with the color bar right of the false color contour 
plot. 
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Figure 3.5. Actual image and false contour plot of the marker dye 
transport at time=2.81 seconds. 
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Figure 3.6. Actual image and false color contour plot of the marker dye transport 
at time=4.22 seconds. 
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Figure 3.7. Actual image and false color contour plot of the marker dye 
transport at time=9.81 seconds. 
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Figure 3.8. 3-D plot of the average EBT concentration versus time 
and position (convective axis). This plot illustrates the time 
dependent transport primarily associated with convection and 
diffusion. 
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Figure 3.9. 3-D plot of the average EBT concentration versus time 
and position (diffusive axis). This plot illustrates the time dependent 
transport primarily associated with diffusion. 
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Figure 3.10. Plot of the average EBT concentration versus time for 
fluid transport along the convective axis. This plot illustrates the time 
dependent transport primarily associated with convection. 
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0.55 

Time (s) 

Figure 3.11. Average EBT concentration versus time for fluid 
transport along the diffusive axis 330 mm from the spot centroid. 
This plot illustrates the time dependent transport primarily 
associated with diffusion. 
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0.14 

Time (s) 

Figure 3.12. Average EBT concentration versus time for fluid 
transport along the diffusive axis 670 mm from the spot centroid. 
This plot illustrates the time dependent transport associated with 
both convection and diffusion. 
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CHAPTER IV 

IMAGING AND QUANTITATION OF A TISSUE 

SELECTIVE LANTHANIDE CHELATE COMPLEX 

USING AN ENDOSCOPIC FLUOROMETER 

Introduction 

In Chapter 1, the spectroscopic properties of a class of lanthanide 

chelate complexes was discussed and their potential use as abnormal tissue 

markers was discussed based on their tissue selectivity. An application of 

these tissue markers using endoscopy in vitro is discussed for the small 

intestine selective probe, Tb-PCTMB. In deed, significant advances have 

been made in the area of tissue spectral analysis and it appears possible to 

both identify and grade a tumor with the use of these approaches (1-6). 

Currently, work has been directed toward contrasting native spectroscopic 

signals of normal and abnormal tissue in an effort to generate 

spectrochemical fingerprints useful for tissue diagnosis (2,3,5). However, to 

effectively treat tumors they must be identified and histopathologically graded 

in early stages of development. Such detection can be problematic since 

small tissue abnormalities often yield low spectrochemical signatures or small 
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relative spectral changes. Measuring the contrast of these small signals can 

be difficult since surrounding normal tissues often exhibit large background 

spectral signals. 

Effective, clinical identification and evaluation of abnormal tissue at the 

earliest stages of development is best accomplished remotely and with 

minimal invasion (7-11). Additionally, such analysis should be 

multidimensional in nature. That is, it should provide quantitative, 

spectroscopic information about the tissue itself as well as spatial information 

(tissue surface area). Steps toward multidimensional imaging using 

endoscopy have been demonstrated in several areas of tissue evaluation. 

These include histopathological investigation of human artery wall tissue 

using Raman spectroscopy (3), fluorescence detection of abnormal cervical 

tissue (12), detection of dysplasia or carcinoma in the lung (9), identification 

of colonic mucosa abnormalities (13,14) and tracking photodynamic cancer 

therapy (15). In work by Mosher and co-workers (15), a fluorescence 

microscope was used to construct a three dimensional graph of fluorescence 

intensities found in OAT 75 cells loaded with the chlorophyll-derived 

photosensitizer, pheophorbide a. Digitizing the TV images of the samples 

allowed image reconstruction. 

Cothern et al. have combined colonoscopy with laser-based 

spectroscopy to probe native fluorescence to optically grade "observable" 

abnormal tissues in the colon (6). These results are quite promising, yet the 
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technique is somewhat limited to either later stage tissues or large sites. 

Lam, et al. demonstrated that endoscopy can be combined with laser excited 

autofluorescence to improve tissue spectra using a fluorescence 

bronchoscope imaging system based on a He-Cd laser (9). The detection of 

dysplasia and carcinoma of the lung is 50% better using spectroscopy, than 

white-light endoscopy in detection. 

One alternate approach to probing native spectroscopic properties is 

to employ a contrast enhancement agent, an exogenous molecular probe. 

Such techniques have been used in MRI imaging (16-20), in the analysis of 

cellular function (21,22), for the determination of localized pH in tissues 

(23,24), for improved cancer detection (25,26) and in the study of membrane 

potential and ion transport (27-29). In particular, organic-metal chelate 

compounds have recently been shown to be useful as tissue site-selective 

markers (16-20, 24, 30-33). Yet, some limitations in using chelates as probes 

have been low water solubility, poor molecular stability and poor tunability of 

tissue site-selectivity. 

In contrast to the previous rare-earth fluorescent markers used in cell 

separation science (33), we are currently utilizing a new class of fluorescent 

probe molecules (28,34) with good chemical stability (35), reasonable water 

solubility and significant tissue site-selectivity (30-32). The probes are 

polyazamacrocyclic chelates of Terbium. These markers are advantageous 

for tissue imaging for several reasons. First, because the chemical structure 
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and molecular charge can be easily modified (by side chain substitution) high 

tissue site-selectivity is possible. In the present work, it is appears that the 

PCTMB chelate is largely selective to the endothelial layer of the small 

intestine. This claim is based on the observation that nearly all of the 

fluorescence emanating from the tissue sample is mainly from the inner 

surface and a small tissue segment dissected from the inner surface. 

Second, we have found that milli-molar aqueous solutions exhibit no 

measurable cytotoxicity (36). Third, they exhibit a large absorption-emission 

Stoke's shift (30-32), improving contrast In biological matrix imaging, by 

spectrally resolving the sample signature from the unaffected tissue 

background fluorescence. 

In the present work, spatial, quantitative, multidimensional, endoscopic 

imaging of rat small intestine is demonstrated in vitro using Tb-3,6,9-

tris(methylene phosphonic acid n-butyl ester)-3,6,9,15-tetraaza-

bicyclo[9.3.1]pentadeca-1 (15), 11,13-triene, or Tb-PCTMB (Figure 4.1). Our 

current optical train allows spatial imaging on the micron level and sensitivity 

to Tb-PCTMB at the sub-picomole level. 

Experimental 

A block diagram of the endoscopic fluorometer is shown in Figure 4.2. 

The sample was affixed to a microscope slide, positioned using micrometer 
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driven translation stages and illuminated with the light source. White light 

illumination was delivered by a fiber optic coupled 150 Watt Xe microscope 

illuminator (Ziess, Germany). Fluorescence was initiated by a 75 Watt UV 

curing lamp (Dymax, Inc., Model PC-3) through a liquid light guide coupled to 

a 270 nm interference filter with a 20 nm bandwidth (Omega Optical, part 270 

BP20). Fluorescent images were collected at about 90° to excitation with a 

210 mm long Hopkins plastic rod-lens endoscope (model #1005-9029, 

Galileo, Inc). The image from the scope was passed through a 550 nm 

interference filter with a 10 nm bandwidth (Omega Optical, part 550 DF10), 

and magnified with a 5X glass microscope objective lens (Newport, 0.1 N.A.), 

further eliminating unwanted UV light by the collection optics, and directed 

onto a thermoelectricity cooled CCD (model ST-6, Santa Barbara Instrument 

Group). The CCD signal was displayed on a micro-computer, frames were 

grabbed with accompanying control software for the camera and image 

analysis was done using Adobe PhotoShop, ver 2.5. The images were 

analyzed as 8-bit images throughout the study. Specific performance of this 

optical system can be found elsewhere (31), however, a wide field of view 

(415 mm^) with a limiting resolution of 181 LP/mm has been produced. 

The blank or background noise for the measurement was established 

using undosed tissue and tissue-like substrates; a highly reflective, fibrous, 

solid matrix that has morphology similar to that of the tissue to be studied. 

No signal is detected from any undosed sample using an integration time of 5 
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or 10 seconds, allowing for elimination of background subtraction 

methodologies. Control data on the ratios of light to dark banks are 

indistinguishable from one another and have a near zero intensity value. The 

substrate standards were prepared on analytical grade filter paper disks 

(Baxter, model F215-75) 5 mm in diameter. Each of 5 samples were placed 

in the optical train and the fluorescence image was captured after a five 

second integration time. Using image processing software (Adobe 

PhotoShop, v. 2.5) the background fluorescence from the blanks was 

quantified by determining the fluorescence signal integrated over the imaged 

surface of the sample. The standard deviation (c) for these blanks was 

calculated using the average fluorescence signal for each of the blank 

samples. These values, a, were then used in the established way to 

determine the detection limit at the 3a level. 

Instrument calibration was accomplished by infusing a known quantity 

of Tb-PCTMB into five disks. The calibration standards and the tissue 

sample were mounted in the same position relative to the scope. Aqueous 

solutions of Tb-PCTMB were prepared at the concentrations of 1.39x10'̂  M, 

2.77x10'^ M, 5.54x10'^ M, 1.11x10"^ M. To a disk, 5 ^L of a different Tb-

PCTMB solution was applied. Once dry these disks have 0.0695, 0.139. 

0.277 and 0.555 nmole of Tb-PCTMB, respectively, infused within. The 

standard disks were placed in the sample holder, excited with 270 nm light. 
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All samples were interrogated for fluorescence at a five second integration 

time. As shown in the calibration plot (Figure 4.3) graphing the fluorescence 

signal from each of the disks (in gray scale) against the number of moles of 

Tb-PCTMB produces a linear calibration plot. This plot has been corrected 

for losses due to fluence (as discussed below). Further, we use have used 

our fluence calculations to also correct the gray scale values for the tissue 

samples. 

Tissue samples containing the site marker (lanthanide chelate) were 

obtained from Sprague-Dawley rats (180-220 g) injected with 100 ml solution 

of Tb-PCTMB complex (pH=7.5, 6x10"^ M) in the tail vein. The injected 

quantity of compound is roughly equivalent to 0.1 mg Tb-PCTMB/kg rat body 

weight. After 30 minutes, the animal was euthanized and the small intestine 

segment was removed. Several samples of small intestine from each of two 

rats were imaged. The data presented are representative of the level of 

fluorescence detected within the ileum region of the organ. The sample used 

in this quantitative investigation was a small intestine section, weighing 3 mg, 

and was mounted in the sample holder with mounting wax. In addition to the 

fluorescence image collected, a white light image of the intestine sample was 

collected using a 150 W white light source for illumination with the emission 

filter removed. The fluorescent images were quantified and the amount of 

Tb-PCTMB was determined based on the calibration plot constructed. 
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The in vivo biodistribution studies of the lanthanide chelate complex 

were carried out using Sprague-Dawley rats. In this case, the same organic 

chelate is employed, except the radioactive ^"Sm metal is used in the 

complex. A stock ^^^SmCb solution was prepared by adding 2 ml of 3x10"^M 

of ^^^SmCb (radioactive) in 0.1 N HCI to 2 ml of 3x10"^M ^"SmCb carrier 

solution. Appropriate ligand solutions were then prepared in deionized water. 

After the two solutions were thoroughly mixed (pH=2), the pH of the solution 

was raised to 7 using 0.1 N NaOH to facilitate complexation. Complexation 

was then evaluated by passing the sample solution (100 ml) through a 

Sephadex C-25 column eluting (2x3 ml) with 4:1 saline (0.85% NaCl/NH40H) 

and comparing the amount of radioactivity in the eluent vs. that remaining on 

the column (free metal remains on the column). As above, Sprague-Dawley 

rats injected with the lanthanide chelate complex were euthanized after 30 

minutes and their organs were removed. Radioactive counts from the tissue 

yielded the quantity of chelate in each of the tissue types. 

Results and Discussion 

The qualitative white light image of the small intestine is shown in 

Figure 4.4. The view is of the inside of the lumen of a section of the small 

intestine taken from the region known as the lower ileum. During dissection 

and mounting of the tissue sample, some the mucosa layer pulled away from 

the surface lumen (e.g. the inside and edge of the lumen is shown in the 
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unfolded tissue sample). This was inadvertent and was not necessary to 

generate the fluorescence signal. 

In the fluorescence image in Figure 4.5, the Tb-PCTMB appears to 

concentrate near the inner surface of the intestinal lumen (40), thus the high 

signal intensity found in the fluorescence image. Yet, further studies are 

needed to understand the non-uniform distribution properties, uptake 

mechanism and "time-dependent" penetration properties of the marker. 

It should be noted under the relatively low magnification used (with 

reference to the scale bar in the image) a fairly large viewing area is 

detected. Using a relatively low magnification and a wide field of view, at the 

expense of loosing cellular detail, we are able to sample large regions in 

relatively short time periods as would be needed in clinical endoscopy. While 

the diffuse reflectance image provides little information about morphology of 

the tissue, particularly solute uptake, the corresponding fluorescence image 

(Figure 4.5) shows preferential uptake of the chelate into the inner lumen 

surface (the thick left edge of the tissue) and epithelial lining (the flap tying on 

top of the specimen that was torn during dissection). To further enhance the 

visualization of the site selective binding observed in fluorescence detection, 

we have constructed a false color contour plot (Figure 4.6). Figure 4.6 shows 

that uptake is not only preferential to the organ (small intestine), but also to a 

particular region of the intestine. To better understand this unique tissue site-
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binding mechanism, allowing utilization of the Tb-PTCMB chelates as 

biological makers, quantitation is needed. 

For exogenous marker quantitation in actual tissue samples, there 

must be high confidence that the fluorescence signal emanates from the Tb-

chelate and is representative of the uptaken fluorescent marker. In this 

study, no fluorescence was observed in dosed rat tissues other than the 

small intestine. Further, virtually no fluorescence would be observed if the 

chelate complex were not intact, because the unbound metal ion has a very 

low fluorescence cross-section at 270 nm and when unbound metal ion is 

excited, the fluorescence is efficiently quenched by water molecules (37). 

Although free Tb has been used in Transmission Electron Microscopy 

(TEM), it is not likely that free Tb ion from the complex is available to bind to 

DNA, due to the large stability constants of the metal-chelate compounds. 

Further, at the level of detection for the system (picomoles), an unexpectedly 

large emission quantum yield for DNA-Tb^" complex would needed to 

produce an appreciable signal. Free metal ion tissue equilibration 

investigations are underway to insure that this unlikely (because of complex 

stability and free ion toxicity) contributor to background does not interfere with 

the measurement. Additionally, to perform these quantitative investigations, 

the sensitivity to photon flux must be determined. This calibration requires 

the determination of background signal (noise), fluorescent signal as a 

function of analyte (signal intensity vs. moles). 
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As described in the experimental section the standard deviation of 

background (noise) was evaluated using undosed substrates. Next a 

calibration plot for signal versus analyte quantity was constructed (Figure 

4.3). Experimentally, substrate disks were infused with a constant volume of 

increasingly concentrated Tb-PCTMB solutions and allowed to dry. The disks 

were then imaged to determine the average fluorescence signal. A 7500 

pixel area of the CCD was interrogated (the region with appreciable 

fluorescent signal), giving an intensity vs. position histogram which 

subsequently yields the signal vs. concentration value. As shown in Figure 

4.3, using a fixed integration time of five seconds, response was found to be 

linear over 1.5 decades in concentration, with a correlation coefficient of R = 

0.999 and a slope of 3.36x10^^ signal count/mole. 

Analytical sensitivity of any instrument can be defined by the minimal 

detectable quantity or detection limit. We calculate this limit at the 3a level 

for an integration time of five seconds, where a is the standard deviation of 

the mean fluorescence signal collected from five blank measurements and 

the constant 3 corresponds to a 99.9% confidence interval. The blank 

measurements were made as described in the experimental section. Using 

the slope of calibration plot and the relationship that DL=3a/slope. the 

minimal detectable quantity was determined to be 3.73x10"^ moles Tb-

PCTMB/pixel. The most concentrated standard (0.55 nmole) had a corrected 
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fluorescence signal of 303. Since this value exceeds the maximum value 

possible the gray scale value from an 8-bit camera, it would be necessary 

integrate the image for sorter times in a scenario where the fluence losses 

are minimal. Above this where the fluorescence signal is 303, concentration 

the camera automatic antiblooming compensation circuitry produces GSV 

level that do not scale linearly with concentration. Adequate sensitivity is 

available at the modest integration times employed. Throughout the 

investigations we have chosen to use the most conservative estimate of 

detection limits to evaluate system performance, e.g., using a under the worst 

case scenario of short integration times. 

The approximate detection limit per smallest imaging unit, the CCD 

pixel, is determined using a calibration plot of average fluorescence 

signal/pixel vs. moles of analyte/pixel. Rearranging the equation for the 

calibration plot yield the form y = mx +b, the following result is obtained: 

Qavn=2.98x10-''l-1.62-'^ (4.1) 

where Qavg. is the moles of analyte per pixel and I is the fluorescence 

signal/pixel. Equation 1 is a direct relationship between average signal/pixel 

and quantity of analyte/pixel. With the use of Equation 4.1, an estimate of 

the total quantity of analyte may be found in a sample region of any size by 
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multiplying Qavg. by the total number of pixels in the sampled image. Figure 

4.6 shows the results of these calculations allowing one to estimate the 

quantity of Tb-PCTMB in a particular region of the imaged tissue sample 

using the color scale. 

To better quantify tissue-bound solute, we have chosen to determine 

the fluence rate and the escape function for the system to allow correction for 

excitation penetration depth and the amount of fluorescence that escapes 

from the medium using a model, formulated by Gardner et al. (38). The 

method uses a Monte Carlo Simulation that treats fluence rate and escape 

function with respect to exponential attenuation of light from the source 

(38,39) and accounts for the dependency of light transport through the 

surface boundary. Although a detailed discussion may be found elsewhere 

(37), Figure 4.7 illustrates the assumptions employed in the present model. 

The tissue sample is considered homogeneous and large with respect to the 

penetration depth, 6, of the excitation source. The sample has an absorption 

coefficient, scattering coefficient and scattering anisotropy denoted as |ia, ^s 

and g, respectively. This is a one-dimensional model, assuming the 

excitation light is uniformly delivered normal to the surface and wide with 

respect to penetration depth. This assumes the light distribution varies only 

with penetration depth. Fluence rate ((j)) and escape function (G) are given, 

respectively, as follows: 
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(t)(z)=Eo(Ciexp(-kiz/5)-C2exp(-k2Z/6)) (4.2) 

G(z)=C3exp(-k3z/5) (4.3) 

where z is the depth of the source fluorophore and Ci, C2, C3, ki, k2 and ks 

are parameters dependent on the diffuse reflectance, Rd. Empirical 

expressions for these seven parameters are given in Table 4.2. 

Employing this one-dimensional light transport model, escape values 

predominate since the penetration depth of the excitation source (270 nm) is 

superficial (approximately 6 fim). Since the sample is studied in vitro, an air-

tissue interface is present (ritissue/̂ lair = 1-38) and the empirical equations in 

Table 4.2 may be used. Good approximations for |ia and fis are 0.4 cm*̂  and 

8 cm'\ respectively at 550 nm (39). The tabulated values for the empirical 

constants used to calculate G(z) are given in Table 4.2. G(z) is found to be 

0.66 for a penetration depth of 6 fim, so only 66% of the fluorescence 

escapes from the tissue matrix. The corrected quantity of Tb-PCTMB in each 

of the three regions of the sampled tissue are given in Table 4.1. This 

escape correction was also applied to the standard substrate fluorescence 

signal used to generate Figure 4.3 and equation 4.1. 
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As a first approximation toward total solute quantitation, the small 

intestine fluorescence image may be divided in three parts, labeled 1, 2 and 

3, depicted in Figure 4.8. These regions are chosen since their gray scale 

values exceed that of the background. The quantity of Tb-PCTMB/pixel in 

each of these regions is found by, first correcting the gray scale values for 

fluence, and then by using Equation 1, derived from Figure 4.3. Next, the 

total quantity of Tb-PCTMB in each of the three regions is found by 

multiplying the average quantity of TB-PCTMB by the integrated sample area. 

Finally, the total quantity of marker in the small intestine sample, as 

determined by optical interrogation, is the sum of the three sampled regions. 

This sum corresponds to about 59.7 picomoles. The results of these 

calculations are summarized in Table 4.1. 

These results demonstrate it is possible to quantify the presence of a 

probe marker in a complex biological matrix at the picomole level. While the 

current detection limits are quite low, considering the simplicity of the optical 

system and complexity of the sampled matrix, the long-lived luminescent 

properties of the chelate facilitates time-gated detection would likely produce 

significant improvements in sensitivity. This avenue is currently under 

investigation in our laboratories. However, even the smallest amount of 

solute found in sampled 

region 3 is 9.91 picomoles, roughly a factor of four higher than the minimum 

detectable limit for an imaged region of this size (2.55 picomoles). 
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Next, these optical quantitation results were compared to those 

obtained using radioactive biodistribution (Table 4.3). It should be noted that 

the sum of the values in Table 4.3 do not add up to 100% because a portion 

of the chelate is passed through the excretory system. In the current study, 

each rat was dosed with 100 fil of a 1X10"^ M Tb-PCTMB solution, which 

corresponds to a total injected dose of 1x10"® moles of complex. From the 

biodistribution studies we would expect that approximately 58% of the 

injected compound to be found in the small intestine. Therefore, our optical 

interrogation method should quantify a total of 5.80x10'^ moles in the entire 

length of the organ. Hence, a 3 mg sample of small intestine from a total 

mass of 120 mg, dosed and analyzed by either the radiotracer technique or 

fluorescence method, should contain about 145 picomoles of solute. Here 

we randomly selected such sample sections (3 mg) from a intestine of an 

animal dosed with 10 nanomoles of the Tb complex. Upon interrogation of 

this section of small intestine with our fluorescence endoscope, we obtain the 

fluorescence images shown in Figures 4c and 5 and calculate that it contains 

about 59 picomoles of solute (Table 4.1). This fluence normalized value is 

only about a factor of 2.5 smaller than predicted by nuclear chemistry, 

corresponding nicely to the expected value of 145 pmoles. 

It can be postulated that the difference between the expected solute 

quantity and the amount detected by fluorescence can be attributed to; (a) 
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the relatively short or limited penetration depth (6 }im), of the optical 

technique allowing analysis of just one or two epithelial cell layers, (b) the fact 

that the normal rat intestine epithelium is six to eight cells thick and (c) the 

possibility of some of solute being bound In other parts of the small intestine. 

Furthermore, solute uptake rate and tissue sample preparation could also 

effect the quantity of solute detectable, however, this issue has not been 

formally addressed with experimentation. In summary, the correlation 

between the two quantitation techniques is quite good, particularly given the 

small amounts of analyte injected or present in the tissue, the complexity of 

the matrix it lies within and the simplicity of the instrumentation. Furthermore, 

the combination of quantitative endoscopic fluorometry for enhanced surface 

visualization, with the recent observations suggesting selectivity of the Tb-

PTCMB marker for colon tumors (36), could potentially expand the utility of 

colon endoscopy, since over 90% of adult small intestine cancers begin as 

inner lumen surface abnormalities. 

Conclusions 

A remote, spatial, quantitative, endoscopic imaging applicable to 

studying biological tissues in vitro has been demonstrated. This is possible 

using an effective injected dose of just 10 nanomoles. Through the use of 

tissue site-selective fluorescent markers, it is possible to detect picomole 
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quantities of analyte in a region of the small intestine where an abnormality is 

most likely to develop. In vivo, femtomolar detection limits under minimally 

invasive imaging, as presented, facilitating contrast enhancement to improve 

endoscopic visualization. Further, the technique should allow solute analysis 

in biological research areas, including local pH detection and ion transport 

mechanism investigations. Preferential uptake of the lanthanide chelate 

molecules by pathological tissue would potentially allow for early warning, 

disease identification or diagnosis in real time using endoscopic imaging. 
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Table 4.1: Results of quantitative calculations of Tb-PCTMB infused in the rat small 
intestine sample. 

Sampled 
Region 

Fluorescence 
Signal/pixef 

# of Sampled 
Pixels 

1 

2 

3 

130 

117 

103 

1976 

228 

684 

Total Moles of Total Moles of 
Tb-PCTMB/pixel Tb-PCTMB* 

2.25x10 •14 

1.86x10 -14 

1.45x10 -14 

4.44x10" 11 

5.37x10 12 

9.91x10 -12 

'Corrected for losses as dictated by fluence calculations 

Table 4.2: Parameters for Escape Function Calculations 

Parameter 

Rd 

C i 

k i 

C2 

k2 

C3 

k3 

Tltissue/Tlair ~ 1.38 

exp(-75(ia) 

3.09+5.44Rd-2.12exp(-21 .SR^) 

1-(1-1/V(3))exp(-20.1Rd) 

2.09-1.47Rd-2.12exp(-21.5R<j) 

1.63exp(3.40Rd) 

0.28+0.78Rd-0.14exp(-10.7Rd) 

1-0.31exp(-6.12Rd) 

Calculated 

Value 

0.42 

5.37 

1.00 

1.47 

6.80 

0.61 

0.98 
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Table 4.3. Biodistribution results for 
radioactive Sm-PCTMB administered to 
Sprague-Dawley rats. 

Tissue or Organ 

Bone 

Liver 

Kidney 

Spleen 

Muscle 

Blood 

Heart 

Lung 

Brain 

Stomach 

Small Intestine 

Large Intestine 

Percent Distributed 

3.73 

2.70 

0.43 

0.05 

1.09 

0.14 

0.02 

0.04 

0.00 

0.08 

57.98 

0.77 
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Figure 4.1. Chemical structure for Tb-3,6,9-tris(methylene phosphonic 
acid n-butyl ester)-3,6,9,15-tetraaza-bicyclo[9.3.1 ]pentadeca-1 (15), 11,13-
triene, Tb-PTCMB. 
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Figure 4.2. Block diagram of the endoscopic fluorometer. In the diagram 
CPU represents a computer, CCU represents a camera control unit and 
CCD represents a B/W CCD camera. The microscope objective is a 5X 
lens. 
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Figure 4.3. Fluorescence signal versus concentration calibration plot, corrected for 
fluence losses. 
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Figure 4.4 A diffuse reflectance white light Image of the 
rat small intestine sample as collected by the 
endoscope. 
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Figure 4.5. Fluorescence endoscopic image of the rat 
small intestine sample. The rat was previously Infused 
with 0.1 mmole/kg body weight of Tb-PCTMB. 
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Figure 4.6. A false color recreation of the rat small intestine fluorescence Image 
showing preferential uptake and quantitation of solute. 
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Figure 4.7. A schematic diagram of an excitation source, lo, penetrating a 
tissue sample to a depth, 5. A fluorophore, located a distance z below the 
surface, emits a photon of intensity 1. The escape intensity is G(z)l, where 
G(z) is the escape function. 
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Figure 4.8. Fluorescence endoscopic image of a 3 mg sample of 
rat small intestine, showing the regions integrated for the mass 
balance calculations. The rat was previously infused with 0.1 
mmole/kg body weight of Tb-PCTMB. 
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CHAPTER V 

DIFFUSION STUDIES OF TERBIUM CHELATE 

COMPLEXES IN AN INTERSTITIAL TISSUE 

MODEL USING MICRO-ENDOSOCOPY 

Introduction 

The movement of solute molecules in tissues under normal and 

pathological conditions is governed by many factors (1). Among the most 

important are the physiochemical properties of the interstitial compartment 

and the biochemical properties of the solute molecule. The importance of 

understanding transport characteristics in tissues is derived from 

observations demonstrating differences in solute transport in normal and 

abnormal tissues. For example, Gerlowski and Jain (2) have shown 

approximately a 10 fold increase in the diffusion coefficient for various 

dextrans in VX2 carcinoma as compared to mature granulation tissue. Such 

differences can be attributed to the chemical composition of abnormal and 

normal tissues. In particular, neoplastic tissues tend to be much higher in 

collagen concentration and lower in proteoglycan concentration than normal 

tissues (3). For example, Gullino and Grantham (4) have shown that the 
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collagen concentration can be higher in tumor tissues than normal tissues by 

as much as six times. As collagen has sparing aqueous solubility and is itself 

lipophilic toward other ionic solutes, a dramatic effect can be observed on the 

transport characteristics of solute molecules introduced into the interstitial 

space with varying hydrophobicity (5). 

Experimental methods of determining diffusion coefficients (6,7,8) 

have typically been carried out using the Fluorescence Recovery After 

Photobleaching (FF^P) technique. In this technique, a fluorescent probe or a 

biomolecule tagged with a fluorescent probe molecule, typically fluorescien, is 

flushed into a tissue region of interest. Once the viewing area of interest is 

completely covered with the fluorescein complex, a well defined pattern is 

photobleached onto the sample depleting a sub-region of active fluorophores. 

A concentration gradient is established between the photobleached region 

and the surrounding tissue. Then diffusion drives active flurophores to be 

transported back into the photobleached region. A temporal analysis of this 

diffusive process allows one to calculate the diffusion coefficient. Several 

variations of the FRAP technique have been employed to study many 

different diffusion processes such as biomolecular migration in lipid bilayers 

(7) and interstitial tissue transport (8). 

Although the above techniques have merit and have provided great 

insight into transport processes in tissues, these techniques have either 

imparted trauma to the tissue region (a viewing window is implanted directly 
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into the tumor) or have been limited to easily reached surface tissues. 

Traumatizing the tissue may alter structural morphology and influence the 

accuracy of measuring probe transport. Furthermore, surface techniques do 

not accurately reproduce the in vivo environment. Finally, the introduction of 

a large quantity of probe marker required by the FRAP technique runs the 

possible risk of adding an abnormally high volume of liquid to the tissue 

region and perturbing the natural flow process. Presently, it is shown that 

micro-endoscopy provides a remote imaging modality that can measure 

diffusive transport in a tissue model. Micro-endoscopy is minimally invasive 

and is not limited to outer surface tissue analysis as the scope can be 

introduced to small cavities allowing in vivo measurements. In the present 

work the diffusion coefficients are determined in a type I collagen matrix for 

Tb-PCTMP, Tb-PCTMM, Tb-PCTME, Tb-PCTMPP and Tb-PCTMB, shown in 

Figure 5.1. The compounds selected are alkyl derivatives of the PCTMP 

molecule and represent a model chemical system that has a stepwise 

progression in increasing lipophilicity. That is, in order of increasing carbon 

chain length (hydrophobicity). The Tb-PCTMM is the methyl derivative, 

PCTME is the ethyl derivative, PCTMPP is the propyl derivative and PCTMB 

is the butyl derivative. The collagen matrix serves as a simple interstitial 

tissue model where the collagen concentration and transport volume are 

known and can be controlled. 
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Experimental 

Optical Train 

A simple block diagram for the experimental design is shown in Figure 

5.2 below. The collagen gel sample is contained in a well plate having a 

teflon wall and a glass bottom allowing good thermal conductivity for sample 

heating and providing a controlled volume to be studied. The sample well 

plate is placed on an aluminum block that is maintained at 37°C with a 

Thermal Electric Cooler (TEC) operating in the heating mode. The sample is 

externally illuminated at an angle of approximately 45° with a 50W UV lamp 

(Dymax Inc., Light Welder PC-3) interfaced through a liquid light guide affixed 

with a UG11 cut off filter at the tip. The sample image is collected with a 

flexible micro-endoscope (2.5 mm O.D., 1.0 mm working lumen) fixed at a 

distance of 5 mm above the sample well surface. The collected image, once 

transferred through the micro-endoscope, is focused through an Acousto-

Optical Interference Filter (Cambridge Research & Instrumentation, Inc.) with 

a 6.5X microscope objective onto a black & white astronomy grade CCD 

camera (Santa Barbara Instrument Group, ST-6) controlled by a camera 

control unit (CCU). The CCD is cooled to -35°C with an onboard TEC device. 

Images are digitized and stored, using 8 bit resolution, every 45 seconds 

(maximum frame rate for this camera in the highest resolution mode) onto a 

PC for later processing. 
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The lanthanide complex is delivered through a 22 gauge needle (inter 

diameter 0.15 mm, Hamilton Inc., model KF722s) attached to a 50 ^L syringe 

(Hamilton, Inc., model 80920) housed in a syringe pump (Harvard Apparatus 

22, Harvard Instruments). The syringe pump was controlled with a personal 

computer. Reproducible fluid volume delivery was accomplished by 

maintaining the needle angle (60° to the horizontal) and position using a 

micro-positioner (World Precision Instruments, Inc.). 

Solution Preparation 

Details of the synthetic preparation of the solid Tb-chelate complex 

may be found elsewhere (9,10). In the present work, stock solutions of the 

Tb-chelate complex were prepared by dissolving the solid in deionized water 

at 1x10'^ M. Five dilutions of the each stock solution were prepared to yield 

additional standard solutions ranging in concentration from 5x10"^ M to 6x10'^ 

M. These standard solutions are employed for calibration of the optical train. 

The collagen sample is Type I Bovine (Collaborative Biomedical 

Products, lot #901777) extracted from the dermis, was obtained in a solution 

0.012 N HCI with a concentration of 3.26 mg/mL. A 10X Phosphate Buffered 

Saline (PBS) solution (Sigma Diagnostics, Lot #057H6038) was used to 

dilute, neutralize and gel the collagen sample for the transport studies. The 
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10X PBS solutions contains 1200 mM NaCI, 27 mM KCl, and 100 mM 

Phosphate Buffer with a pH approximately 7.2. 

For the transport studies, 20 ^L of the acidic collagen solution was 

added to the sample well with 45 ^L of 10X PBS. The resulting solution had 

a collagen concentration of 1.00 mg/mL. Once the collagen sample was 

prepared, it was allowed to warm on the aluminum block at 37°C for five 

minutes before the probe is injected into the sample. During this time, the 

collagen solution forms a gel as the molecule reconstitutes as fibers in a 

neutral pH and at mammalian body temperature. 

Instrument Calibration 

The instrument was calibrated by placing 65 ^L of a standard Tb-

chelate complex solution in the sample well and grabbing a fluorescence 

image using a seven second integration time. All of the standard solutions 

were measured in this way to generate calibration plots for each of the Tb-

chelate complexes. A blank measurement was taken using water in the 

sample well and serves to establish baseline noise. Each of the calibration 

images weree grabbed and saved with 8-bit resolution. The noise in the 

imaging system was established by sampling approximately a 10,000 pixel 

region in the blank. The resulting gray scale value distribution was assumed 

to fit normal statistics. Using a one-tailed t-test at 99% confidence, the upper 

107 



limit of the blank gray scale distribution was determined and served to 

establish a cut off point for which pixels was be used to measure signal 

fluorescence in the calibration samples. The fluorescence signal (gray scale 

value) in the calibration images were determined by counting and averaging 

all pixels that exceed the cut off gray scale value as determined in the blank 

measurement. 

Injection reproducibility for the syringe pump was determined by 

injecting a highly fluorescent dye (sodium fluorescein) onto a microscope 

slide and determining the average area of the resulting fluorescence image. 

This procedure was repeated five times and the spot size reproducibility was 

determined. 

Probe Injection 

After the collagen sample was prepared in the well and is allowed to 

warm for five minutes, 2 fiL of the Tb-chelate complex solution is injected into 

the gel to form a circular spot. The Tb-chelate solution was delivered through 

the needle using the quickest delivery speed of the syringe pump (37.6 

jiL/min.). Thus, the injection time is approximately three seconds. A micro-

positioning device with 10 ĵ m positional resolution was employed to 

reproducibly place the probe molecule at a known depth in the gel. 

Positioning the tip of the needle in the center of the collagen gel was 
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accomplished by fixing the angle (30°) that the needle enters the gel and 

knowing the thickness of the gel (0.2 mm). If the angle of the needle incident 

to the gel surface was 30° and the center of the gel sample is 0.10 mm deep, 

then the needle has traversed 0.12 mm into the gel. With the current micro-

positioning apparatus this distance can be reproduced to within 0.1 ^m, which 

is the limiting resolution of the micro-positioning device. 

Transport Procedure 

For the transport experiments, 2 jiL of each (Tb-PCTMR, where R=P, 

M, ME, PP or B) of the most concentrated Tb-chelate complex solutions 

were injected into the center of the gel sample. Once the probe was injected 

into the gel, the needle was removed and a series of images were taken at 45 

second intervals. A total of 15 images were collected for each probe. The 

15^ frame corresponds to 630 seconds post-injection and it was noted that 

there was no statistically detectable signal present in this frame. 

The transport images were digitized as tagged image format (tif) files 

with 8 bit resolution. They were imported into Matlab (Mathworks, Inc., ver. 

4.2c) so that the center of the probe spot could be found. Once the centroid 

of the probe spot was determined, the axes for the transport analysis were 

chosen such that they passed through the center of the spot. These axes 
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were used through out the entire transport analysis and represent a cross 

sectional slice through the spot. 

Using the calibration plots, a graph of fluorescence intensity (gray 

scale value) versus pixel position for each of the transport axes represents 

the concentration profile for the probe. Analysis of these profiles as a 

function of time, as discussed below, is performed to determine the diffusion 

coefficient for the probes in the gel. 

Results and Discussion 

Instrument Calibration 

To determine the delivery reproducibility of the pump system, several 

repetitive drops (2 jiL) of sodium fluorescein at a concentration of 1x10'^ M 

were spotted onto a dry microscope slide and digitally imaged. The images 

were acquired and saved with 8 bit resolution. The number of pixels that 

comprised the drop was counted and it was found that size reproducibility 

was within 5%. The results of the calibration experiments are summarized 

below in Table 5.1. Included are the concentration range and the regression 

coefficient for each of the Tb-chelate complexes. All of the complexes exhibit 

sensitivity (fluorescence/M) on the order of 10"̂  and increase with aliphatic 

chain length. A clear explanation for this trend and the unusually high 
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sensitivity for the PCTMB molecule is not presently known. However, it is 

postulated that long aliphatic chains might protect the central portion of the 

molecule from water, thereby minimizing possible quenching effects typically 

observed with aqueous fluorophores that posses triplet excited states. 

The detection limits for each of the molecules are on the order of 10'^ 

M. Since only 65 }iL of the stock solution is sampled, approximately 0.1 

nmole of the complex is actually present for analysis. 

Diffusion Results 

A typical cross section of the concentration profile for Tb-PCTMB is 

shown in Figure 5.3. Note that this distribution is typical for diffusing species 

in that the maximum peak decreases and the tails of the profile extend 

through the solvent. Time dependent diffusion in homogenous media follows 

Fick's law, and in this application, diffusion is measured in two dimensions. 

Fick's second law for two dimensional transport is given as: 

f = D ^ . D ^ 5.1 
at ax' ay' 

where C is the concentration, t is time, x and y are position axes and D is the 

diffusion coefficient with units of area^/time. 
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The concentration profile for the spot size is Gaussian in nature, 

therefore, it can be mathematically written as a two-dimensional Gaussian 

function: 

C(x,y) = exp 
2{[x-Xo(t)p-h[y-yo(t)p} 

Ro(t) 
5.2 

where Ro(t) is the time dependent Gaussian radius of the distribution. If this 

equation is substituted into Fick's second law, an equation for relating the 

diffusion coefficient may be derived as a function of the distribution height 

and radius (11,12). 

Co(t) = C , - [ C , ( 0 ) - C J ^ 5.3 
r<o(^) 

where Co(t) is the time dependent peak height, Cb is the baseline intensity 

and Co(0) is the peak height in the first image as depicted in Figure 5.3. 

For each of the frames collected, an axis that passed through the 

center of the probe spot and spanned the field of view was sampled in both 

directions. The diffusion coefficient was determined from each of the frames 

using equation 5.3. The diffusion coefficients that are reported in Table 5.2 

are averages determined for each axis in all of the frames. The values 

computed range from 1.29x10'^ to 7.53x10'^ cm^/second. Literature values 
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for similar molecules measured in water are typically on the order of 10"̂  

cm^/second, which would indicate that the values in Table 5.2 are slightly 

elevated (13,14). However, Chary and Jain reported diffusion coefficient 

values for fluorescein isothiocynate tagged albumin to be between 2-6x10"^ 

cm^/second in rabbit ear interstitial space (8). The albumin molecule has a 

molecular weight of approximately 65 kD, which is two orders of magnitude 

larger than any of the Tb-chlelate complexes studied here. The reported 

values for the Tb-chelate complexes are within a factor of 10 for much larger 

molecules in similar environments. 

The average values in table 5.2 also appear to exhibit a decreasing 

trend in diffusion coefficient with increasing aliphatic chain length. Although 

the reported error does not allow one to claim a relationship between 

diffusion coefficient and small changes in aliphatic chain length with 

reasonable statistical confidence, there is a significant difference between the 

diffusion coefficient for the PCTMP and PCTMB derivative. In accordance 

with traditional separation science theory, molecular species are known to 

partition through heterogeneous media based on relative hydrophobicity (15). 

Type I collagen is sparingly soluble in aqueous media making it attractive for 

the hydrophobic Tb-PCTMB molecule to bind to. If this is the case, then one 

would expect the PCTMB molecules to partition between the collagen fiber 

network and the aqueous PBS solution as they diffuse through the gel, 

thereby decreasing the transport rate. These results seem to coincide with 
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the hypothesis that transport is proportional to hydrophobicity (alkyl chain 

length). This result is particularly important in regard to understanding the 

kinetic processes that govern distribution of the Tb-chelate probes or any 

molecular probe in various tissue types. In short, the measurements made 

here show promise for quantitatively defining the aspects of probe molecular 

structure that influence tissue selectivity. The remote capability of micro-

endoscopy will allow these properties to be more accurately elucidated by 

making transport measurements with minimal tissue site invasion; thus 

significantly improving the field of therapeutic design and drug delivery 

strategies. 

Conclusions 

A remote, quantitative fluorescence imaging spectrometer, based on 

flexible micro-endsoscopy, has been configured to measure diffusion 

coefficients for a class of unique fluorescent probe molecules in an interstitial 

tissue model. This remote feature demonstrates potential to quantitatively 

evaluate physiological processes such as drug delivery and fluid transport in 

the native tissue environment. This remote, micro-endoscopic imaging 

modality would allow more accurate evaluation of therapeutic delivery and 

transport processes since the tissue site of interest would not have to be 

greatly traumatized as in traditional transport procedures. 
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A simple first-order Fick's law approximation yielded diffusion 

coefficient values for the Tb-chelate complexes to within a factor of five with 

respect to molecules 100 times larger. Although other investigators have had 

success employing Fick's law in the FRAP technique, the diffusion model can 

be further developed by relaxing the assumption in the simple first-order 

Fick's law model that the supporting media is homogenous. On a 

microscopic level, this is clearly not the case since collagen is known to form 

a fibrous, hydrophobic network that might be more accurately described as 

porous media where the solute species experiences a tortuosity effect (5^^). 

Invoking Darcy's law in this case would allow an empirical treatment of the 

porous features of the collagen gel, and perhaps a more accurate 

determination of solute flux. 

A further understanding of the diffusive characteristics of these 

molecules will be developed in regard to their individual partitioning 

coefficients between the mobile buffer phase and the collagen fibrils. With 

the advent of user friendly molecular modeling software, it is possible to 

estimate solvation energy for solutes and binding or docking energy between 

solute species and macromolecules. Indeed, it has been shown that the 

partition coefficient, K, can be related to the solubility parameters for a solute 

species in two phases a and p (5) 

lnK = ̂ ( 5 „ - 5 j 5 , + 5 „ - 2 5 , ) 5.4 
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where 6 is the solubility parameter for the i*̂  solute in a volume V. R 

and T are the gas constant and temperature, respectively. The chemical 

potential is directly related to the solubility parameter since 

A|i°=-5^TlnK 5.5 

The ability to computationally predict the partitioning coefficient would be of 

particular value as it would allow one to design new probes that would have a 

desired partition coefficient for specific or enhanced tissue selectivity. 
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Table S.L Calibration results using the micro-endoscopic fluorometer. 

Terbium 
Complex 

Slope 
(fluorescence/M) 

Regression 
Coefficient (r^) 

Detection Limit 
(xlO'^M) 

PCTMP 
PCTMM 
PCTME 

PCTMPP 
PCTMB 

80224 
58082 
82931 
87315 
137906 

0.998 
0.993 
0.995 
0.993 
0.993 

1.41 
1.94 
1.36 
1.29 

0.817 

Table 5.2. Average diffusion coefficients for the Tb-chelate complexes. 

Terbium Complex 

PCTMP 
PCTMM 
PCTME 
PCTMPP 
PCTMB 

^ Diffusion coefficient (xlO' , cm /second) 

1.29 
1.26 
1.03 
1.01 

0.753 

C.I. @ 95% 
fordf=9(x10-^) 

0.750 
1.35" 
0.516 
0.306 
0.249 

* Confidence interval (C.I.), for a number of degrees of freedom (df). is determined using a t value 
of 2.262. 
** Determined using df=8, t=2.306 @ 95%. 
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Figure 5.1. A general molecular structure for the Tb-chelate 
complexes used in this study. Where R is H, methyl, ethyl, propyl 
or a butyl group. 

Thermal Electric 
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Figure 5.2. An optical train of the micro-endoscopic system employed in this 
study. 
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Figure 5.3. A typical cross section of Tb-PCTMB as a function 
of time over 160 pixel length. See discussion for a description of 
the variables. 
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