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ABSTRACT 

Multispectral imaging has been used for decades in remote sensing to enhance the 

classification, discrimination and characterization of materials. Only recently has this 

same technology been similarly applied to fixed biological samples in cytogenetics, 

pathology and medicine. A fiirther extension to in vivo studies is often limited by the low 

levels of associated fluorescence as well as the increased temporal resolution required to 

analyze physiological changes. In addition, the cellular response to a specific agonist is 

often heterogeneous across the cellular field requiring a combination of sufficient spatial 

and temporal resolutions. A computed tomography imaging spectrometer (CTIS) has 

been developed which overcomes these limitations by simultaneously collecting extended 

range spectral information (470 - 740 nm, S nm sampling) across a 2-D field of view 

(200 )im X 200 fim, 0.96 ^m sampling). 

The CTIS uses a computer generated hologram to produce a 5 x 5 array of images 

with differing amounts and directions of dispersion. This set of images allows the 3-D 

signal (x, y, >.) fix)m a fluorescent sample to be mapped onto a 2-D detector array. In this 

way, the fiill spectral and spatial information is acquired for a 2-D cellular field during a 

single integration time (presently 2 sec for biological specimens). The CTIS's design, 

calibration, and underlying theory are described in detail, hi addition, the capability of the 

CTIS to simultaneously collect the fluorescence emission of multiple fluorophores across 

a 2-D cellular field is demonstrated. Specifically, the combined spectral variations of 

seminapthorhodafluor-1 and enhanced green fluorescent protein were followed in rat 

insulinoma cells in order to extend the linear range of intracellular pH detection. 
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CHAPTER 1 

INTRODUCTION 

Fluorescent molecules are now commonly utilized to measure such physiological 

parameters as ion and metabolite concentrations, levels of gene expression and subtle 

changes in tissue and cellular morphology.However, the advantages associated 

with multispectral fluorescence data collection have not been thoroughly explored for 

studies of cellular and tissue physiology. Exceptions are found in the analysis of fixed 

biological specimens. For example, in cytogenetics, spectral karyotyping is commonly 

utilized to elucidate subtle karyotype rearrangements.^ In medicine, spectral classification 

methods are being investigated for improved accuracy in diagnosis and disease 

staging. '̂̂ '̂ ''̂  Similarly, the analysis of in vivo biological specimens can be enhanced 

through the collection of high resolution spectral data over a continuous spectral range. 

For example, to understand how individual cells respond and how interactions between 

unique cell types occur, it is critical to simultaneously monitor several functional 

parameters firom many cells across the sample (tissue) area. Such observations of 

multiple physiological parameters require the loading of several distinct probes into the 

cellular environment and therefore some means of extracting quantitative information 

from complex fluorescence spectra. 

The extension of multispectral data collection and analysis to in vivo studies has 

been limited by several important factors including the availability of (1) spectral 

imaging systems with sufficient spatial, spectral and temporal resolutions to follow 
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changes in cellular function across a cellular field, (2) fluorescent reporter probes with 

the appropriate combinations of specificities and spectral characteristics for simultaneous 

detection, (3) protocols for multi-probe loading and (4) spectral analysis techniques to 

extract individual analyte concentrations fix)m complex spectral signatures. Within the 

scope of this dissertation, three of these four limitations are specifically addressed. First, 

the design and implementation of a computed tomography imaging spectrometer (CTIS) 

is described. The CTIS simultaneously collects spectra from every spatial position within 

its two-dimensional field of view. This unique capability provides the spatial, spectral 

and temporal resolution necessary for multivariate studies of fluorescent probes loaded 

into the cellular environment. Second, a set of multi-probe experiments were designed 

and carried out in order to test the applicability of the CTIS to problems in cellular 

physiology. To this end, a set of protocols was established for the introduction of multiple 

fluorophores into the cellular environment. Finally, the multispectral data collected 

during these exploratory studies served as the basis for the development of multivariate 

spectral analysis techniques specifically tailored to fluorescence microscopy. 

This dissertation is divided as follows. Chapter 2 provides an overview of 

fluorescence theory, especially as applied to quantitative fluorescence measurements in 

cellular physiology. In Chapter 3, the theoretical basis and instrument designs are 

presented for two CTIS prototypes. The first system (IK CTIS) was developed to monitor 

spectral variations over a 3-D volume of tissue. In its final configuration, this prototype 

provides simultaneous spectral detection (450 nm - 750 nm, 10 nm sampling) for 79 x 79 

spatial resolution elements ( 1.09 |xm spatial sampling with a 40^ objective) and 
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integratioii times of 2.5 seconds for biological samples. Object cubes collected using the 

IK CTIS are now being used in the development of 4-D {x,y,z,A,) deconvolution 

algorithms. The second prototype (the 2K CTIS) was designed for wide-field studies of 

cellular interactions within heterogeneous cell populations. Thus, the 2K CTIS exhibits a 

significantly wider field of view (200 ^m 200 ^m) and a finer spectral sampling (Snm 

fix>m 470 nm to 740 nm) than the IK CTIS. With that spectral resolution the 2K CTTIS 

provides the data necessary to develop multivariate spectral analysis algorithms for 

specific problems in fluorescence microscopy. Proof-of-concept imaging results are 

presented in (Thapter 4 for both the IK and 2K CTIS. These results demonstrate the 

imaging capabilities and spectral reconstruction accuracies associated with the two 

systems. Chapter 5 provides a theoretical basis for the multivariate spectral analysis 

results presented in Clhapter 6. Finally, Chapter 7 provides an outline of proposed 

hardware and software improvements required to extend the application of the CHTIS fix>m 

isolated cell cultures to studies of complex tissues. 
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CHAPTER 2 

QUANTITATIVE FLUORESCENCE MICROSCOPY 

Sir John Fredrick Herschel reported his observation of "an extremely vivid and 

beautiful celestial blue color" from a solution of quinine in sunlight in 184S." His report 

serves as the first noted observation of the phenomenon now known as fluorescence. 

Since this discovery, fluorescent compounds, both natural and man-made, have been used 

to better understand the world around us. In the life sciences, for example, fluorescent 

reporter probes provide a visible means of identifying otherwise imperceptible changes in 

chemical composition, gene expression, and morphological variations. 

The quantification of changes in such analytes is dependent upon the availability 

of compounds that predictably change some observable fluorescent property in response 

to variations in environmental factors. Such properties may include the fluorophore's 

absorption, excitation or emission spectrum, quantum yield, fluorescence lifetime, or 

photobleach recovery rate. Within the scope of this dissertation, probes exhibiting a range 

of these responses have been used; however, the reported physiological measurements are 

based solely on changes in emission spectra and quantum yield. 

This chapter serves as a limited survey of the pertinent mechanisms that underlie 

such spectral variations. This chapter is not intended as a comprehensive description of 

fluorescence; rather, it serves as an overview of key concepts in fluorescence sensing 

especially applied to cellular physiology. For a more detailed examination of 

fluorescence techniques and underlying theory, see references 1,2,3,4 and 5. 
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2.1 Luminescence 

Luminescence is defined as the emission of light from electronically excited states 

of a substance at temperatures lower than those required for incandescence. Subclasses of 

luminescence are defined by the mechanism underlying electron excitation and include 

photo-, chemi-, electro-, and thermo-luminescence. The simplified Jablonski diagram 

provided in Figure 1 outlines two further sub-classifications of photoluminescence, 

namely, fluorescence and phosphorescence. Photoluminescence is initiated by the 

absorption of a photon with sufBcient energy to raise a molecule into one of its upper 

level excited states (S2, S3 ...Sn in Figure 1). The discrete electronic states, shown in 

Figure 1 contain a further subset of vibrational and rotational energy levels which 

contribute to continuity of absorption and emission spectra. The number of photons 

absorbed in this process is dictated by both the fluorophore's concentration, C as well as 

its extinction coefficient, e{X^) (typically,10,000-2S0,000M*'cm''). Specifically, the 

absorption coefficient of a particular fluorophore is related to these parameters by 

fe) = ln(10)f . (2.1) 

For luminescent molecules, absorption is followed by a rapid relaxation (At <10''̂  

s) by internal conversion to the lowest vibrational level of the lowest excited state (Si). 

The subsequent transition between the excited state and the ground state can occur 

through either radiative (photon emission) or nonradiative (collisions or energy transfer) 

processes. The quantum yield (QY) of a fluorophore is defined by a ratio of the radiative 
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decay rate, XQ, to the total rate of decay by any process(xo )• Thus the QY states 

the number of photons emitted per photon absorbed, 

Q= (2.2) 

where is the rate of nonradiative decay. For non-interacting fluorophores, the 

emission intensity, F, for a particular combination of excitation (XEX ) and emission (XEM) 

wavelengths is related to the quantum yield and absorption coefficient by Equation (2.3), 

12 

s 

^(^£y » ) ~ ^0 (-^EX ) ) (2.3) 
L *-l 

In Equation (2.3), N is the total number of non-interacting fluorophores, qk(^EM) is the 

quantum yield of fluorophore k at Aex and /o(A£y.) is the source intensity at Afx-and L is 

the optical path length through the sample. 

s, 

So 

Figure 1. Simplified Jablonsid diagram of fluorescence (F) and phosphoresce (P). The process 
begins with the absorption (A) of a photon with sufGcient energy to raise the molecule into one of 
its upper level excited states (S2, S3 ...Sg). The molecule then rapidly decays through internal 
conversion to the lowest level excited state (Si). Two luminescent phenomena may then occur 
fluorescence (F) and phosphorescence (P). abbreviations; Triplet state (Tl, T2), btemal 
Conversion GQ and fatersystem Crossing (ISQ. 
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Phosphorescence is distinguished from fluorescence by a difference in their 

associated lifetimes. In general, the lifetime of a luminescent compound is defined as the 

average time between excitation and emission. Fluorescence lifetimes (TQ) are typically 

on the order of 10 ns while phosphorescence lifetimes range from milliseconds to 

seconds. The significant increase in the lifetimes of phosphorescent substances is due to 

an intersystem crossing (ISC) from an excited singlet state to an excited triplet state prior 

to relaxation to the ground state. Emission is again from the lowest vibrational level of 

this excited state; however, the electron spin of an excited triplet state is aligned to that of 

the ground state leading to a low probability of transition and therefore a long lifetime of 

the excited state. This is contrary to fluorescence which occurs fix>m an excited singlet 

state in which the spin is anti-parallel to that of the ground state. 

With this limited introduction to photoluminescence, three key features of 

absorption, excitation and emission spectra can be explained. First, due to the rapid 

relaxation rate (»yo) from upper to lower level excited states, emission typically occurs 

from the lowest level excited state. This leads to two important features of emission 

spectra. As first observed by Stokes in 18S2, an emitted photon will typically exhibit a 

lower energy and therefore longer wavelength than the absorbed photon. This shift is 

often exaggerated by decay from the excited state into an upper vibrational level of the 

ground state. The associated energy or wavelength difference is commonly referred to as 

the fluorophore's Stokes Shift.' Second, because the relaxation of the excited state occurs 

in a time much less than the fluorescence lifetime, the photon will be emitted fipom the 

lowest level of the excited state regardless of the excitation energy. In other words a shift 
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in excitation wavelength results only in a change in emission intensity and not in spectral 

structure (see Equation (2.3)). This is formally known as Kasha's Rule. Finally, because 

of the similarity in vibrational structure of the ground and first excited states, the 

excitation and emission spectra are typically mirror images of one another. Exceptions to 

this mirror image rule exist due to excited state reactions that change the nuclear 

arrangement or chemical structure of the excited state fluorophore.' 

2.2 Fluorescence Indicators 

In general a fluorescence indicator is any intrinsic or extrinsic fluorophore that 

interacts with an analyte in such a way as to produce an observable event. For the 

purposes of this research, variations in the fluorophore's emission spectrum are of 

particular interest. Several underlying mechanisms for environmentally dependent 

variations in emission spectra are presented in the following section. Emphasis is placed 

on fluorophores used throughout this research. 

2.2.1 Collisional Quenching 

CoUisional quenching refers to a reduction in emission intensity due to excited 

state collisions between a fluorophore and a quenching agent During this excited state 

interaction, the chemical composition of the fluorophore does not change. Rather the 

intensity loss is due to a loss of excitation energy to the quenching molecule and the 

external environment (heat). This decrease in fluorescence emission is governed by the 

Stem-Volmer equation: 
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y = l+*,r.[G] (2.4) 

Here Fo and F are the fluorescence emission intensities in the absence and presence of the 

quencher, respectively; is the biomolecular quenching constant (M'̂ s'*), TQ is the 

fluorescence lifetime and [Q\ is the quencher concentration. CoUisional quenching is 

most conunonly used to measure the concentration of oxygen. Although all fluorophores 

are susceptible to collisional quenching by oxygen, it is the fluorescence lifetime. To, of a 

probe that determines its suitability as an oxygen sensor. Longer lifetime probes provide 

an increased sensitivity to fluctuations in oxygen concentrations through extended 

interaction times between the excited state fluorophore and quenching agent. Thus, metal 

ligand complexes exhibiting rapid intersystem crossings between excited singlet and 

triplet states are often chosen for oxygen sensing applications. 

2.2.2 Complexation with analyte 

During collisional quenching, the chemical composition of the fluorophore does 

not change; however, for other probe types, observable variations in the emission 

spectrum are a direct result of probe-analyte binding. The specific spectral changes and 

their underlying causes vary from probe to probe. In all cases one begins with the general 

dissociation reaction describing the complexation of a fluorescent probe (P) with its 

associated analyte (A). 

AP^^A + P^ (2.5)  
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where Pg and represent the two possible states of the fluorophore, namely bound and 

free. A binding stoichiometry of 1:1 is assumed. The dissociation constant, , for this 

reaction is defined as 

(2.6) 

where [/V-]. \^a\ [-^1 concentrations of the free probe, bound probe and 

free analyte, respectively. The dissociation constant determines the linear range over 

which a probe is sensitive to a specific analyte. As a rule of thumb, a probe is sensitive 

from one-order of magnitude below to one order of magnitude above the value of KD, i.e. 

from 0.1 KD to IOKD. More explicitly this narrow range of sensitivity corresponds to 

the linear region of the sigmoidal distribution of the fluorophore's spectral response. The 

main distinction between different analyte-binding fluorophores arises from the spectral 

variations accompanying the more overt chemical changes. A comprehensive discussion 

of the consequences of probe-analyte binding is beyond the scope of this dissertation; 

however, the following will serve as an overview of various mechanisms encountered 

throughout this research. For a more complete description of the associated processes see 

references 1,2,3, and 4. 

Intensity based sensing 

In the case of intensity based sensing, analyte binding yields a shift in the 

fluorophore's absorption spectrum, a change in the fluorophore's quantum yield, or a 

combination of both. These changes occur without significantly afifecting the 
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fluorescence emission spectrum. In other words, analyte binding results in a reduction in 

the fluorophore's emission intensity rather than any variation in the structure of its 

emission spectrum [Equation (2.3)]. An example of intensity-based probes is the group of 

calcium indicators based upon the BAPTA chelator.' In the case of Calcium Green, both 

the ion bound and ion free forms of the probe are fluorescent and the variations in 

emission intensity are based upon the QY differences between the two forms. For other 

BAPTA derivatives, Fluo-3 and X-rhod-l, only the bound form of the probe is 

fluorescent and therefore intensity variations simply reflect the concentration of the 

fluorescent form. 

An intensity based pH indicator used within the context of this research is the 

enhanced green fluorescence protein (EGFP). EOF? is a specific mutation of the 

naturally occurring fluorophore, OFF, extracted from the Aequorea jellyfish.'̂  EGFP 

responds to protonation with increases in both its absorption coefficient and quantum 

yield. Specifically, the fluorescence emission of EGFP decreases between a pH of 7.0 and 

4.S, with 50% of the emission being retained at a pH of 6.0.'̂  Using Equation (2.3) in 

combination with Equation (2.6), one can derive an expression [Equation (2.7)] for the 

determination of an analyte concentration, [A] from the fluorescence intensity. 

= (2.7) 
^UAX " 

Here F is the fluorescence intensity of the probe when partially complexed by the analyte 

^um ^ ̂UAX ^ fluorescence intensities of the fully bound and fi%e forms of 

the indicator, respectively. Spectra from a pH calibration of EGFP free acid and the 
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association pH calibration curve are shown in Figure 2. The acid dissociation constant, 

pKa, is provided in Figure 2(b) and is defined as 

pKa = -\os^oiKo) (2.8) 

The pKa was calculated by fitting the calibration data to the following modified version 

of Equation (2.7). 

F = — * UAX' MN 
I+ 10''*""''"' 

(2.9) 
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Figure 2. Results from a pH calibration of EGFP free acid. See Chapter 6 for experimental and 
analysis protocols, (a) Reconstructed spectra of EGFP in the presence of varying [IT] (b) 
variation in EGFP signal at S30 nm with respect to pH. Data was collected using the 2K CnS 
coupled to an inverted fluorescence microscope as described in Giapters 3 and 4. 

Spectral Shifts 

In the case that both the bound and free forms of the indicator are fluorescent, a 

change in anaiyte concentration can be accompanied by an apparent shift in the combined 

excitation/emission spectrum. This is the case for the pH indicator, SNARP-I used 

throughout this dissertation. For this ratiometric indicator. Equation (2.7) must be 

modified to account for the two distinct emission spectra. 
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M=*^< (2.10) 

where R = F[A^)/F{A^) is a ratio of the emission intensities at wavelengths 

associated with the two different forms of the probe and Rmin and Rmax are the 

ratios corresponding to the fully free and fully bound states of the probe, respectively. 

The pH dependent spectral shift of SNARF-l is shown in the plots of Figure 3(a). These 

reconstructed spectra were derived from CTIS images of SNARF-l in its ion sensitive 

free acid form. The associated calibration curve for these spectra is shown in Figure 3(b). 

The provided pKa value was determined by fitting the original data to the logarithmic 

form of Equation 1. 
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Figure 3. Results from a pH calibration of SNARF-l free acid. See Chapter 6 for experimental 
analysis protocols, (a) Average spectra acquired during a single trial of ̂  free acid calibration, (b) 
pH dependent variation in the ratio of SNARF-l emission at the basic peak (635 mn) and iso-
emissive wavelength (6 IS nm). 

As is apparent from the spectra of Figure 3, there exists a wavelength (615 nm) at 

which the emission intensity of SNARF-l is independent of ion concentration. This is the 

case for any ion sensitive probe which exists in two and only two fluorescent states. This 
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wavelength, commonly referred to as the isoemissive point, serves as an indicator for 

analyte independent variations in fluorescence yield. The signal at this wavelength may 

therefore be used to correct for variations in source intensity, probe concentration, 

photobleaching, and energy transfer between fluorophores. 

2,3 Commoii Error Sources within Quantitative Fluorescence Microscopy 

The ability to extract quantitative information from the spectral signatures of 

fluorophores is limited by several factors including background fluorescence, source 

fluctuations, cellular processing, photodamage to the fluorophore, and interactions 

between multiple co-loaded fluorophores. Improper treatment of these error sources can 

lead to erroneous measurements of analyte concentration. Each of these error sources is 

presented along with possible correction mechanism. The correction mechanisms assume 

that the steady state emission intensity of the fluorophores is being monitored. 

23.1 Intrinsic Fluorescence 

Intrinsic fluorophores are those that occur naturally within the cellular 

environment. Although the fluorescence from intrinsic fluorophores (autofluorescence) 

may provide key structural and chemical information, it also serves as a constant source 

of background within spectral measurements. Thus, the origins and fluctuations of 

autofluorescence must be understood. The sources of intrinsic fluorescence in cellular 

experiments will be dependent upon the chosen excitation wavelengths. The fluorescence 
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properties of commonly encountered amino acids (phenylalene, tyrosine, tryptophan), 

certain enzyme cofactors (NADH, FAD), lipids and porphyrins are provided in Table 1. 

Catergory Species EX (nm) EM(mn) 

Aromatic 
Hydrocarbons 

Pheayiaianine 260 282 
Aromatic 

Hydrocarbons Tyrosine 275 304 Aromatic 
Hydrocarbons 

Tryptophan 295 353 

Enzyme 
Cofactors 

NADH 340 460 
Enzyme 

Cofactors FAD 450 525 Enzyme 
Cofactors 

NADPH 336 464 

Lipids 

Phospholipids 436 540,560 

Lipids Lipofuscliin 340-395 540,430-460 Lipids 

Ceroid 340-395 430-460,540 

Porphyrins 400-450 630,690 
Table 1. Spectral properties of some common intrinsic 
fluorophores.'*'̂  

The spatial distribution of intrinsic fluorescence emission can vary over the 

course of an experiment due in part to changes in the cellular redox state. Thus acquiring 

a single background image prior to probe loading is not su£Bcient for the removal of 

autofluorcscence. However, given contiguously sampled spectra, linear unmixing 

algorithms can be utilized to separate autofluorescence from the desired spectrum, hi 

general, the combined fluorescence spectrum of multiple fluorophores may be written as 

a weighted sum of the component spectra. 

yi^) = ^aMX) (2.11) 
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where y is the observed (combined) spectrum, is the weight on the kf' spectrum, 

and X is the set of sampled wavelength bands. Linear unmixing algorithms (described in 

Chapter S) seek to determine the unknown weighting factors given the observed and 

component spectra. 

2.3.2 Source Fluctuations 

As is apparent firom Equation (2.3), the emission intensity from a fluorescent 

molecule is directly proportional to the intensity of the excitation source. Thus source 

fluctuations and spatial nonuniformities will lead to erroneous measurements of ion 

concentrations for single emission probes (See Section 2.2.2 Complexation with analyte). 

The isobestic point in the emission spectra of ratiometric probes does provide an inherent 

correction mechanism for this type of artifact. Unfortunately, several factors limit the 

usefubiess of ratiometric correction. The first and most significant is the insufficient 

availability of ratiometric probes for analyte sensing. This limitation can be overcome to 

some extent through a judicious selection of probe combinations. For example, the 

isobestic point of a ratiometric indicator can be used to correct the emission spectrum of 

an intensity based fluorophore if both exhibit similar photobleaching and dye-leakage 

rates.'̂  Even further, ratiometric measurements have been made using two intensity-

based fluorophores exhibiting an affinity for the same analyte in addition to similar 

photobleaching and dye-leakage rates. 

Ratiometric measurements ate complicated, however, by the combined use of 

multiple fluorophores with overlapping spectral signatures. Specifically, if the emission 
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spectrum of one fluorophore overlaps the ion-sensitive or iso-emissive wavelengths of 

the second ratiometric probe, then spectral unmixing algorithms must be used prior to the 

use of Equation (2.10) for analyte measurement. In the experiments carried out to test the 

CTIS, the effects of spectral overlap between unique probes were of significant concern 

(See Chapter 5 and Chapter S). 

2.3 J Cellular Processing of Dyes 

Most analyte-sensitive fluorophores are highly charged and therefore are not 

permeant through the cell membrane. Therefore, to load dyes into the cellular 

environment, the charged groups are attached to acetoxymethyl (AM) ester groups 

allowing these derivatives to passively difiuse across the cellular membrane are often 

used. Within the cellular environment, non-specific esterases cleave the AM esters 

reducing the fluorophore to its membrane impermeant fi«e acid form. Incomplete 

hydrolysis can lead to background fluorescence (non-cleaved dye trapped within the 

membrane) which is insensitive to ion concentrations potentially leading to inaccurate 

measurements of the analyte concentration. In addition, given the membrane permeability 

of AM esters, this form of a probe passes not only through the cellular membrane but also 

through the membranes of subcellular organelles. Depending upon the relative esterase 

activity within these subcellular compartments and the cytosol, a significant portion of 

the dye may become sequestered within the organelles. If the imaging system does not 

resolve these compartments, the fluorescence signal will be averaged with that of the 

cytosol leading to erroneous measurements of ion concentrations. Spatially mapping the 
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fluorescence distribution provides a mechanism for monitoring the compartmentalization 

of the probe. In addition, collection of fluorescence spectra rather than isolated spectral 

bands provides a means of distinguishing reductions in intensity (photobleaching or dye 

leakage) from spectral shifts due to environmental factors. 

2 J.4 Photobleaching 

Photobleaching is an irrecoverable photo-induced damage of an excited state 

fluorophore that renders the fluorophore unable to produce fluorescent emissions. 

Photobleaching presents itself as a visible reduction in fluorescence intensity over the 

course of an experiment. Again, ratiometric measurements may correct for this ion-

independent intensity variation (See Section 2.3.2 Source Fluctuations). For intensity 

based probes, the photobleaching rate of a particular probe can be measured as part of the 

probe's calibration. However, any perturbation of the cellular physiology can have a 

significant effect on this rate and therefore such correction factors should be used with 

caution. Instead, photobleach rates may be reduced through the use of anti-fade reagents 

that quench reactive oxygen species, most conunonly involved in deactivation pathways. 

2 Cross Sensitivities 

A fiirther complication in using fluorescent ion indicators for quantitative 

measurements is that an individual probe may not be completely specific to a given target 

ion. The most notable example is the pH dependence of most ion sensing fluorophores. 

hi order to correct for this cross sensitivity, indicators for both the ion of interest and the 
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competing ion (H^, for example) can be co-loaded into the cellular environment and 

simultaneously monitored.'̂  

13.6 Probe-Probe Interactions (Resonance energy transfer) 

Resonance energy transfer (RET) occurs when the absorption spectrum of an 

acceptor molecule (not necessarily fluorescent) overlaps the emission spectrum of the 

donor fluorophore. Unlike collisional quenching, the molecules do not need to come into 

contact for RET to occur. Rather, the process occurs through dipole-dipole interaction 

and thus requires only that the donor and acceptor are sufficiently close. This requirement 

is quantitatively described by the following equation for the rate of energy transfer. 

where Td is the donor's fluorescence lifetime, Ro is the Fdrster distance and r is the 

distance between the acceptor and donor pair. The dependence of RET on separation 

distance implies two key properties. First, the extent of RET between two fluorophores 

will be dependent upon the concentration of each probe and second, as Fdrster distances 

are typicsdly on the order of 10-100 A, RET does not affect fluorophores separated by 

cellular membranes.^ However, RET is a key consideration when choosing probes for 

multivariate fluorescence experiments when different fluorophores are targeted to the 

same subcellular compartment 

(2.12) 

13,1 Correction Meciianisnis 
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A significant connection between these quantitative fluorescence microscopy 

error sources is the ability to correct for them given appropriately collected spectral 

information. First, the collection of spatially resolved spectra provides a means of 

monitoring variations in the cellular processing and distribution of the loaded probes. 

Second, the collection of contiguously sampled spectra over a continuous spectral range, 

allows the component spectra to be analyzed on an individual basis. This prevents the 

corruption of quantitative information contained within each spectrum and provides for 

the identification of non-ideal behavior (i.e., RET). The usefulness of this spectral 

information is dependent upon the development of spectral analysis algorithms for 

multivariate data extraction from complex fluorescence spectra. The theoretical basis for 

and specific examples of such multivariate spectral analysis techniques are presented in 

Chapter S and Chapter 6, respectively. 
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CHAPTER 3 

COMPUTED TOMOGRAPHY IMAGING SPECTROMETER: 

THEORETICAL CONSIDERATIONS 

3.1 Current state of the art 

The initial phase of this project concentrated on the development of a snapshot 

imaging spectrometer capable of coupling to a standard fluorescence microscope for in 

vivo studies of cell and tissue physiology. As discussed in Chapter 3, fluorescence is 

commonly utilized to monitor changes in cellular morphology, ion and metabolite 

concentrations and gene expression. Although examination of these parameters yields 

valuable insight into the underlying mechanisms associated with basic cellular responses, 

the scanning requirements of existing spectrometers limit investigations into the 

fundamental processes of complicated signaling cascades. This can be appreciated by 

noting that several cellular parameters may change either simultaneously or in sequence 

during the course of many physical responses (e.g. hormone secretion, muscle 

contraction).'̂ *'̂  Since many tissues are heterogeneous with respect to the time course of 

cellular response, it is critical to examine multiple parameters in individual cells with 

adequate spatial (1 ^m or less) and temporal resoltition (msec - sec). Such experiments 

require the use of spectral imaging systems that collect spectra simultaneously for all 

spatial locations across the cellular field.'" Observations of multiple physiological 

parameters may also require the loading of several distinct probes into the cellular 

environment These probes may exhibit overlapping spectral signatures, dye-dye 
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interactions or cross-sensitivities to multiple analytes. Under these circumstances, 

spectral unmixing algorithms can be utilized to precisely evaluate the signal from 

individual probes and to evaluate possible spectral variations due to probe interactions. '̂'̂  

X 
Figure 4. Schematic representation of the datacube measurements methods of standard imaging 
spectrometers. 

With currently available imaging spectrometers (see Figure 4), the need for 

scanning results in an oflen-unacceptable compromise between spectral, spatial and 

temporal resolution. For instance, due to the need for spectral-band scanning in filtered 

imaging systems, an improvement in spectral resolution occurs with a concomitant 

reduction in temporal resolution. Such a tradeoff results either from restrictions on 

the system's scan rate or from a reduction in the signal-to-noise ratio (SNR) within the 

narrow spectral bandwidth of each filtered image. Examples of filtered imaging systems 

currently used in fluorescence microscopy are cameras equipped with either an acousto-

optic tunable filter (AOTF) or liquid crystal tunable filter (LCTF).^"'̂ ' Although these 

filters exhibit rapid switching rates between spectral bands, the signal within each band 

ultimately limits the temporal resolution. The lengthy acquisition times result in a 
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significant temporal o£fset between the signals detected from different physiological 

markers and therefore ambiguity in accurately determining the time course of physical 

response. 

Point-scan and slit-scan spectrometers overcome this drawback by collecting 

high-resolution spectral data over a limited region of the cellular field during a single 

integration time.^"" Yet, due to cellular heterogeneity within a sample it is important to 

observe the interactions of multiple cell types and therefore some form of spatial 

scanning is required. Again the scan rates of these systems are not the limiting factor in 

determining their temporal resolution. Instead one must consider the dwell time required 

at each point or line within the sample. The practical limit on the temporal resolution of 

these systems is the available signal and the detection efficiency. In a recent publication, 

total acquisition times of up to S minutes have been reported for slit scan imaging 

spectrometers in fluorescence microscopy.^ This corresponds to object cubes with 200 x 

200 spatial positions and a spectral resolution of 0.4 nm across the visible spectrum. 

Since changes in the sample may occur during the scanning process, the exact time 

sequence of events across the scanned field becomes difficult to verify. 

The computed tomography imaging spectrometer (CTIS) overcomes previous 

sampling limitations by acquiring full spectral information for all spatial samples within a 

2-D field of view (FOV) during a single integration time. For this reason, the CTIS can 

be considered a snapshot spectral imaging device. Spatial and spectral multiplexing is 

accomplished through the use of a computer-generated hologram (CGH) disperser which 

maps the fluorescence signal from a three-dimensional (3-D) (x, y,A) specimen onto a 2-



41 

D (x\y') image plane (CCD array). The mapping may be experimentally determined 

through an ix,y,A,) calibration of the CTIS and then mathematically inverted to 

reconstruct object cube estimates firom captured raw images. 

Within this chapter, the mathematical theory underlying this mapping and 

subsequent inversion is described. The actual design and application of two CTIS 

prototypes for microscopy studies are presented in Chapter 4. 

3.2 Mathematical Modeling 

The theoretical basis for the CTIS is presented in detail within the combined 

works of Descour and Volin (See references 49 and 24); therefore, this section will serve 

only as a brief overview of their past contributions. 

The ens can be modeled as a linear imaging system and thus the mapping 

between object and image space may be described in terms of linear algebra. 

g = Hf+n (3.1) 

Here, g and f are vector representations of the 2-D image (Figure 8) and the 3-D 

object cube, respectively. Throughout this dissertation object cubes will refer to 

discretized, 3-D objects having two orthogonal spatial axes {x^y) and a third spectral 

axis(A). hi Equation (3.1), n is additive noise associated with the detection system and H 

is the system matrix. 
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3 J.1 Voxel Based System Matrix 

In its most general form, each column of H corresponds to the response of the 

CTIS to a single volume element (Ar, Ay, Az), or voxel, within the object cube. Each 

column therefore represents a specific voxel spread function (VSF) and the 

corresponding system matrix is referred to specifically as a voxel-based system matrix. 

The ens maps the signal firom each voxel to a distinct diffraction pattern on a CCD 

array by means of a CGH disperser (Figure 5). As an example, each diffraction pattern, 

shown Figure S consists of a S^S array of points. The central spot within the 25 orders 

corresponds to the O"* diffraction order. A shiit in the center wavelength of a voxel 

results in the expansion or contraction of the diffraction pattern about this point, in this 

way, spectral information is encoded spatially on the 2-D detector array. For any given 

wavelength, a change in the voxel's spatial position results in a corresponding translation 

of the entire diffraction pattern across the image plane. The ensemble of the diffraction 

patterns associated with all voxels represents the mapping from the 3-D (x^y^A) object 

space to the 2-D (x',/) image space (CCD detector array). This mapping can be 

mathematically inverted to reconstruct an object cube from a given raw image (see 

Section 3.3 - Object Cube Reconstructions). 

Because the VSFs are acquired using a CCD detector array, H describes a 

discrete-to-discrete mapping of signal between object and image space. 



(•) (b) 
Figure 5. CTIS mapping of the signal from individual voxels to the imaging anay. 
The signal on the imaging array is distributed in a diffiaction pattern that depends on a 
voxel's (x,y,X) coordinates in the object cube. Part (a) shows a calibration image 
collected at 470 nm while Part (b) shows a caliliration image for the same spatial 
location now at a wavelength of740 nm. 

The voxel-based system matrix is acquired experimentally by recording 

calibration images, such as those shown in Figure S, for every voxel within the object 

cube.'* '̂̂ '̂ ^ In order to obtain the raw image associated with a single voxel, light from a 

lOOW Tungsten-Halogen lamp is focused onto the entrance slit of a monochromator (see 

Figure 6). The narrow-bandwidth light from the monochromator is focused to a spot in 

the field stop of the CTIS. Ideally, the size of this spot is such that only a single detector 

element on the CCD array is illuminated within the O"* diffraction order image. 

Deviations from this ideal situation occur due to the inherent axial chromatic aberration 

of the calibration optics. After the set of calibration images (one image per wavelength 

band) is acquired, the output of the fiber is focused onto a spectrally calibrated 

radiometer and is scanned through wavelength. A product is formed at each wavelength 

between the radiant-power measurement (mW) and the integration time required for the 
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corresponding calibration image. This product serves as a normalization factor for each 

column of the H matrix so that the reconstructed datacube is in units of pJ/spectral band. 

For a more rigorous treatment of CTIS calibration see Refs 43 and 49. 

50 micron 
UV/V1S Fiber 

Figure 6. Current configuration of CTIS calibration system. 

The VSF for each wavelength band is shift-invariant across the limited field of 

view defined by the CTIS field stop. As a result of this shift-invariance, only a single 

calibration image per wavelength band needs to be acquired and stored.^^" '̂ During 

reconstruction of the object cube, these stored calibration images are recalled and shifted 

to the required spatial position within the field of view. The validity of the shift-

invariance assumption is tested during calibration by collecting a test image for a point at 



45 

the comer of the field stop. The test image is compared to a standard calibration image 

(spot at center of field stop) shifted by an amount equal to the distance from the center to 

the comer of the field stop. The Pearson correlation coefficient (typically > 96%) is then 

used to quantify the overlap between the two images. 

3.2.2 Alternative Basis Sets 

Once a VSF has been acquired for each spectral band, other basis sets may be 

utilized to alternatively define the system matrix. These basis sets may rely upon a priori 

information to constrain the reconstruction process and increase the accuracy and rate of 

convergence of object cube reconstructions. One such basis set consists of vectors 

representing known spectral features such as the spectral endmembers or principal 

components for a particular sample. Rather than mapping individual voxel's through the 

ens system, the spectrum-based matrix maps weighted column vectors firom the object 

cube onto the 2-D image (Figure 7). The accuracy of such spectrum-based 

reconstructions is dependent upon the accuracy of the linear mixing model used to 

establish the matrix. Advantages of spectrum-based reconstruction methods include the 

inherent unmixing of spectral components, a decrease in computation time and a 

reduction in certain reconstruction artifacts (see Section 3.4). Results fiom spectrum-

based reconstructions are presented in Chapter 6. 
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Figure 7. Example of alternative basis set for CTIS reconstructions (a) Three spectra fiom 
which all object cube spectra may be linearly formed (b-d) Central 9 of 25 difi^tion orders of 
corresponding spectrum-based calibration images for spectra labeled B, C, and D, respectively 
in Part (a). 

3.23. ens Raw Images 

Shown in Figure 8A is a representative raw image from one CTIS prototype. The 

zeroth diCGraction order image is located at the center of the raw image and is the result of 

direct imaging through the CGH disperser without any dispersion. Consequently, the 

zeroth diffraction order image can be used for sample selection and focus adjustment. 

The higher order images are associated with an increasing dispersion that manifests itself 

as a radial blur in the higher diffraction orders (Figure 8). In order to effectively balance 
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the signal across the raw image, the increased dispersion associated higher diffraction 

orders is partially offset by increases in the diffraction efiBciencies in those orders. 

Deviations from this ideal are evident within the raw image especially within the (-2,-2) 

diffraction order. 

/ 

(«) (b) 
Fignre 8. (a) Representative raw image of embryonic rat cerebellum glia. The cells were probed 
with primary antibodies to glial fibrillary acidic proteins (GFAP) and subsequently labeled with 
Alexa Fluor 488 goat anti-rabbit IgG (H+L) conjugate seconda^ antibody and tte DNA/RNA 
probe, Ethidium Bromide. The image was acquired using a 40x, NA = 1.35 microscope objective. 
Object cubes were reconstructed with 55 spectral bands (470nm - 740 nm, spectral sampling 
distance of S nm) and 203 x 203 spatial resolution elements (0.98 ^m, spatial sampling), (b) 
Reconstructed color image corresponding to CTIS raw image in (a). 

33 Objcct Cube Reconstructions 

Two nonlinear, iterative reconstruction algorithms are commonly utilized for 

object cube reconstructions, namely, the multiplicative algebraic reconstruction technique 

(MART) and expectation maximization (EM). The chosen method is dependent upon the 

spatial and spectral content of the scene as well as the noise model for the imaging 
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system. Additive reconstniction approaches such as the Landweber (LW) algorithm also 

exist for object cube reconstruction but are seldom used in practical plications due to 

their slow rate of convergence.^^ 

3 J.l Multiplicative Algebraic Reconstruction Technique 

Throughout this dissertation, the reconstructions of object cubes are performed 

using the Multiplicative Algebraic Reconstruction Technique (MART). '̂' In MART, the 

iterative progression fix>m the k"* estimated object cube, f*, to the (k + 1)*' occurs 

according to the equation: 

f*"' =f*-5!|̂ (3.2) 

T indicates the matrix transpose and H'̂ g and form the backprojection of the 

collected raw image and the current image estimate, respectively. The algebraic 

operations are taken to be element-by-element operations. '̂ MART is a double-blurring 

algorithm and therefore converges slowly for sharp spatial and spectral 

features. This is not a significant limitation given the spatial resolution of the CTIS and 

the smoothness of fluorescence emission spectra. Instead, the double blurring provides 

the benefit that noise artifacts are diminished within object cube estimates. 

3 J.2 Expectation Maximization 

In contrast, the iterative progression associated with the EM algorithm follows 

Equation (3.3). 
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EM converges more rapidly than MART; however, reconstructions based on this 

technique are highly susceptible to noise artifacts in the form of sharp spectral features. 

Thus far, MART has proven a more suitable algorithm within the explored fluorescence 

applications; however, the ^plicability of EM may increase with the ongoing 

development of fluorescent semiconductor nanocrystals.^^ These nanoprobes can be 

designed to exhibit narrow and synunetric emission spectra (10 to 20 nm full width half 

maximum) over a broad spectral range (400 nm to 2 Additionally, the broad 

excitation ranges and large Stoke's shifts associated with these nanoprobes allows for 

simultaneous excitation and detection of multiple nanoprobes. The combined emission 

spectra may be better served by EM due to the sharper spectral features to be expected. 

3.4 Limitations on reconstruction accuracy 

Figure 9. Schematic conceptually showing the raw image as a set of projections of the object 
cube. 
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As alluded to by its name, the underlying theory of the CTIS is in many ways 

analogous to that of standard computed tomography (CT). Specifically, the diffracted 

images which contribute to the CTIS raw image each represent a sum projection of the 

object cube from a specific viewing angle. As in standard CT, the Central Slice Theorem 

states that the 2-D Fourier transform of each projection image is equivalent to a slice 

through the frequency space representation of the 3-D object. ^ The extension of this 

theoretical model must be met, however, with some caution due to the transition from 

spatial to spectral data along the object cube's third axis. For a CTIS object cube, the 

slice's inclination is defined by the number of the associated diffraction order and is 

proportional to its diffraction angle. The slice's azimuthal angle is likewise defined by the 

direction of the order's dispersion with respect to the defined axes of the focal plane 

array. Using this interpretation of the CTIS raw image, it is apparent that the collection of 

spatial and spectral frequencies by the CTIS is defined by the diffraction orders making 

up the CTIS raw image. 

The number and angle of the projections (diffraction orders) captured by the CTIS 

is fimdamentally limited by the extent of the focal plane array and eventually by the 

inability to capture a '̂ side-view" of the object cube. Thus, the CTIS belongs to the 

category of restricted view angle instruments. As such, each voxel of the object cube is 

viewed through only a limited set of angles corresponding to the limited number of 

dispersed images on the 2D detector array. As is the case for all instruments within this 

class, there exist two missing cones of data within the 3D Fourier transform of the object 
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cube.^ The limits of the missing cones are defined by the maximum inclination angle as 

prescribed by the maximum order number. 

The regions comprising the missing cones correspond to the null space of the 

system matrix H. This null space leads to reconstruction artifacts for object cubes with 

frequency space representation falling within these regions of missing data. Such objects 

include those with little spatial modulation and sharp spectral transitions.^ This error 

source can be addressed through changes in the experimental design, modifications to the 

instrumentation or enhancements of the reconstruction algorithms. 

In terms of experimental design, spatial modulation can be controlled to some 

extent through selective labeling of the sample with fluorescent markers of varying 

emission intensities. Specifically, confluent monolayers of cells and whole tissue slices 

exhibit little spatial modulation when loaded cytosolically with fluorescent probes. 

Increased spatial contrast can be induced, however, by targeting multiple cellular 

components (nucleus, cellular membrane) with additional fluorophores. Post processing 

algorithms such as linear spectral unmixing can be applied to remove the added probes' 

signals from the desired spectrum. 

If selective labeling is not possible, a prori knowledge about the component 

spectra can be used to constrain the reconstruction algorithm. The use of spectral 

constraints forces data within the missing cones of the object to exhibit reasonable 

spectral characteristics. Note that nonlinear reconstruction methods such as MART and 

EM insert data into the missing cone regions. If the pure component spectra cannot be 

obtained, estimates of the scene's spectral principal components can be calculated from 
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reconstructed spectra at spatial frequencies outside the missing cone. These estimates are 

calculated after several iterations of the unconstrained reconstruction algorithm and are 

then used to constrain subsequent iterations. This constraint ensures that the reconstructed 

data falling within the missing cone is consistent with the potentially more accurate data 

located outside the region.^ Whether using prior knowledge or estimated principal 

components, the spectral constraints can be applied by generating a spectrum-based 

system matrix (See Section 3.2.2 Alternative Basis Sets). 

Spatial structure can also be added to the object cube through some form of 

structured or restricted illumination. This is especially useful in performing free acid 

calibrations of fluorophores in which there is no spatial structure within the object cube. 

The simplest method to accomplish structured illumination employs a segmented field 

stop. As an example. Figure 10 shows raw image for a combination of the fluorescent 

probes, semim^ithortiodafluor-l (SNARF-1) and enhanced green fluorescent protein 

(EGFP) in their free acid (ion sensitive) forms. Here, a narrow slit was used in place of 

the standard field stop. Use of this reduced aperture, significantly reduced reconstruction 

artifacts and provided a rapid means of comparing relative emission intensities from 

multiple probes. 
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Figure 10. Use of a segmented CTIS field stop for free acid measurements (a) Raw image 
acquired using a narrow slit as the field stop in the 2K CTIS. The sample was a free acid solution 
of SNARF-1 and r-EGFP in HBSS at a pH of 8.2. (b) Profile through the (+2, +2) diffraction order 
ofthe raw image. 

3.5 Stopping Criteria 

In order to enhance the efifectiveness of the CTIS as an analytical tool, 

consideration must be given to the eventual end user of the system. This consideration 

should include the eventual automation of the reconstruction process such that minimum 

intervention is required. One challenging aspect to the automation of object cube 

reconstructions is the need to establish a robust stopping criterion for the wide range of 

samples encountered in fluorescence microscopy. Due to the sample-dependent nature of 

the reconstruction process, a set number of iterations is not suitable for every sample 

encountered. Specifically, the required number of iterations depends heavily on the 

combined spatial and spectral distribution of signal within the object cube. For example, 

a datacube consisting of ^atially isolated objects with nonoverls^ing spectral signatures 
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requires considerably fewer iterations than a confluent monolayer of cells with complex 

spectral signatures. 

During preliminary CTIS experiments, the number of required iterations was 

determined by comparing reconstructed spectra to spectra obtained using a 

radiometrically calibrated reference spectrometer (Ocean Optics, Inc. Model S2000). 

Typically 7-8 iterations proved optimal. However, due to the spatio-temporal evolution of 

signals, reference spectra are not typically available for cellular studies. Instead, a robust 

stopping criterion was established to operate in the absence of any a priori spectral 

information. In general, the stopping point is determined by monitoring the relative 

spectral change in the object cube's principal components calculated after each 

successive iteration. 

3.5.1 Principal Component Analysis 

Much of spectral analysis relies upon the representation of an n-dimensional 

dataset by a set of vectors spanning a lower (</ < n) dimensional space. These d-

dimensional vectors are commonly referred to as spectral features. The effectiveness of a 

set of spectral features is defined according to the eventual purpose of the spectral 

information, i.e. classification or representation. The goal of principal component 

analysis (PCA) is to best represent the original data by a subset of spectral features while 

minimizing the mean-square error (MSE) between the original and transformed data 

(Equation (3.4)). 
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(3-4) 
 ̂*-I 

where and x  ̂ are the original and estimated spectra, respectively, ||x|| represents the 

Euclidean norm of X and the summation is carried out over the total number of spectra 

(N) within the original dataset. Minimization of the MSE is accomplished through a 

Kariiunen-Lo^ve expansion of the data. For completeness, an abbreviated derivation of 

this expansion follows.^^ 

The Karhunen-Loive Expansion 

In general, a random vector, x can be written as a linear combination of 

orthogonal vectors, yj 

<1 
0-5) 

i-i 

where = Given that the column vectors are orthogonal and span the space 

containing x, these vectors can be used to represent the original data without error. 

Further, the random vector, x can be approximated by retaining only a small subset of the 

basis vectors, yi, and replacing the remaining vectors with a set of some predetermined 

constants 

*(«) = S y.*. + Z (3-6) 
•-I 

The MSE incurred in this representation is minimized with respect to the constants bi by 

setting theb, =(y,) • In general, the data is pre-processed to possess a zero-mean and 
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therefore the second summation disappears from Equation (3.6). The MSB [Equation 

(3.4)] can then be rewritten as 

imm*\  ̂ ' 

= z ((*-(*»(*-(*)f y (3-7) 

= Z 
i'm*l 

where is defined as the covariance matrix of X. The 4i that minimize Equation (3.7) 

under the constraint of orthonormality are shown to be the eigenvectors of the covariance 

matrix and thus satisfy 

(3 8, 

These eigenvectors are aligned along the directions of maximum variance within the 

dataset and are thus referred to as the principal axes of the dataset. These eigenvectors are 

thus referred to as the principal components (PCs) of the dataset. Substituting Equation 

(3.8) into Equation (3.7), the minimum MSE becomes the sum of the eigenvalues 

associated with the unused eigenvectors 

Jt 

(3-9) 

In order to effectively represent the data, eigenvectors are chosen which correspond to the 

largest eigenvalues. 
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3.5.2 Distances between Subspaces  ̂

Spectral Principal components thus defined may be used to monitor the trends of 

object cube reconstructions. Specifically, the similarity between successive object cube 

estimates may be determined by calculating the subspace distance between the spaces 

spanned by their respective principal components. To this end, two block matrices W and 

Z must first be defined. For this application these matrices would correspond to the full 

set of PCs calculated for two successive estimates of the object cube. The columns of 

these matrices are formed by the object cube's PCs calculated after the j*** and 0*^0*' 

iteration of MART, respectively. 

Both matrices are further subdivided according to the relative contributions of the 

calculated PCs. Specifically, the first block of each matrix (W| and Z|) corresponds to 

those PCs with the largest relative eigenvalues. Thus in Equation (3.10), k is the number 

of statistically significant principal components and n is the total number of spectral 

bands. Further, the principal components retained in Wi and Zi each span a specific 

subspace of R'. The subspace spanned by the orthogonal vectors of Wi will be defined 

as S\ and that spanned by those of Z| as Si. Finally, the distance between these two 

subspaces, dist^SijS^) is defined as 

W = [W, W,] and Z = [Z, Z, 
(3.10) 

k n-k k n-l k n-k 

rf£s«(5;,s,)=lw,%||̂ =||z,'w,[. (3.11) 

In Equation (3.11), the 2-norm vector, IjAl, is defined as 
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IIA||J = ~ ^max^eigenvalueof A^A | 

where A^ indicates the adjoint of the matrix, A. Progression of the reconstruction process 

can then be quantified by monitoring the subspace distance [^/5r(5',,52)]after each 

subsequent iteration. 

3.5 J Incorporatioii of Subspace Distance into MART 

Due to the nonuniform distribution of signal within any given object cube, the rate 

of reconstruction may vary across the spatial field. Likewise, the build up reconstruction 

artifacts may also be spatially variant. Thus the spectral PCs are calculated for specific 

subregions of interest such as individual cells or cell clusters. This process of region 

selection can itself be automated through the incorporation of mathematical morphology 

methods of image segmentation; however for demonstration purposes, all regions were 

selected by hand. 

In determining the stopping point of the reconstruction process, it is thus assumed 

that after a minimum value of </isr(.Sp52), additional iterations will only increase the 

contribution of reconstruction artifacts and not improve the reconstruction accuracy. Thus 

a minimum is achieved in the subspace distance curve of each region, that portion of the 

object cube is held constant for all subsequent iterations. This stopping criterion was 

tested by comparing the iteration number corresponding to the minimum subspace 

distance and the relative spectral error associated with the corresponding region in the 

object cube. For this purpose, reconstructions were performed for a CTIS raw image of 
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three 10 ^m-diameter microspheres each with a different fluorescence emission profile. 

A reconstructed color image of the sample is shovm in Figure 11(a). The reconstructed 

object cube consisted of 75 ^ 75 spatial resolution elements and 30 spectral bands with a 

spatial and spectral sampling of 1.2 ^m and 10 nm, respectively. Reference spectra for 

each microsphere were acquired using a radiometrically calibrated reference spectrometer 

(Ocean Optics, Model S2000). A relative spectral error (E) was calculated after each 

iteration to quantitatively compare the reconstructed and reference spectra. The relative 

measure is defined by 

where is the reference spectrum measured at that pixel, %cns is the reconstructed 

CTIS spectrum at that pixel, |x| denotes the Euclidean norm, and a is a scaling factor 

which minimizes e. 

Figure 11. Sample of 10 diameter microspberes with different emission spectra were 
images through the IK CTIS and reconstructed using MART (a) Reconstructed cola- image 
(after 10 iterations) (b) Reference spectrum of each microsphm obtained with a 
radiometrically calibrated non-imaging spectrometer (Ocean Optics). 

(3.12) 
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The subregions for PC calculation were defined such that each region covering 

the spatial extent of a single microsphere. For the subspace distance calculations of this 

example, k of Equation (3.10) was set to 2 indicating the maximum number of significant 

principal components for each sphere. The plots of Figure 12 show the iterative 

progression of subspace distance for each microsphere. It is apparent fix>m these curves 

that the minimum subspace distance was reached at different iteration numbers for each 

region of interest. This variation is also apparent in the iterative progression of relative 

spectral error (RSE) [Figiu« 12(b)]. These object-dependent minima are accounted for to 

some extent by holding the object cube subregions constant after the minimum subspace 

distance has been reached. For example, the relative spectral error of the yellow 

microsphere is successfully maintained at its minimum value while improved estimates 

are generated for other regions. Although the stopping points for the other microspheres 

do not align to the RSE minima, improved resiilts are expected for objects containing a 

larger number of PCs as well as a greater number of spatial samples. The results shown in 

Figure 12 serve only as a first step in the automation of the reconstruction process with 

the subspace distance calculations of this section serving as a first step for continued 

efforts. 
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Figure 12. Microsphere reconstruction results using the proposed subspace distance 
stopping criterion, (a) Subspace distances calculated after each of IS iterations of 
MART without any stopping criteria applied, (b) Relative spectral error between 
reference spectra (Ocean Optics, Model S2000) and reconstructed spectra (IK CTIS). 
Plotting symbols correspond to the three microspheres, R(D), Y(A), G(3|e) in Figure 
11(a). The curves are plotted for each sphere corresponding to the accumulation of 
spectral error with (red) and without (black) the subspace stopping criterion applied. 
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CHAPTER 4 

COMPUTED TOMOGRAPHY IMAGING SPECTROMETER: 

INSTRUMENT DEVELOPMENT 

In general, the CTIS is a modular instrument capable of coupling to a wide variety 

of fore-optics fix>m telescopes to endoscopes. In the context of fluorescence microscopy, 

the interchangeable fore-optics have included fluorescence microscopes and imaging 

endoscopes.^ '̂̂ '̂̂ '̂'*^ For the purposes of this dissertation, the fore-optics consist primarily 

of a commercially available inverted fluorescence microscope from Olympus, Inc/' A 

schematic representation of a complete CTIS microscope system is provided in Figure 

13. Proof-of-concept imaging results &om the experiments in which the CTIS was 

coupled to an imaging endoscope are also presented within this chapter. 

Figure 13. Schematic representation of a complete CTIS microscope system for fluorescence 
applications. 

In general, the fluorescent samples are illuminated using a 200 W Xenon arc 

lamp. A bandpass filter is used to select a narrow excitation range. The fluorescence 
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emission is collected by a high NA (1.3S-1.40) microscope objective. This optic is 

followed by a dichroic beamsplitter and long-pass emission filter such that light emitted 

from the fluorophores is passed on to the CTIS while the excitation light is suppressed. 

The specific spectral properties of each filter (i.e., bandpass or cut-on wavelength) vary 

according to the experimental needs. An intermediate image is then formed outside the 

side photo port of the microscope at the field stop of the CTIS. The optical train of the 

CTIS includes, in order, the field stop, collimating lens, computer-generated-hologram 

(CGH) disperser, re-imaging lens and CCD detector array. 

IK ens iKcns 
Image fomiat (pixcb) 1024 X 1024 2048 X 2048 
Mjudmum CCD Quantum Efllcieiicy 18 38 
Number of diffraction orders 49 25 
Field stop size (mm) 5.0 7.9 
Colilmating lens focal length (mm) 210 238 
Re-imaging lens focal length (mm) 45 85 
CGH Period (|im) 16 12 
Projected field stop on CCD (pixels) 77x77 203 X 203 
FOV (fin)/ Spatial sampling (|un) 92x92/1.20 195 X 195/0.96 
Spectral Sampling (4S0nm -7S0nm) 10-15 5-15 

Table 2. Progression of CTIS designs over two generations of the instrument's 
development Spatial sampling and FOV calculations assume a 40x microscope 
objective. 

During the course of this project two complete CTIS prototypes were designed, 

constructed and tested for appUcability in fluorescence microscopy. Design and 

performance specifications for the two systems are outlined in Table 2. Each system was 

designed for a specific application within fluorescence microscopy. The IK CTIS, with 

its restricted FOV, was designed for 3-D spectral imaging (i.e. high temporal resolution. 
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limited field of view). In addition, preliminary dynamic imaging experiments were 

conducted using this system while the 2K CTIS was in the early stages of development. 

The 2K CTIS was designed specifically for multivariate analysis of extended cellular 

fields. 

4.1 First- and Second-Generatioii IK CTIS 

The IK CTIS (Figure 14 and Figure IS) was developed as part of an ongoing 

project to generate 4-D {x^y,z,X) deconvolution algorithms for fluorescence studies of 

tissue volumes. Due to the spatial-spectral multiplexing inherent in the CTIS, only a 

single axis of scanning (z-axis) is required to build up the desired 4-D (jr,>',z,/l)dataset. 

Thus, the IK CTIS allows for the fiinctional measurement of multiple analytes within a 

3-D volume. This technology may be applied to studies of complex signaling cascades 

within tissues (e.g. liver or kidney) or multi-layer cell cultures (e.g. neurons on glia cells). 

Figure 14. First-generation IK CTIS aligned to tiie side plioto port of an Olympus 1X70 
inverted fluorescence microscope. This system was originally d^gned for remote-sensing 
applications and dierefore suffered firom low throughput and mechanical incompatibility with 
standard microscopes. 
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Figure 15. Second-generation IK CTIS redesigned specifically for fluorescence microscopy 
applications. The most notable differences include the reductions in the optical complexity and 
the height of the optical axis. 

The system images shown in Figure 14 and Figure 15 clearly demonstrate the 

evolution of this system. The first-generation IK CTIS (Figure 14) was originally 

designed for remote sensing ^plications and was used primarily for proof-of concept 

imaging experiments. Raw images were collected using an 8-bit digital scientific camera 

(Kodak MegaPlus) with a 1024 x 1024 pixel array (12 |im pixels). This prototype lacked 

basic compatibility with standard fluorescence microscopes. This is apparent in Figure 14 

by the use of laboratory jacks to align the optical axis of the two systems. In addition, 

because this first generation system was developed for high signal-to-noise applications, 

the throughput was insufficient for physiological measurements of fluorescently labeled 

specimens. 

In contrast, the second-generation IK CTIS (Figure 15) was designed specifically 

for applications in fluorescence microscopy. This included (1) a re-design of the opto
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mechanical system to align the optical axis of the CTIS to the optical axis of the inverted 

microscope (side photo port), (2) the addition of a telescoping adapter mount to provide a 

direct connection between the side photo-port and the CHS and (3) a simplification of 

the optical system to enhance the CTIS transmission. To this end, the photographic zoom 

lens used for collimation in the first system was replaced with an achromatic doublet 

(Figure 14 and Figure IS). 

The CCD camera for the second-generation IK CTIS is the Silicon Mountain 

Design (SMD) 1M60. This is a 12-bit, cooled digital scientific camera with a 1024 x 

1024 pixel (14 ^m) array. The CCD has a maximum quantum efiBciency of ~18% at 680 

nm and a daric current rate of (7,500 electrons/pixels/sec at 2S*^C). This camera proved 

less than optimal for fluorescence microscopy applications. Given the low quantum 

efiBciency across the visible spectrum, integration times were typically in excess of 2 

seconds. Due to these lengthy integration times and the high daric current rate, SNR 

values between S and 10 were typical for raw images. Post-processing did allow for the 

extraction of reliable data; however the poor imaging quality was problematic during 

imaging experiments when attempting to follow temporal evolution of signal responses 

from fluorophores. In addition, this camera suffered from a gain offset in one of its four 

output channels (Figure 16). SMD was unable to resolve this problem; however, proper 

background subtraction successfiiUy eliminated this effect. 
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Figure 16. A profile across a dark image acquired with the IK CTIS which demonstrates the 
offsets in each of the four data channels of the SMD 1M60. The solid line represents the average 
value across each of the four channels. 

4.1.1 Computer Generated Hologram (CGH) Disperser 

For all CTIS systems described within this dissertation, the surface relief of the 

CTIS CGH disperser was generated by using electron-beam lithography in a film of 

polymethylmethacrylate (PMMA) on a fiised silica window (Jet Propulsion Lab, CA)/^ 

The same CGH disperser was used in both IK CTIS systems. This element was designed 

to produce a 7 7 array of diffiaction orders on the CCD array. The CGH disperser 

consists of an array of identical square unit cells. Each unit cell is subdivided into an 

integral number of square pixels. The physical depths assigned to the pixels provide the 

necessary phase delays that in tum result in the desired diffraction pattern. Equation (4.1) 

may be used to calculate the phase delay (^ associated with a specific depth (d) of a 

material with index of refraction, n as & function of wavelength, A. 

(4.1) 
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In the case of the IK CTIS, the 17 imn-diameter CGH disperser consists of 16 fjin 

X 16 |im unit cells that are each composed of an 11 ^ 11 airay of 1.45 pixels. An 

atomic force microscope image of a section of the CGH disperser's surface is provided in 

Figure 17, 

Figure 17. A section of the IK CTIS CGH disperser, as mapped out by an atomic-force 
microscope. Note that the section shown here measures only 55 on a side. The entire 
aperture of the disperser is 17 mm in diameter and is tiled with replicas of the section shown 
above. 

In order to successfully apply the CTIS to standard fluorescence microscopy 

samples, the transmission of the CTIS's optical train needed to be maximized. To this 

end, the CGH disperser was designed so that a maximum fraction of the light collected by 

the microscope objective contributes to the raw image. Specifically, the diffraction 

orders falling outside the raw image (central 49 orders) are suppressed while the sum of 

diffraction efficiencies falling within raw image is maximized (Figure 18). 

Measurements of 7^ have been as high as 78%. For the IK CTIS CGH, was 

measured to be between 79% and 84% over the wavelength range of 500 - 700 nm. In 

addition, in order to maintain the same signal and thus the same signal-to-noise ratio 
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across the raw image, the disperser is designed so that the diffiaction efficiency 

increases in higher diffi^don orders to compensate for the increasing dispersion. 

4.2 Proof of Concept Imaging Results: 1** generation IK CTIS 

Fluorescent microspheres are available in a wide range of diameters (nm - ̂ m) 

and excitation and emission maxima. This diversity is often exploited within microscopy 

applications to test the spectral imaging capabilities of newly developed imaging 

spectrometers. Low density microsphere samples also provide the added benefit of 

physically isolated objects whose emission spectra can be more easily acquired using a 

non-imaging reference spectrometer. Within the following studies, a radiometrically 

calibrated fiber spectrometer (Ocean Optics, Inc. Dunedin, FL, Model S2000) was used 

for these purposes. 

4.2.1 Resolution of Spectral Signatures using Fluorescent Microspheres. 

Sample prepmradon 

A sample containing a mixture of polystyrene microspheres with three different 

emission maxima was prepared by depositing 10 ^1 of diluted stock suspension onto a 

glass microscope slide.^ The solution was allowed to air-dry and was then covered by a 

small drop of mounting medium (Molecular Probes, Inc. M-7901). A coverslip was then 

placed on the slide and sealed with clear nail enamel. Unless otherwise stated, all 

microsphere samples are created according to this protocol. 
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Spectral Imaging Results 

1 ^ I 
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\ 

(«) (b) 
Figure 18. Imaging results for a sample of lS-^m diameter microspheres, (a) The raw image 
was taken at a magnification of approximately 320>(, using a 40X, NA = 1.3 objective and an 
8X imaging eyepiece, (b) Color image reconstructed from raw data in Part (a). Object cubes 
were reconstructed with 31 spectral bands (spectral sampling distance of 10 nm) and 80 x 80 
spatial resolution elements. The spatial sampling between adjacent pixels is 0.7 ^m for this 
application. 

The microsphere sample was imaged through the IK CTIS coupled to an 

Olympus IMT2 inverted fluorescence microscope (Figure 14). Narrow band excitation 

was obtained by passing the broadband illumination of a 1(X) W mercury lamp through an 

excitation filter with a central wavelength of 488 nm and bandpass of 10 nm. A dichroic 

filter was then used in combination with a long pass emission filter in order to block the 

excitation and emission light below 505 nm and pass the fluorescence emission above 

505 imi. Raw images of this sample were collected at a magnification of sqiproximately 

320X, using a 40)<, NA = 1.3 objective and an 8^ imaging eyepiece. The resultant spatial 

sampling of the associated object cube was 0.7 ^m. Due to the relatively large 

fluorescence yield of the micro^heres, a high degree of temporal resolution was also 
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realized with image acquisition ties of SO ms. Object cubes with 83^83 spatial resolution 

elements and 31 spectral bands were reconstructed using 8 iterations of MART with each 

iteration requiring approximately 30 seconds on a 200 MHz Pentium personal computer. 

Spectra corresponding to three spatial locations within the object cube (Figure 18b) are 

provided in Figure 19. A quantitative comparison was made between these reconstructed 

spectra and those obtained using a radiometrically calibrated reference spectrometer. The 

resultant relative spectral errors are provided in Figure 19. 
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Figure 19. Reconstructed spectra from various locations with the microsphere sample of 
Figure 18(b). Plots (a) through (c) are reconstructed spectra for pixel locations (71,46), (26,13) 
and (21,6"^, respectively. Crosses denote the comparison spectra measured with a 
radiometrically calibrate reference spectrometer. 
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In order to better appreciate the quantity of data collected by the CTIS, a raster 

display of 18 reconstructed spectral images of this sample is shown in Figure 20. Here 

each image corresponds to a single slice through the reconstructed object cube. Due to 

the inherent co«registration of these spectral images, post processing for correction of 

pixel alignment is uimecessary. These results also demonstrate the instrument's potential 

to simultaneously capture the spectral signatures of multiple fluorophores from different 

regions within the same sample and with a relatively high temporal resolution. 

600 610 620 630 640 650 

480 490 500 510 520 530 
Figure 20. Raster display of a subset of spectral images of microsphere sample of Figure 18. 
Wavelength increases in raster fiishion from left to right, bottom to top, in steps of 10 nm. The 
numbers provided in the above image are wavelength in nanometers. Note tlw clear spectral 
separation of the three microspheres. 

4.2.2 Confocal endoscope micrmcopc 

The potential for in vivo spectral imaging was also tested using this first-

generation CTIS. The endoscope utilized for this purpose was developed by Dr. A. F. 

Gmitro (Optical Sciences Center, University of Arizona) and his collaborators for in vivo 

imaging.̂  ̂A schematic layout of the combined imaging system is depicted in Figure 21. 

The confocal endoscope is a combination of a slit-scan confocal microscope and a fiber

optic catheter. The fiber-optic catheter contains a fiber-optic imaging bundle, a miniature 
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microscope objective, and a hydraulic focusing mechanism. The system is configured to 

illuminate tissue with the 488 nm line from an Argon-ion laser and to image the 

fluorescence emission. The CTIS was coupled to the confocal endoscope by replacing the 

standard CCD camera used in the endoscope system with the CTIS subsystem. Raw 

images were recorded using the Kodak Mega Plus camera operating at a frame rate of IS 

frames per second and integration times of 64 msec. Data cubes were reconstructed with 

29 spectral bands (spectral sampling distance of 10 nm) and 40 x 40 spatial resolution 

elements. The estimated spatial sampling between pixels was 2.1 (im. The reduction in 

spatial resolution elements from 83^83 to 40^40 is the result of rebinning the raw images 

to improve SNR pointing to the flexibility in data utilization during post processing 

The test sample consisted of a combination of IS.O ^m, 15.5 ^m, and 6.0 fim 

diameter fluorescing microspheres with peak emission wavelengths of 605 nm, 560 nm, 

and 540 nm, respectively. The central nine of a total of 49 diffraction orders in the raw 

image are shown in Figure 22(a). Spectra are shown in Figure 23 for the four pixel 

locations indicated in Figure 22(b). 
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Figure 21. Cl'lS coupled to a confocal endoscope. The CTIS subsystem is shown at the 
bottom of the diagram. The CGH disperser's location is indicated schematically. The field 
stop of the ens subsystem is located in the image plane of L8. The scan/de-scan system is not 
shown. 
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Figure 22. (a) The central 9 orders of the raw image are shown fcH- a sample containing a 
combination of fluorescent microspheres. The circular cross-section of the coherent fiber 
bundle shapes the boundary, (b) Reconstructed color image corresponding to the raw image in 
part (a). 
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Figure 23. Reconstructed spectra from three marked locations in Figure 22(b). Plots (a) 
through (c) correspond to pixel locations (19,11), (19^), (24^6), respectively. Crosses 
denote tlw comparison spectra measured with a radiometrically calibrated reference 
spectrometer. 

4 J Proof of Concept Imaging Results: 2"  ̂generation IK CTIS 

43.1 Resoiutiott of Spectral Signatures using Fluorescent Microspheres. 

As was the case for the first-generation system, a mixture of 10 ^m-diameter 

microspheres (Molecular Probes F-8833, F-8834, F-8836) with different fluorescent 

characteristics was imaged through a standard inverted fluorescence microscope 

(Olympus 1X70) second-generation IK (HIS. See Section 4.2.1 for sample preparation. 

A single filter set was used to excite the fluorescence (488 nm ±. 5 nm) and collect the 

broadband emission of the probes (above 500 nm). Images were acquired with integration 
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times of SO ms and 8 iterations of MART were required to accurately reconstruct the 

object cubes (75*75x30). 
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Figure 24. Microsphere imaging results for 2*** generation IK CTIS. (a) Reconstructed color 
image of 10 ^m diameter fluorescing microspheres. The reconstructed object cube has a spatial 
sampling of 1.2 ^m and a spectral sampling of 10 nm. Spectra from positions A, B, and C are 
plot^ in (b), (c) and (d), respectively. The relative spectral error between the reconstructed 
and reference (crosses) spectrum is provided in the upper right hand comer of each plot. 

A reconstructed color image of the microsphere image is provided in Figure 

24(a). The object cube has a spatial sampling of approximately 1.2 ^m and a spectral 

sampling of 10 nm. Reconstructed spectra from three positions within the sample are 

shown in Figure 24(b), (c) and (d). The crosses denote spectra acquired using a 

radiometrically calibrated non-imaging reference spectrometer (Ocean Optics, Inc Model 
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S2000). Note that the relative spectral error associated with these spheres is significantly 

improved in comparison to the results of the 1** generation system. 

4J.2 Response of SNARF-1 Free Acid to Changes in Media pH. 

Additionally, the second-generation IK CTIS was used to test the temporal 

sampling of the CTIS in regards to spectral imaging of transient fluorescent phenomena. 

This was accomplished by following the pH response of RIN cells after adding a weak 

base to the extracellular environment. This experiment served to both assess the system's 

temporal resolution as well as the ability to extract quantitative information about the 

cell's function from the detected spectral variations. As was described in Section 2.2.2, 

SNARP-I is a molecule whose fluorescence spectrum shifts in response to changes in 

ambient pH. A calibration of SNARF-1 free acid in an aqueous solution was performed 

to determine the sensitivity and stability of the CTIS with respect to these spectral 

variations. 

MaterUds and Methods 

For the combined free acid calibrations, 2.0 mL of SNARF-1 free acid (S mM 

Stock) were added to 800 mL of HBSS (in mM: S.O KCl, 0.3 KH2PO4, 138.0 NaCl, 0.4 

NaHCOa, 0.3 Na2HP04, 20 Hepes). The pH solutions were generated in approximate 

steps of 0.5 from a pH of 5.5 to a pH of 9.0 by adding varying amounts of 1.0 M NaOH 

and 1.0 M HCl to each buffer solution. The pH of each solution was confirmed before 

and after each trial using a calibrated pH meter (Accumet Model 910, Fisher Scientific 

Co., Pittsburgh, PA). 
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Imaging results 

Reconstructed spectra for a single trial of the free acid calibration and three 

individual wavelength responses are shown in Figure 2S(a) and Figure 25(b), 

respectively. The wavelengths chosen Figure 2S(b) for correspond to the peak ion 

sensitive wavelengths (590 nm and 650 nm) and the isoemissive wavelength (620 nm). 

Calibration curves based on ratios of these wavelengths are shown in Figure 26. In 

comparison to accepted values, the pKa calculated from the ratio of ion sensitive 

wavelengths appears shifted to a larger value.^ The error in pKa is most likely due to the 

reduction in signal at 590 nm and decreased accuracy at higher pH values. The shift in 

pKa can be corrected by repeating the calculation with the emission intensity at the 

isoemissive point replacing that at acidic peak (590 nm). This highlights the potential use 

of the isoemissive point for correction of nonspecific errors. 
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Figure 25. Reconstruction results from a pH calibration of SNARF-1 free acid (a) Average 
reconstructed spectra for 6 different pH solutions, (b) Average response of the SNAJ(F-1 at the 
pH sensitive wavelengths, 590 nm (•) and 650 nm (A) and the isoemissive point, 620 nm (+) 
during a single caUbration trial. 
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Figure 26. Free acid calibration of SNARF-1 generated from ratios of the two pH sensitive 
wavelengths, 6S0 nm and S90 nm (•). Data are means ± standard error of 5 independent 
experiments. Ratio of the pH sensitive wavelength, 650 nm to the isoemissive wavelength, 620 
nm for a single calibration trial (A). 

4 J.2 In situ Calibration of SNARF-1 Loaded into Rat Insulinoma (RIN) Cells. 

The utility of the CTIS in measuring transient fluorescent phenomena was then 

demonstrated by recording the response of SNARF-1 to changes in pH in an insulin 

secreting rat insulinoma cell line RIN-38. 

Materials and Methods 

The cells were incubated with 5 mM acetoxymethyl-ester SNARF-1 for 2 min in 

BBSS plus substrates (1.3 mM CaCb, 0.4 mM MgSOa, 5.6 mM Glucose) and then 

washed for 20 minutes in HBSS. For each trial of the pH calibration, a coversUp was then 

placed in a temperature controlled chamber (37*'C) containing 1 ml of HBSS plus 

substrates. The intracellular pH of the cells was allowed to equilibrate with the 

extracellular calibration buffer for at leastl minute prior to data collection. Equilibration 

was facilitated through the addition of the ionophore, nigericin, and the IC^ 
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ionophore, valinomyocin to each buffer solution. These chemicals act to break down the 

electrochemical gradient across the cellular membrane, thus allowing the unregulated 

flow of ions down their concentration gradient.'̂  Cells were sequentially exposed to 

calibration solutions (HBSS plus substrates) of increasing pH from 4.5 to 9.0 in 

approximate steps of 0.5. 

Imaging Results 

Raw images were collected for each pH solution with integration times of 2 

seconds. A single filter set was used which provided narrowband excitation (520 nm ± 

7.5 nm) of the sample while only allowing for the collection of emitted fluorescence 

above 550 nm (50% transmission at 570 nm). Using a 60X, 1.4 NA microscope objective, 

a spatial sampling of l.I ^m was achieved. Object cubes (75x75x30) were reconstructed 

using an average of 8 iterations of MART with each iteration requiring approximately 22 

seconds to complete on a 450 MHz Pentium II personal computer. 

Figure 28 shows a post-reconstruction image of four RJN cells at a pH of 

approximately 7.5. Due to the spatial-spectral multiplexing of the CTIS, spectral changes 

were monitored simultaneously for each cell. Such measurements are required when 

following the interrelated responses of a heterogeneous population of cells. 

Reconstructed spectra shown in Figure 27(a) were obtained by plotting the average 

fluorescence emission over a 10 ^m  ̂ lo area of a single cell during the in situ 

calibration. The spectral shift associated with changes in environmental pH is clearly 

present. The responses of SNARF-1 at the three key wavelengths are provided in Figure 
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28(a) for a single RIN cell while, the average calibration curves associated with five RIN 

cells are provided in Figure 28(b). As was also seen during the free acid calibrations, the 

pKa derived from the ion sensitive wavelengths appears shifted to higher pH values 

(Figure 28). In this case, there was a substantial decrease in dye density between pH 7.S 

and 8 shown by the intensity at the isoemissive point. Again, when normalizing the 

intensity at the basic peak to the response at the isoemissive wavelength, a calibration 

curve is obtained with an acceptable pKa value. These observations demonstrate the 

utility of acquiring increased spectral information (isoemissive wavelength) to improve 

the accuracy of analyte measurements. 
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Figure 27. Reconstruction results from in situ pH calibration of SNARF-1. (a) Post 
reconstructicm image of several RIN cells load^ with SNARF-1. (b) Reconstructed spectra 
acquired during a single trial of the in situ calibration of SNARF-l. Each curve corresponds to 
the average spectra across an individual cell in the presence of different pH solutions. 
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Figure 28. bidividual wavelength responses and calibration curves from in situ calibration of 
SNARF-l (a) Average response of the SNARF-1 loaded cells at the pH sensitive wavelengths, 
S90 nm (•) and 640 nm (A) and the isoemissive point, 610 nm (crosses) during a single 
calibration trial, (b) In situ calibration of SNARF-l loaded in RIN ceils generated from ratios 
of the pH sensitive wavelengths, 640 and 590 (•). Data are means ± standard error of S 
independent experiments. Ratio of the pH sensitive wavelength, 640 nm to the isoemissive 
wavelength, 610 nm for a single calibration trial (A). 

The functional response of SNARF-l was further analyzed by treating SNARF-l 

loaded RIN cells with the weak base, NHtCl. The same SNARF-l loading protocol used 

for free acid calibrations was used for these experiments. For each trial, a single 

coverslip of cells was placed in a temperature controlled chamber (37^C) containing 1 ml 

of HBSS plus substrates. lonophores were only added to the calibration solutions at the 

end of each trial. These solutions of known pH served to verify the pH values calculated 

during the remainder of the experiment. The microscope setup, camera integration times 

and reconstruction protocols were the same as those used during the in situ calibrations. 

The 640/590 calibration curve of Figure 28(b) was used to compute the pH values at each 

time point of the experiment. The average responses of four cells [Figure 30(a)] are 

provided in Figure 30(b). As expected, the addition of NH4CI elicited a sudden 

alkalization of the cytosol followed by recovery to near resting pH. Upon removal of 
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NH4CI from the media, NH4 rapidly exits the cell causing sudden acidification. Cytosolic 

pH recovers then from this acid load due active pumps in the cellular membrane. 

Measured recovery rates are similar to those observed in these cells using a standard 

spectral imaging microscope.'̂  The heterogeneity of even this isolated population of 

cells is exhibited in different resting pH levels and therefore recovery rates of the four 

cells. 
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Figure 29. The functional responses of four cells loaded with SNARF-1 and 
treated with the weak base NH4CI. (a) Reconstructed color image of cells 
during initial control period, (b) pH response determined from the reconstructed 
spectra using the 640/610 calibration curve of Figure 28(b). Plotting symbols 
denote individual cellular responses within the sample. 

4.4 Large Image Format CTIS (2K CTIS) 

The FOV of the 2K CTIS represents a six-fold increase in the number of spatial 

resolution elements as compared to previous embodiments of the instrument (prior to 

current NSF siq[>port). This increase was the result of a redesigned optical system, which 

included a new CGH disperser and a larger-format CCD array. Although the FOV we 

was significantly increased through this redesign any fiirther increase in FOV is 
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fundamentally limited by the size of our CCD array (currently, 2048 x 2048 with 14 ^m 

pixels). The optical train of the large-image format CTIS includes the field stop, 

collimator and re-imaging lenses, computer-generated-hologram (CGH) disperser and 

CCD detector array (Dalsa Inc., Tucson AZ. Dalsa 4M4).^ The CCD has a maximum 

quantum efficiency of ~38% at 750 nm and a dark current rate of (300 

electrons/pixels/sec at 2S^C). Both factors represent significant improvements over the 

previous CTIS prototypes but still leave room for continued improvement. 

Figure 30. 2K CTIS aligned to the side photo port of an Olympus 1X70 inverted fluorescence 
microscope. 

The 2K ens is constructed with commercial optics, with the exception of the 

CGH disperser. The disperser is designed to produce a 5 x S array of diffraction orders 

on the CCD array. In the case of this large format CTTIS, the 17 mm-diameter CGH 

disperser consists of 12 ^m 12 ^m unit cells that are each composed of an 8 8 array 

of 1.S ^m pixels.^^ The optical microscope image shown in Figure 31 covers 

approximately 16 unit cells on the CGH disperser's surfiice. These unit cells are 

replicated across the entire surface of the optical element. 
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Figure 31. Optical microscope image of a segment of the CGH disperser (Courtesy of D. W. 
Wilson and P. D. Maker, Jet Propulsion Laboratory). 

4.5 Proof of Concept Imaging Results: 2K CTIS 

4.5.1 Microsphere Sample 

A mixture of 10 ^m-diameter microspheres (Molecular Probes F-8833, F-8834, 

F-8836) with different fluorescent characteristics was imaged through the microscope and 

the large-image-format CTIS. See Section 4.2.1 for sample preparation. Due to the 

relatively large fluorescence signal associated with the microspheres, a high degree of 

temporal resolution also was realized. Raw images were recorded using a 12-bit digital 

scientific camera and an integration time of SO ms. To generate the images presented 

here, the samples were illuminated using a 250W Xenon arc lamp. A 10 nm bandpass 

filter was used to select a narrow excitation range centered at 490 nm. The fluorescence 

emission was collected by a 40x, 1.35 NA microscope objective. This optic was followed 

by a 505 nm dichroic beamsplitter and a 515 nm long-pass emission filter such that light 

emitted from the fluorophores was passed on to the CTIS while the excitation and low 

wavelength emission light was suppressed. 
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Figure 32 shows a post reconstruction image for this sample. Object cubes were 

reconstructed with 55 spectral bands (spectral sampling interval of 5 nm) and 203 x 203 

spatial resolution elements (spatial sampling of 0.98 ^m). Reconstructed spectra from 

three different spatial positions are shown in Figure 33. The crosses denote spectra 

measured for comparison with a radiometrically-calibrated non-imaging spectrometer 

(Ocean Optics, Inc. Model S2000). These results demonstrate the capability to 

simultaneously capture accurate spectral signatures of multiple fluorophores from 

different regions within the same sample with a relatively high temporal resolution. 

Figure 32. Reconstructed image of a mixture of 10 ^m-diameter microspheres with different 
emission spectra. Color image is generated by converting the reconstructed spectra into sets of 
RGB values. 
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Figure 33. Reconstructed spectra corresponding to three different locations within the 
microsphere sample of Figure 32. Crosses denote comparison spectra measured with a 
radiometrically calibrated non-imaging spectrometer. 

4.5.1 Cellular imaging experiments 

As a first step towards multivariate spectral analysis, dual labeled rat cerebellum glial 

cells were imaged using the 2K CTIS. The cells were probed with primary antibodies to glial 

fibrillary acidic proteins (GFAP) and subsequently labeled with Alexa Fluor 488 goat anti-rabbit 

IgO (H+L) conjugate secondary antibody and the DNA/RNA probe, Ethidium Bromide. 

Sample preparation 

Neuronal and glial cells were isolated from embryonic rat cerebellum and grown 

in cell culture. Specific cellular proteins were labeled with fluorophores using standard 
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immunocytochemical techniques. Briefly, cells grown on glass coverslips were fixed by 

incubation in a 4% Paraformaldehyde solution (for details see ref. 26). The primary 

antibody labeling of glial fibrillary acid proteins (GFAP) was carried out by incubating 

the cells for 45 minutes at room temperature in a solution of rabbit anti-GFAP (Sigma G-

9269) followed by a short wash and incubation at room temperature for 45 minutes in a 

solution of a 1:100 dilution of Alexa Fluor 488 goat anti-rabbit IgG (H+L) conjugate 

(Molecular Probes A-11008, 2 mg/ml). Coverslips were simultaneously incubated with a 

2:1000 dilution of 10 mg/ml Ethidium Bromide (Sigma E-8751) to specifically label 

DNA within nuclei. 

Imaging results 

The raw image shown in Figure 8 was recorded with an integration time of 2.5 

seconds. The microscope objective and filter set described in Section 4.5.1 were also used 

in the collection of these cellular images. Object cubes were again reconstructed with 55 

spectral bands (spectral sampling interval of 5 nm) and 203 x 203 spatial resolution 

elements (spatial sampling of 0.98 ^m). Figure 34 shows the post-reconstruction image 

with two mariced pixel locations. These correspond to the reconstructed spectra in Figure 

35. Spectral unmixing was ^lied to the reconstructed object cube in order to isolate the 

Alexa Fluor 488 and Ethidium Bromide signals and thus the different structural elements 

of the cell culture. The ability to spectrally isolate co-loaded fluorophores is finther 

exploited in the fimctional imaging experiments of Chapter 6. 
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Figure 34. Cellular imaging with 2K CTIS. (a) Reconstructed color image corresponding to 2K 
ens raw image in Figure 8(a). (b) Isolated Alexa Fluor 488 signal highlighting die distribution 
of GFAP. (c) Isolated EthBr fluorescence highlighting the cell nuclei. 
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Figure 35. Reconstructed spectra corresponding to the two labeled pixels within the color 
image of Figure 34<a). 

4.6 Sumnuiry 

The response of biological systems to changes in the cellular environment is often 

a complex cascade of intracellular signaling events. These events may include changes in 

the concentration of ions and metabolites, levels of gene expression or even 

modifications to the cellular morphology. Moreover, these changes may be unique to 

individual cells within a given population. Examples include cells within a tissue such as 

a liver slice or a population of isolated cells such as neuronal cultures. To understand how 
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individual cells respond and how interactions between unique cell types occur, it is 

critical to simultaneously monitor multiple functional parameters fiom many cells. The 

ability to simultaneously monitor several underlying factors with high temporal and 

spatial resolution will enhance our ability to understand these complex-signaling 

processes. 

To this end, the IK CTIS was designed to provide simultaneous spectral detection 

(450 nm - 750 nm, 10 nm sampling) for 77x77 spatial samples (1.20 ^m with 40>:, 

NA=1.35 microscope objective) across a 2-D field of view. For fluorescently labeled 

biological specimens integration times of 2 to 2.5 seconds are typically required. 

Application of this system to SNARF-1 loaded RIN cells demonstrated the utility of 

snapshot spectral imaging for detection of individual cellular responses across an isolated 

cell population. Although accurate spectral data was acquired using this system, the 

associated field of view proved insufficient for studies of heterogeneous populations of 

cells such as within a tissue section or neuronal culture. In addition, the signal to noise 

ratio and more specifically the noise statistics of the IK CmS camera were insufficient 

for determining the quality of the experiment without significant post-processing. 

However, the IK CTIS serves a continuing role in the development of 4-D 

(x,y,z,X) deconvolution algorithms. The combination of sm4>shot spectral imaging and 4-

D deconvolution would allow for high speed monitoring of ion movements within a 3-D 

volume of tissue or layered cell culture, bi addition, the first IK CTIS prototype was used 

to demonstrate the potential for high-speed, in vivo spectral imaging. In this regard The 

ens also may be beneficial in clinical diagnosis and disease staging where optical 



91 

biopsy is providing a less invasive alternative to more traditional approaches. Optical 

biopsy can be used in conjunction with imaging of either tissue autofluorescence or 

emission from a fluorescent drug to induce an optical contrast between tumors and the 

surrounding normal tissue/^ Analysis of the fluorophore distribution for normal and 

tumor tissue provides additional contrast within the spatial FOV allowing a determination 

of tumor infiltration. As optical biopsy is often an endoscopic procedure, rapid data 

acquisition is essential in reducing motion artifacts and for patient comfort. In this 

respect, the potential high speed imaging capabilities of the CTIS may prove 

advantageous.^^ 

More recently, the imaging capabilities were demonstrated for a large-image 

format CTIS designed for multispectral imaging of fluorescently labeled biological 

specimens. Compared to previous versions, the large-image-format CTIS represents a 

six-fold increase in the number of spatial resolution elements across the instrument's 

FOV, which now consists of 203 x 203 pixels. This increase was a result of a larger 

detector format and a redesigned optical system. This included reducing the number of 

diffraction orders in the raw image from 49 to 25 in order to accommodate the larger 0th 

order image and to maintain minimum overlap between the dispersed images. The spatial 

resolution of the system is dependent upon the microscope objective used, hi this paper 

we presented results using a 40x, NA=1.35 that yields a spatial sampling distance of 

0.985 ^m and a FOV of 200 ^m x 200 ^m. The spectral sampling interval was also 

decreased from 10 nm to 5 nm to allow for improved di£ferentiation of spectrally similar 

fluorophores. For analysis of typical biological specimens, integration times of 1-2 
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seconds are currently required. The full spatial and spectral information required to 

reconstruct an object cube is acquired during this single integration time, bi the case of 

fluorescing microspheres, the temporal resolution (integration times of SO ms) is greatly 

enhanced due to the relatively high fluorescent yield. Integration times for biological 

specimens could approach I second or less by replacing the current detector with one of 

higher quantum efficiency (>80%). In addition, with the development of large-format 

intensified-CCD detectors, the possibility for near real-time spectral imaging is limited 

only by the detector's readout rate. Additional hardware and software improvements are 

required to further the applicability of the CTIS within fluorescence microscopy. These 

necessary advancements are address in detail in Chapter 7. 

For each CTIS system presented in this chapter, the combination of high spatial, 

spectral and temporal resolutions provides significant advantages over existing imaging 

spectrometers. Most notably, the spatial and spectral multiplexing associated with the 

ens offers the potential to simultaneously monitor multivariate responses of individual 

cells across an extended cellular field. It is this potential benefit that is the focus of both 

Chapter S and Chapter 6. 
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CHAPTERS 

MULTIVARIATE SPECTRAL ANALYSIS: 

THEORETICAL BASIS 

Typically, in fluorescence experiments only a limited number of emission bands 

are monitored simultaneously (multiple detectors) or in sequence (tunable filers with a 

single detector). As described in Section 2.3, the addition of multiple fluorophores into 

the cellular environment often limits the ability to accurately determine analyte 

concentrations or levels of gene expression using these approaches. Confounding factors 

include spectral overly, cellular processing, energy transfer, collisional quenching and 

cross-sensitivities to multiple analytes. Due to the limited number of simultaneously-

monitored spectral bands, ratiometric measurements often prove insufficient for handling 

these higher order effects. In addition, the spectral changes (e.g. spectral shifts or spectral 

broadening) associated with variations in dye concentrations, levels of protein binding 

and other mechanisms of intercellular processing are often indistinguishable when such a 

sparse sampling of the emission spectra are studied. In contrast, multispectral and 

hyperspectral data collection may provide a means of identifying and correcting for such 

artifacts. 

The previous two chapters provided a detailed description of a unique spectral 

imaging system capable of acquiring specifically this type of fluorescence data. For 

example, the CTIS provides a means of simultaneously monitoring the fluorescence 

emissions of multiple probes across a cellular field. The utility of the CTIS is limited. 
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however, by the ability to extract functional information from the detected spectral 

signatures. Specifically, techniques are required to unmix the spectra of individual 

fluorophores and thus isolate the responses of each analyte of interest. This chapter thus 

focuses on the spectral analysis tools required to accomplish this task. 

5.1 Linear Spectral Unmixing^' 

A linear mixture of spectra, y(A) is defined by 

yW = f_a,\,iX) (5.1) 
t-l 

where is the weight on the k!'' spectral feature [X^CA.)] and M is the total number of 

these spectral components. For the purposes of this dissertation, the component spectra 

are assumed to be known a priori. Each of the unmixing methods presented here is 

therefore concerned with determining the relative proportions (a^) of the individual 

spectral features. These features may be the pure spectra associated with individual 

fluorophores or more generally some subset of their principal components. 

The use of principal components provides an added level of versatility in that 

nonlinear spectral variations may be modeled by Equation (5.1). As an example 

seminapthorhodafluor-1 (SNARF-1) exists in a state of equilibrium between its two 

fluorescent forms (protonated and deprotonated). Thus, the emission spectrum of 

SNARF-1 can be described as a linear sum of the fluorescent emissions from the ion free 

and ion bound forms of the probes. However, SNARF-1 does not exist in either pure 

form within the physiological range of pH values. Instead of using the pure protonated 
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and dq)rotonated spectra, the pH dependent spectra of SNARF-1 may be written as a 

linear sum of its principal components. This method of linear spectral unmixing is 

described in detail in the following sections. 

Two primary methods were explored for unmixing the spectral information 

collected by the CTIS. The first method assumes that ^ reconstructed spectra are 

accurately described as linear mixtures of the known spectra. In this case, spectral 

unmixing may be incorporated into the reconstruction process by replacing the more 

generic voxel-based system matrix with one based on the expected spectral components. 

Due to anomalous fluorophore interactions and variations in the cellular processing of 

dyes, deviations fit>m this ideal situation may exist. Moreover, these occurrences may 

remain undetected when using spectrum-based reconstructions for unmixing. 

To overcome these limitations, a second unmixing method was developed which 

applies linear spectral unmixing to spectra previously reconstructed using a standard 

voxel-based system matrix. Specifically, the mixing weights are determined through a 

constrained minimization of the relative spectral error between the original and linearly 

combined, unmixed spectra. These two methods are described in detail in Section 5.2 and 

Section 5.3, respectively. 

5.2 Spectrum-based object cnbe reconstructions 

hi Chapter 3, the mapping of an object cube through the CTIS was described in 

terms of linear algebra 

g»Hf+n  (5.2) 
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Again, g and f are vector representations of the 2-D raw image and the 3-D object cube, 

respectively, o is the noise associated with the detection system and H is the system 

matrix. In its most general form, each column of the system matrix corresponds to a 

specific voxel spread function (VSF). In this case, the object cube has a spectral 

dimension equal to the number of reconstructed spectral bands. As was alluded to in 

Chapter 3, the reconstruction process may be tailored to a specific set of fluorophores by 

establishing a system matrix based upon a set of anticipated spectral components. 

Although this method of spectrum-based reconstruction has been used in the past to 

reduce reconstruction artifacts, here the process is adapted to generate a set of spectrally 

pure object cubes from multi-probe fluorescence experiments. 

In anticipation of the exploratory studies described in Chapter 6, reconstruction-

based spectral unmixing is demonstrated using the free acid forms of enhanced green 

fluorescent protein (EGFP) and SNARF-1. The pure spectra of these two probes were 

determined by monitoring the fluorescence emissions with the 2K CTIS during individual 

pH calibrations. During these studies, greater than 99% of the spectral variation with pH 

could be described using the first principal component of EGFP and the first two 

principal components of SNARF-1. These PCs are shown in Figure 36(a). Given this set 

of components, the linear mixing model of Equation (S. 1) becomes 

y(>l) = a,e( A ) + ( 5 . 3 )  

where a, is the weighting factor on the first principal component of EGFP [e(<^)] and 

is the weighting factor on the A'* principal component of SNARF-1, S^. The spectrum-
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based system matrix maps each of these spectra through the CTIS for each spatial 

position within the object cube. In other words, column vectors rather than voxels are 

mapped by the matrix. The spectrum-based calibration images that form the columns of 

the system matrix are generated directly &om the experimentally obtained VSFs (Chapter 

3 - Figure S). Specifically, each spectrum-based calibration image is a properly weighted 

sum of the voxel images for a single spatial location. Spectrum-based calibration images 

are shown in Figure 1 for the EGFP and SNARF-1 five acid components. For better 

visualization of the individual diffraction orders, only the central 9 of 25 orders are 

shown. 

SM iM *W 7M 

(«) 

(C) (d) 
Figure 36. Principal component analysis for the pH dependent spectra SNARF-1 and EGFP 
free acids, (a) The first and second principal components of SNARF-1 (solid and dashed line, 
respectively) and EGFP (dotted line) free acids as determined from isolated pH calibrations, 
(b-d) Central 9 of 25 diffiaction orders of correspondmg spectrum-based calibration images for 
spectra labeled B, C, and D, respectively in Part (a). 
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For object cubes reconstructed in this manner, the spectral dimension is reduced 

from the number of spectral bands to the number of spectral components. In this example, 

reconstructed object cubes will have 203^203 spatial samples and 3 spectral bands. Each 

band now corresponds to an abundance map of a specific spectral component, thereby 

providing the inherent spectral unmixing of this approach. The first and second terms of 

equation (5.3) can be used to form the spectrally isolated object cubes of interest. Several 

examples of this unmixing method are provided in Figure 37. These spectra were 

reconstructed from images acquired during a combined free acid calibration of the two 

probes. A detailed description of this calibration and its results are provided in Chapter 6. 

The dashed curves of Figure 37 represent spectra reconstructed using the 

spectrum based system matrix and then averaged over the entire object cube. The 

isolated spectra of SNARF-1 and EGFP are shown in red and green, respectively. The 

spectra correspond closely to those obtained from voxel-based reconstructions (solid 

line). Deviations between the two spectra are primarily concentrated at the lower 

wavelengths. The upturn of these spectra at the extreme wavelengths is a typical artifact 

of voxel-based reconstructions. The effect of this artifact is reduced in the spectrum-

based reconstruction by using only those principal components with the largest associated 

eigenvalues. Artifacts of the reconstruction process and random noise are typically 

confined to higher order PCs. 
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Figure 37. Comparison of original and unmixed spectra from pH calibration of SNARF-1 and 
EGFP free acids. Solid black lines coirespond to original reconstructed spectra obtained after 9 
iterations of MART. Dashed curves represent the fitted spectra Oinear combinations of the 
endmember spectra shown in Figure 36). Finally, the green and red lines correspond to the 
unmixed EG^ and SNARF-l spectra. 

5 J Constrained minimization of spectral error 

The primary advantage of spectrum-based reconstruction is the reduction in 

overall computation time resulting from the reduced dimensionality of the system matrix 

(3 versus 55 spectral bands). This is especially important given the quantity of data 

acquired for typical biological experiments. On the other hand, the main drawback of this 

technique is the "black-box" nature of the unmixing process. During a spectrum-based 

reconstruction, all spectra are forced to become linear mixtures of the anticipated spectral 

components. Thus, spectra which do not conform to this mixing model remain 
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unidentified. In cellular studies, aberrant spectra may indicate variations in the cellular 

processing of dyes and therefore are often of interest. For these situations, a post-

reconstruction method of linear spectral unmixing was developed. In this method, the 

relative spectral difference (E) between the reconstructed spectrum and linear 

combination of unmixed spectra is minimized with respect to the spectral weights. 

= 35 . (5.4) 

t-i 

In Equation (5.4), a comparison is made between the original reconstructed spectrum, y 

and the spectrum fit to a linear combination of known spectral features, y^ with M equal 

to the number of reconstructed spectral bands. This relative spectral error serves as both a 

figure of merit for the spectral unmixing algorithm and a means to identify those spectra 

which do not conform to the proposed model. 

During the minimization of Equation (5.4), a positivity constraint is imposed upon 

the physically realizable spectra of the fluorophores. Note that these spectra may be a 

sum of both positive and negative spectral features allowing for the use of principal 

components in the mixing model. Using the same EGFP and SNARF-1 example of 

Section 5.3, the first and second terms (full sum) of equation (5.3) are constrained to be 

everywhere positive. The constrained minimization is accomplished using the 

CONSTRAiNED_ii4iN function in IDL.^^ As with the spectrum-based reconstructions, the 

utility of this method was demonstrated using the combination of EGFP and SNARF-l; 
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however, cellular rather than fi:ee acid calibrations were studied. The principal 

components associated with pH induced variations in the EGFP and SNARF-1 spectra 

were determined from individual in situ calibrations of the two probes. See Chapter 6 for 

a detailed description of these experiments. Based upon these individual pH calibrations, 

two principal components of EGFP and three principal components of SNARF-1 are 

required to account for greater than 99 % of the spectral variations due to pH. The 

increase in the required number of PCs may be explained by the inhomogeneous 

processing of dyes within the cellular environment and the possibility of fluorophore 

interaction with a variety of cellular constituents. In fact, the ability to identify these 

variations may be useful in determining changes in probe function within complex 

environment such as a living cell. 

1.0 

0.5 -

-1.0 
450 500 550 600 650 700 750 
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-1.0 
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(a) (b) 
Figure 38. Principal component analysis of pH dependent SNARF-1 and EGFP spectra following in 
situ calibration, (a) The first (solid) and second (d^hed) principal components of EGFP. (b) The 
first (solid), second (dashed) and third (dotted) principal components of SNARF-1. fo both cases, 
the principal components characterize greater than 99% of the spectral variation associated pH. 

In this example, the problem of constrained minimization becomes 
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Min 

M r 
S i-i y-» 

Z'M t-i (5.5) 

wi/A ^a,.E,(A4)>0 a/uZ ^^jSy(At)>0 
i"i y-i 

where the columns of E and S contain the principal components of EGFP and SNARF-1, 

respectively, s is the original reconstructed spectrum, and the minimization is with 

respect to the weighting parameters (a,.andbj). Examples of this type of linear spectral 

unmixing are provided in Figure 39. The spectra were reconstructed from 2K CTIS raw 

images acquired during an in situ pH calibration of SNARF-1 and EGFP. A detailed 

description of this calibration and its results are presented in Chapter 6. Briefly, EGFP 

expressing RIN cells were loaded with the acetoxymethyl ester form of SNARF-1. The 

standard incubation medium was then replaced sequentially with buffer solutions of 

increasing pH. Equilibration of the intracellular and extracellular environment was 

achieved through the addition of nigericin and valinomyocin to the buffer solutions.'̂  

The spectra of Figure 39 demonstrate the potential for accurate spectral unmixing of the 

cellular fluorescence using constrained minimization of a relative spectral difference. 

Addressed in Chapter 6 is the application of this technique to experiment in cellular 

physiology. 
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Figure 39. Average spectra (solid line) reconstructed fiY)m 2K CTIS raw images. The images 
were acquired during an in situ calibration of EGFP and SNARF-1 at pH values of (a) 4.88, (b) 
7.07 and (c) 8.4S. Each dashed line corresponds to the linear combination of isolated EGFP 
(green) and SNARF-1 (red) fluorescence. 

5.4 Advanced Algorithms 

Multivariate analysis of cell function has been made possible by the widespread 

availability of analyte specific fluorophores. Encoded within the spectroscopic variations 

of these probes are changes in metabolism, ion concentrations and levels of gene 

expression; however, the extraction of such information is considerably more complex 

when multiple fluorophores are simultaneously introduced into the cellular environment. 

The spectral analysis algorithms of this chapter provide the means of isolating individual 

spectral variations of each fluorophore. This further translates into the potential 
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measurement of individual contributors of complex signaling cascades. However, these 

exploratory studies were limited to the spectral variations of two non-interacting 

fluorophores whose combined spectra could be described as linear sums of pre

determined spectral features. The application of this technique to intracellular pH 

measurement is presented in detail in Chapter 6. 

Additional algorithm development is required to produce advanced algorithms 

which not only isolate the signatures of multiple fluorophores but which also 

automatically identify and correct for the spectral variations associated with common 

cellular processing mechanisms and probe interactions. These may include the 

broadening or shifting of spectra due to compartmentalization of the probe and 

nonspecific binding to cellular constituents as well as energy transfer between co-loaded 

probes. 
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CHAPTER 6 

EXTENDED RANGE pH MEASUREMENTS USING A COMBINATION 
OF FLUOROPHORES 

As described in Chapter 2, a wide range of fluorescent indicators are now 

available, which change some observable spectroscopic property in response to 

environmental changes (i.e., ion and metabolite concentrations). Although fluorescent 

markers may be used to follow experimentally induced perturbations of cell function, the 

underlying changes in analyte concentration are only monitored over the limited dynamic 

range of each fluorophore. Typically, ion indicators are sensitive to their target ions from 

approximately 1/10 to lOx the magnitude of their dissociation constants {Kd). This 

restriction on analyte detection may be circumvented by simultaneously collecting the 

spectral emissions from multiple fluorophores having complimentary sensitivities to the 

same analyte. The utility of this method is dependent upon several key factors including: 

the existence of probes with the appropriate combination of fluorescence characteristics 

and analyte sensitivities, the availability of detection systems to simultaneously monitor 

the fluorescence emissions of the probes and finally, the development of analysis 

techniques to extract quantitative information from complex spectral signatures. 

Within this chapter, the specific extension of intracellular pH measurement is 

presented using a combination of seminaphthorhodafluor-l (SNARF-1) and enhanced 

green fluorescent protein (EGFP). Both probes were introduced as pH indicators in 

Section 2.2. Due to the complimentary sensitivities of these fluorophores to the 

SNARF-l/EGFP combination is used here to obtain a near linear range of intracellular 



106 

pH detection from approximately 5.2 to 8.6 in solutions and from 5.4 to 8.9 in rat 

insulinoma cells (RIN) cells. In both cases, pH calibration images were acquired using 

the 2K CTIS described in Chapter 4 and object cubes were reconstructed using the 

multiplicative algebraic reconstruction technique (MART) of Chapter 3. Spectral 

unmixing was accomplished by either spectrum-based reconstructions (free acid) or by 

constrained minimization of a relative spectral error (intracellular). These methods were 

described in detail in Section 5.2 and Section 5.3, respectively. 

6.1 Choice of Probes 

A multitude of probes exist which are sensitive to changes in environmental pH. 

The choice of EGFP and SNARF-1 for these combined studies was based primarily upon 

their complimentary ranges of pH sensitivity, their overlapping excitation spectra and 

their well-separated emission spectra. In addition, SNARF-1 had been used previously to 

demonstrate the utility of the CTIS in terms of collecting dynamic, multispectral 

fluorescence data. In these experiments, the emission spectra of SNARF-I were well 

characterized and served as a reliable indicator of intracellular pH. Aside from spectral 

considerations, EGFP was chosen as a secondary pH sensor due to its already widespread 

use as a genetic marker within ceils. In this role, the EGFP fluorescence provides a visual 

cue for the selection of ceils based upon their expression of a specific promoter or 

production of a specific protein. Thus in addition to extending the range of pH 

measurement, this probe combination can me used to compare the regulation of 

transfected cells to that of controls (non-EGFP expressing). Through the use of the 

SNARF-l/EGFP combination, we looked to exploit the presence of EGFP not only to 
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select cells of interest but also to provide functional information about the responses of 

those cells. 

6.2 Free acid calibration 

The key to quantitative fluorescence analysis is the determination of the 

functional relationships which exist between changes in environmental factors and 

changes in fluorescence spectra. The relevant relationships for EGFP and SNARF-1 are 

provided in Table 3. Certain parameters of these models such as the probe's dissociation 

constant and minimum and maximum fluorescent emissions must be accurately 

determined from experimental calibrations of the probe's response to a specific analyte. 

Within this section, methods are described for isolating these parameters for a 

combination of fluorescent indicators (SNARF-1 and EGFP). 

Analyte Binding 
(Single Emission) 

[ A ]  _ ^ ^MIN 
° F -F * MAX * 

[il|: Analyte concentration 
F: emission intensity when partially 
complexed 
Fmim: fluorescence emission when 100% 
bound to analyte 
Fmimi fluorescence emission when 100% 
free from analyte 
JM: Dissociation constant 

Analyte Binding 
(Dual Emission) 

(R — R ^ ^ '^MIN 

Analyte concentration 
Jl: emission intensity when partially 
complexed 
Rmimi ratio of ion sensitive wavelengths 
when 100% bound to analyte 
KmiHX ratio of ion sensitive wavelengths 
when 100% free from analyte 
JM: Dissociation constant 

Table 3. A summary of two theoretical models governing key mechanisms of fluorescence 
sensing. EGFP follows single emission analyte binding while SNARF-1 is described by dual 
emission analyte binding. 
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6.2.1 Materials and Methods 

For the combined free acid calibrations, 8.6 of rEGFP (I mg/mL stock) and 

3.0 mL of SNARF-1 free acid (SmM Stock) were added to 800 mL of HBSS (S.OmM 

KCl, 0.3 mM KH2PO4, 138.0 mM NaCl, 0.2 mM NaHCOs, 0.3 mM Na2HP04, 20 mM 

Hepes). The pH solutions were generated in approximate steps of O.S from a pH 4.5 to a 

pH of 9.0 by adding varying amounts of NaOH and HCl to each buffer solution. The pH 

of each solution was confirmed before and after each trial using a pH meter (Accumet 

Model 910, Fisher Scientific Co., Pittsburgh, PA). 

Raw images were acquired for each pH solution using the 2K CTIS (Chapter 4) 

with integration times of 1-2 seconds. For all experiments involving the free acid form of 

a fluorescent indicator, the standard square field stop (7.9 nun ^ 7.9 mm) was replaced 

with a narrow slit (0.71 mm x 5.0 mm). The slit served primarily to improve the 

accuracy of object cube reconstructions for the spatially uniform sample (See Section 

3.4). In addition, for free acid calibrations, only a limited region of the field is required to 

collect sufficient data for statistical analysis. The slit provided that limited field thus 

allowing for a smaller system matrix to be generated and therefore more rapid 

reconstruction to be performed. Finally, the slit allowed the experimenter to obtain 

relative measurements of probe concentrations by viewing the line profile of higher 

diffraction orders. This feature provided a means to quickly determine the relative 

spectral contribution of each probe and therefore to determine the appropriate 

concentrations for initial studies. A single filter set was used for collection of the CTIS 
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raw images. Specifically, excitation was selected at a nominal wavelength of488 nm (10 

nm bandwidth). Although, SNARF-1 is maximally excited at 576 nm, a significant 

shoulder in the excitation spectrum allows for sufficient excitation at 488 nm. A dichroic 

minor and long pass emission filter were used in combination to block the excitation and 

fluorescence emission below and pass the fluorescence emission above SIS nm. 

Additionally, a heat reflecting filter was used to suppress emission light above 7S0 nm 

and falling outside the range of the CTIS calibration. 

Raw images are shown in Figure 40 for three representative pH values (4.S6, 6.S4 

and 8.78). Reconstructed color images and spectra from the same trial of the free acid 

calibration are shown in Figure 41 and Figure 42, respectively. 

(c)pH-8.78 
Figure 40. Raw images of SNARF-l and EGFP free acids corresponding to (a) pH = 4.S6, (b) 
pH = 6.S4 and (c) pH = 8.78. Eight iterations of MART were requffed to accurately reconstruct 
object cubes associated with these raw images. Images are shown in inverted contrast 
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Figure 41. Reconstructed color images from a single trial of the pH calibration of EGFP-1 and 
SNARF-1 free acids. 

Figure 42. Average reconstructed spectra corresponding to reconstructed images of Figure 41. 

6.2.2 Muitispectral analysis of Free Acid Spectra 

Two different approaches to linear spectral unmixing were described in Chapter 5. 

For the case of free acid calibrations, spectrum-based reconstructions were used to isolate 

the individual spectra of SNARF-1 and EGFP from the combined fluorescence emissions. 

Specifically, the first principal component of EGFP and the first two principal 

components of SNARF-1 were used in the formation of the spectrum-based system 

matrix. The principal components were derived finm individual free acid calibrations of 

each fiuorophore. By combining into a single dataset the object cubes from a range of pH 

solutions, the principal components were forced to account for the spectral variability 

450 500 550 600 650 700 750 

Wavdcngih (nm) 
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associated with changes in environmental pH. The limited number of principal 

components (1-2) was selected for each probe such that greater than 99% of the spectral 

variations were accounted for by their linear combination. The principal components and 

corresponding spectrum-based calibration images for the free acid forms of SNARF-1 

and EGFP were presented in Chapter S - Figure 36. A representative set of unmixed 

spectra for a single free acid calibration are shown in Figure 43. 
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Figure 43. Spectra from single trial of the combined free acid calibration, (a) Reconstructed 
spectra from a single trial of the pH calibration of SNARF-1 and EGFP free acids, (b-c) EGFP 
and SNARF-1 components isolated from combined spectra in Part (a). The individual spectra 
were unmixed using the endmember spectra of Figure 36. 
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After obtaining the individual EGFP and SNARF-1 spectra, standard calibration 

curves were formed for the two probes. In order to analyze the necessity for spectral 

unmixing, the same calibration curves were also produced for the data prior to unmixing. 

In both cases, three different calibration curves were generated. These curves represent 

the results from a filtered imaging system with a limited number of narrow (S nm) 

spectral bands. For EGFP, the fluorescence signal at 530 nm was normalized to the 

maximum EGFP signal for each trial. Due to the quenching of EGFP fluorescence by iT, 

this maximum occurs at a pH > 7.S. This normalization accounts for variations in EGFP 

concentration between trials. For SNARF-1, two curves were studied: (I) a ratio of the 

signal at the basic peak (640 nm) to that at the isoemissive wavelength (615 nm) and (2) a 

ratio of the signal at the basic peak (640 nm) to that at the acidic peak (585 nm). The data 

from these calibrations were then fit to the appropriate theoretical model (Table 4) to 

determine the pKa of each probe. 

As is apparent from these calibrations curves, the spectral overlap of EGFP and 

SNARF-1 yields discrepancies between the mixed and unmixed calibration curves. An 

obvious manifestation of the spectral crosstalk is the shift in apparent pKa (~0.4) of 

SNARF-1 as calculated from a ratio of the signals at 635 nm and 585 nm. Dififerences in 

the remaining calibration curves are more subtle and possibly inconsequential to reliable 

pH determination. This is especially true for the unmixed calibration curve of EGFP 

which falls well within the associated error of the mixed calibration curve (and vice 

versa). 
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Figure 44. pH calibration curves derived from the mixed (A) and unmixed (O) spectra 
of SNARF'l and EGFP free acids. The curves and associated pKa values were calculated 
by fitting the original data to the appropriate equations of Table 3. Plot (a) corresponds to 
the relative spectral radiance at 530 nm for EGFP. Plots (b) and (c) provide calibration 
curves for SNARF-1 using two different wavelength combinations, fo (b) SNARF-I ratio 
(635 nm/615 nm). In (c) SNARF-1 ratio (635 nm/S85 nm). For each case the mean of four 
trials is plotted ± 1 standard error. 

These results suggest that judicious selection of the SNARF-1 ratiometric pair 

circumvents issues of spectral overlap associated with the two probes. However, this is a 

vast oversimplification of the problem. Specifically, the results shown here are for a 

single set of probe concentrations. If these concentrations remain constant as is the case 

for fi%e acid calibrations than the mixed calibration curves could be used to for the 

. ApKa>6.19±0.11 
OpKa-6.22 *0.11 
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unambiguous measurement of pH. However, in the cellular environment the 

concentration of each probe is dependent upon several factors. First, the intracellular 

EGFP concentration is dependent upon the level of expression of the target protein which 

can be highly variable between individual cells. Second, the concentration of pH-

sensitive SNARF-1 depends upon the intracellular esterase activity which may vary fix>m 

cell to cell. Finally, the relative yield of the two probes may vary during the time course 

of each experiment due to the different photobleaching rates of the probes. Thus, 

although the free acid calibration was useful in determining the utility of this approach, 

the need for linear uiunixing is best demonstrated using cellular studies. Still, it is 

apparent from these calibration curves that the combination of EGFP with SNARF-1 does 

provide a substantially extended linear range of pH detection (see Figure 45). 
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pH 

Figure 45. Combined free acid calibration curves of SNARF-1 (red) and EGFP (blue). Due to 
the complimentary pH sensitivities of these two fluorophores, pH detection is possible from 
approximately 5.2 to 8.6, nearly doubling the standard range of pH measurement. 
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6  ̂Intracellular Calibration of SNARF-1 and EGFP 

6 .̂1 Material and Methods 

The cell line (RIN1046-38 parental) used throughout these experiments was 

originally developed to study the regulated secretory pathway involved in the glucose 

induced release of insulin from pancreatic P cells. In order to link the fluorescence 

emission of EGFP to the release of insulin, EGFP was targeted to the secretory vesicles in 

which insulin is produced and stored for eventual release fiom the cells. This targeted 

expression was accomplished by specifically inserting the N-terminal leader sequence of 

human growth hormone in frame with the EGFP sequence. Cell culture and gene 

transfection protocols associated with this cell line were described previously 

The hGH-EGFP RIN cells were grown to 50-80% confluency on coverslips in 6-

well plates. The cells were then incubated with 5mM acetoxymethyl-ester SNARF-1 for 

2 min in HBSS plus substrates (1.3 mM CaCh, 0.4 mM MgS04, 0.05 mM Glucose) and 

then washed for 20 minutes in HBSS. For each trial of the pH calibration, a coverslip was 

then placed in a temperature controlled chamber containing 1 ml of HBSS plus 

substrates. The intracellular pH of the cells was allowed to equilibrate with the 

extracellular calibration buffer for 1 minute prior to data collection. Equilibration was 

facilitated through the addition of the K^/H^ ionophore, nigericin, and the K+ ionophores, 

valinomyocin to each buffer solution. These chemicals act to break down the 

electrochemical gradient across the cellular membrane, thus allowing the unregulated 

flow of ions down their concentration gradient'̂  Cells were sequentially exposed to 
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calibration solutions (HBSS plus substrates) of increasing pH &om 4.5 to 9.0 in 

approximate steps of 0.5. 

A single image was collected for each calibration buffer using the 2K CTIS with a 

typical integration times of 2-2.5 seconds. For the in situ calibrations, a bandpass filter 

was used to pass narrowband excitation (480 nm ± 5 nm) to the sample. A dichroic 

mirror was used in combination with a long pass emission filter to block excitation and 

fluorescence emission below and pass fluorescence emission above 500 nm. A heat 

reflecting filter was also used to block emission above 750 nm. Object cubes were 

reconstructed from each image using 12 iterations of MART. The average spectra for 

selected regions of interest were then processed to obtain the isolated EGFP and SNARF-

1 spectra fix)m the original datasets. Unmixing was accomplished using a constrained 

minimization of the relative spectral difference between the original spectra and a linear 

mixture of the component spectra. See Section 5.4 for a detailed description of this 

unmixing method as applied to SNARF-1 and EGFP. 

6J.2 Imaging Results 

Shown in Figure 46 is a representative raw image and reconstructed color image 

firom the in situ pH calibrations of hGH-EGFP and SNARF-1. The object cubes (200 x 

200 X 55) for these studies had a spatial sampling of 0.96 fim and a spectral sampling of 5 

nm fiom 470 nm - 740 nm. The average spectra for the cells labeled in Figure 46(b) are 

provided in Figure 47. The black lines correspond to the original reconstructed data while 

the red and green lines correspond to the unmixed SNARF and EGFP spectra. 
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respectively. Comparison of the spectra fix>m these two cells provides a clear 

demonstration of the heterogeneity of probe concentration across even a limited cellular 

field. 

(«) (b) 
Figure 46. CTIS imaging results from a single trial of an in situ pH calibration of SNARF-I 
and EGFP. (a) 2K CTIS raw image of rat insulinoma cells exhibiting cytosolic EGFP 
expression and loaded with SNARF-I. (b) Color image reconstructed from raw image in Part 
(a). 
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Figure 47. Average reconstructed spectra (Black) from two cellular regions mariced as (a) A 
and (b) B in the color image of Figure 46(b). BoA spectra are from the same object cube 
corresptrnding to a pH of 4.86. The unmixed SNARF-I and EGFP components are shown in 
red and green, respectively. 
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This heterogeneity of relative fluorescence is further demonstrated by the series of 

mixed and unmixed calibration images presented in Figure 48. The first row of images 

shows a set of original reconstructed calibration images for a single trial of the in situ 

calibration. The images sequentially progress fix)m a pH of 4.86 to a pH of 8.04. Below 

this original dataset are pseudo-colored images of both the unmixed hGH-EGFP and 

unmixed SNARF-1 signals. Over the course of the experiment, the EGFP signal increases 

due to the quenching of EGFP fluorescence with protonation while the SNARF signal 

decreases due to photobleaching of the fluorophore. The corresponding heterogeneity in 

fluorophore concentration manifests itself as varying levels of spectral crosstalk in the pH 

calibration curves for each cell. This is demonstrated by again comparing the calibration 

curves associated with the labeled cells of Figure 46. 

4.86 5.21 5.77 6.14 6.58 7.09 7.61 8.04 

ORIGINAL DATASET 

SNARF-1 

Figure 48. Unmixing results for a single trial of the in situ pH calibration of SNARF-1 
and EGFP. Each row shows a progression from a pH of 4.86 to a pH of 8.04. (Top 
row) Reconstructed color images from the original datacubes. Pseudocolored images 
of the EGFP and SNARF-1 object cubes are shown below. 
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For each cell, SNARF-1 calibration curves were generated fix>m both the original 

reconstructed spectra as well as the appropriately unmixed SNARF-1 spectra (see Section 

5.4). Shown in Figure 49 are the corresponding SNARF-1 pH calibration curves derived 

&om the ratio of signal at 635 nm (basic peak) and the signal at 585 nm (isoemissive 

wavelength). Recall that this combination of wavelengths limits the expected 

contamination of signal from the EGFP fluorescence and should therefore minimize any 

difference between the mixed curves for the two cells. The ratio of EGFP to SNARF-1 

fluorescence is much higher in Cell B than Cell A (Figure 46). Due to the corresponding 

increase in the combined signal at 615nm, the mixed calibration curve of Cell B shifts to 

lower ratio values as compared to that of Cell A. Use of the spectral unmixing methods of 

Section 5.4 corrects for these differences between the cells. A more dramatic 

demonstration of this technique is observed by performing the same comparison when the 

SNARF-1 calibration curves are formed by a ratio of the basic to acidic peak values (see 

Figure 50). In this case the contribution of signal from EGFP at 585 nm leads to a 

saturation point in the unmixed calibration curve of Cell B. The discrepancies between 

the two cells are again minimized by isolating the SNARF-1 signal prior to the 

ratiometric calculation. 
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Figure 49. SNARF-1 calibration curves (635 nm / 615 nm) derived from the mixed (A) and 
urmiixed (O) spectra of cells labeled (a) A and (b) B in Figure 46b. 

•TN 1.5 

0.5 

Figure SO. SNARF-1 calibration curves (635 nm / 585 nm) derived from the mixed (A) and 
unmixed (O) spectra of cells labeled (a) A and (b) B in Figure 46b. 

Average calibration curves for both EGFP and SNARF-1 were thus formed after 

isolation of individual spectral components. The SNARF-1 calibration curve corresponds 

to ratio values of the isolated SNARF-1 signal at 635 nm and 615 nm while the EGFP 

curve represents the signal of this probe at 530 nm normalized to its maximum value at a 

pH > 8.5. The plotted data represents the average values calculated from the 16 cells of 

Figure 46. The pKa values were calculated for each probe using the appropriate equations 

with Table 3. The pKa calculated for EGFP (6.41) is shifted to higher values than the 
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accepted value of 6.2; however similar results were obtained when data was collected 

firom the same cells using a standard filtered imaging system. 

1.4 

A pKa . 7.95 I 0.05 

1.0 

 ̂ 0.8 

0.6 
OpKa'6.41 t0.20 

0.4 

0.2 
4 5 6 7 9 8 10 

pH 

Figure 51. Average pH calibration curves for the in situ pH calibration of SNARF-1 and EGFP. 
Ratiometric calculations were made after isolation of the individual spectra of each fluorophore. 
The SNARF-1 curve (red) corresponds to the ratio of 63S nm to 61S nm while the EGFP curve 
(blue) corresponds to the EGFP signal at S30 nm normalized to the maximum signal at a pH > 
8.S. Plotted data are the average values from 16 cells ± 1 standard error. 

6.4 Summary 

The combined studies of SNARF-1 and EGFP served two major purposes. First, 

the benefits of multispectral data collection were examined by comparing pH calibration 

curves derived fix>m combined and isolated emission curves for the two probes. Spectral 

uiuiixing was used here to successfully isolate the emission spectra and therefore analyte 

measurements of the two functional fluorophores. These isolated spectra proved more 

reliable than the corresponding mixed spectra due to the inherent heterogeneity of 

fiuorophore concentration across n a typical cell population. Second, the chosen 

combination of probes was to successfully extend the linear range of intracellular pH 

measurements Due to the complimentary sensitivities of these fluorophores to iT', the 

SNARF-l/EGFP combination is used here to obtain a near linear range of intracellular 
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pH detection from approximately 5.2 to 8.6 in solutions and from 5.4 to 8.9 in rat 

insulinoma cells (RIN) cells. The combination of SNARF-1 and EGFP provided the 

added benefit of cell selection based upon the presence of a specific genetic promoter. 

The use of spectral unmixing suggests the potential for comparing functional responses of 

expressing and non-expressing cells through the combination of fluorescent proteins and 

fimctional fluorophores. This will be specifically pursued through continued experiments 

with the 2KCTIS 
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CHAPTER? 

FURTHER WORK 

The results of Chapters 4 and 6 demonstrated the computed tomography imaging 

spectrometer's (CTIS) usefulness in the observation of individual cellular responses 

across an extended field of view (FOV). The spectral analysis techniques of Chapter 5 

fiirther extended this application to multivariate studies of cellular responses and thus to 

the detection of more complicated signaling cascades. Such techniques would be 

applicable to signaling processes within heterogeneous populations of cells including 

individual cells within a tissue slice. In this application, the CTIS may prove to be an 

important tool for studying the effects of toxins and pharmaceuticals on the physiology of 

specific tissues such as the liver. Since these agonists often elicit changes in many cell 

functions, simultaneous observation of multiple probes from unique tissue regions would 

provide detailed information regarding the responses of individual cells throughout the 

tissue's functional unit (i.e. hepatic lobule or nephron). This chapter focuses specifically 

on the hardware and software improvements required to extend the functionality of the 

CTIS from isolated cell cultures to such in vivo studies of tissue. 

7.1 Field of View 

Over the past seven years, advancements in both CCD technology and CGH 

design have lead to significant increases in the number of voxels within reconstructed 

CTIS object cubes (Figure 48). Comparing the CTIS developed in 199S to the 2K CTIS 

used today, the number of spatial elements has increased more than three hundred fold 



124 

from 11 11 to 203 203 while the number of spectral bands has more than doubled 

increasing &om 21 to 55. Although significant advances have been made in this area, the 

CTIS object cubes still lack the spatial sampling required to effectively compete against 

those of filtered imaging systems (typically possessing 512 x 512 spatial resolution 

elements). 

Year 

Figure 52. Progression of the object cube dimensions associated with CTIS systems over the 
past seven years. 

The upward trend in the CTIS's spatial sampling and field of view may be further 

extended due to the ongoing development of high-speed, large image format CCD 

cameras. As an example. Table 4 provides design parameters for a proposed 4K CTIS 

which would accommodate reconstructed object cubes with 433 ^ 433 spatial resolution 

elements and 55 spectral bands. As was the case for the 2K CTIS, the redesigned CTIS 

includes a larger format CCD array (4096 4096, 9 pixels) and a redesigned optical 

train. A first-order design of the required CGH was performed and the resultant raw 

image layout is provided in Figure 53. 

250 60 

 ̂ iP # 
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IK ens 2KCTIS 4KCTIS 

Image Format (Pixels) 1024 X 1024 2048 X 2048 4096 x 4096 

Maximum CCD Quantum Eflidency 18 38 65 

Number of diflractioa orders 49 25 25 

Field Stop size (mm) 5.0 7.9 132 

Collimating lens focal length (mm) 210 238 525 

Re-imaging lens focal length (mm) 45 85 155 

CGH Period Qim) 16 12 15.2 

Projected field stop on CCD (pixels) 77x77 203 X 203 433 X 433 

FOV (|im)/ Spatial sampling (|im) 92 X 92 / 1.09 200 x 200 / 0.96 330x330/0.76 

Spectral Sampling (4S0nm -750nm) 10-15 5-15 5-15 

Table 4. Progression of CTIS designs over Uiree generations of the instrument's development 
including the proposed 4K CTIS. Spatial sampling and FOV calculations assume a 40x 
microscope objective. 

Also shown in Figure 53, is a schematic layout of the 4K CTIS system. Due to the 

substantially increased focal length of the collimating lens, the system has been folded to 

maintain a compact system. Additional challenges exist for the 4K systems due to the 

increased field of view and large image format. For example, to maintain shifl-invariance 

(per wavelength band), ofif-axis aberrations (e.g., coma, distortion) must be strictly 

controlled. 
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System Platform with Cover 
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Figure S3.1" order design of proposed 4K CTIS. (a) Layout of dispersed images within the 
raw image according to a first-order design of a CGH disperser. (b) Schematic diagram of the 
4KCnS 

7.2 Structured lUumination 

With the proposed hardware developments, the 4K CTIS would provide a FOV 

comparable to that of filtered imaging systems while simultaneously collecting high-

resolution spectra for each spatial resolution element. Given a desired spatial resolution 

on the order a single cell, the 4K CTIS would thus provide an ample FOV to monitor the 

heterogeneous responses of cells within a tissue slice. For example, the full extent of the 

hepatic lobule (typical diameters of 0.7 to 2 mm) could be simultaneously imaged with 

single cell resolution. Although the extended FOV significantly increases the imaging 

capabilities of the CTIS, additional limitations in signal processing must be overcome in 

order to fiilly realize spectral imaging of tissue sections. 

Of primary importance are the limitations imposed by the spatial uniformity of 

tissue slices. As described in Chapter 4, samples exhibiting low spatial frequencies are 

difficult to accurately reconstruct from standard CTIS images. One possible solution to 
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this limitation is the incorporation of structured illumination. The benefits of structured 

illumination in this setting are two-fold. First, the structured illumination spatially 

modulates the imaged fluorescence with a known set of spatial frequencies. These 

frequencies may be tuned to minimize overlap between the expected object cube vectors 

and the singular vectors associated with the system matrix. In addition, structured 

illumination has proven effective in reducing the out of focus contributions from cell 

layers above and below the single cell layer of interest. 

This second benefit was first presented by Neil et al. in 1997.^ In this technique, 

the sample is illuminated by a cosinusoidal distribution of excitation light, 

Iix,y) = l+mcos(vx+^o) (7.1) 

where x and>' are the spatial coordinates in the image plane, m is the modulation depth, v 

is the spatial frequency of the modulation and ^ is an arbitrary spatial phase. After 

expansion of the second term, the distribution of fluorescence signal may be described by 

^(•*o.>'o) = ^o + ^cCOS^o+^iSin^o (7.2) 

where Fo corresponds to a conventional wide field microscope image without modulation 

and Fc and F^ represent the image components modulated by mcos(v)r)and iRsin(Kc), 

respectively. An optically sectioned image, F^g = ^fF^ + F^ can then be generated 

through the appropriate combination of 3 images, F/, and Fj, having relative spatial 

phases of = 0,2;r/3,4;r/3, respectively. See Equation (7.3). 

FC, =[(<=; -FI)' +(^:-FIF *(F, (7 J) 
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For CTIS images. Equation (7.3) may be directly applied to post-reconstruction 

object cubes. This method was demonstrated on a simulated object cube combining the 

fluorescence of two previously imaged samples. Color images corresponding to the both 

the individual and the combined object cubes are shown in Figure 54. For the purposes of 

this simulation, the desired (in focus) object corresponded to a field of EGFP expressing 

RIN cells loaded with SNARF-1. This object cube was linearly combined with a second 

object cube representing the background (out-of-focus) fluorescence. More specifically, 

the background was reconstructed firom a CTIS raw image of autofluorescence from a 

kidney slice. 

(«) (b) (c) 

Figure 54. Simulated object cube for demonstration of structured illumination (a) Post-
reconstruction color image of dual labeled rat insulinoma cells (b) Post-reconstruction color 
image of autofluorescence from a kidney slice (c) Weighted sum of the images shown in (a-b). 

For this simple demonstration, only two discrete layers are imaged: (I) the RIN 

cells modulated by a cosine pattern and (2) the unvarying and unmodulated 

autofluorescence (see Figure 54 and Figure 55). Three object cubes were generated each 

corresponding to a relative spatial phase shift of cosine wave by 2;r/i .Equation (7.3) was 
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then used to extract the desired object cube fix>m the object cubes of Figure 55. See 

Figure 56 for color image corresponding to the isolated object cube. 

(«) (b) (c) 

Figure 55. Color images of simulated object cubes with structured illumination. The three 
images correspond to three different spatial phase of (a)^o = 0 ,(b)^o = 2;r/3 ,(c) = 4;r/3 
and then added to the background signal. 

Figure 56. Color image corresponding to processed object cube. Object cube resulted from the 
application of Equation 7.3 to images of Figure 55. 

This method was effective in extracting the desired spatial and spectral 

information from the object cubes; however, application of Equation (7.3) after 

reconstruction ignores the corruption of each object cube by reconstruction artifacts. 

These artifacts would be primarily associated with the increased spatial umformity prior 

to optical sectioning. In order to apply optical sectioning to the CTIS raw images. 
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significant attention must be paid to varying directions of dispersion. Specifically, the 

cosinusoidal distribution of signal is only preserved in the orders parallel to the structure. 

(b) (c) 

Figure 57. Central 9 of 25 diffraction orders of simulated CTIS raw images. The three images 
correspond to three different spatial phase of (a)^o = 0 ,(b)^ = 2;r/3 ,(c) ^ = 4;r/3. 

In all other orders the structure's projected phase shift will depend both upon the 

physical movement of the illumination pattern as well as the spectral distribution of the 

fluorescence. The central nine of 25 diffraction orders are shown in Figure 57 for those 



131 

raw images corresponding to the object cubes of Figure 55. Insertion of these raw images 

into Equation (7.3) results in accurate optical section in only those diffraction orders 

whose direction of dispersion is perpendicular to the spatial phase shift (see Figure 58). 

This accuracy is most obviously dimensioned in the orthogonal direction. 

(») (b) 

Figure 58. Central 9 of 25 diffraction orders of simulated CTIS raw images (a) before and (b) 
after application of Equation (7.3). 

Thus, Equation (7.3) will only be effective for diffraction orders in which the 

direction of dispersion is perpendicular to the direction of phase shift. Further work is 

required to determine the appropriate combination of illumination and mathematical 

manipulation to properly remove the out-of-focus contribution from the entire CTTIS raw 

image. A significant consideration for this effort will be the number of required raw 

images (phase steps). This number should be minimized in order to maintain an 

acceptable temporal sampling (<10 seconds) for characterization of dynamic cellular 

events. Accomplishment of this task will significantly broaden the impact of the CTIS in 

the field of toxicology. 
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7 J Software advancements 

More generally, additional software development is required in terms of 

automating the reconstruction process and analysis of spectral data. Such improvements 

are necessary for general use of the CTIS by individuals in the life sciences. As described 

in Chapter 3, the use of subspace distances presented itself as a first step in the eventual 

automation of the reconstruction process; however, further work is required to effectively 

incorporate this and other methods into an intuitive user interface. In addition, much 

work is required to advance the previously developed spectral analysis methods of 

Chapter S. Future analysis methods should automatically identify spectral variations 

associated with dye-dye interactions and variations in cellular processing. These may be 

signaled by nonlinear spectral variations such as spectral shifts and line broadening. In 

addition, mathematical morphology methods should be incorporated for automatic 

selection of cellular regions of interest. Finally, these programs should be incorporated 

into a graphical user interface requiring minimum knowledge of image processing and 

spectral analysis. 
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CHAPTERS 

CONCLUSIONS 

Fluorescence microscopy is used extensively to gain a deeper understanding of 

the dynamically varying cellular environment. A major impetus towards the widespread 

application of this analytical tool is the ongoing development of fluorophores with a 

range of sensitivities, bi order to fully appreciate the potential utility of these probes, 

detection systems are required which simultaneously monitor the spectroscopic variations 

of a combination of fluorophores. This is because most cellular responses due not occur 

in isolation. Rather there is a complex system of primary and second messengers 

involved in most cellular responses. In order to determine the time sequence of such 

events with fluorescence techniques, the spectral imaging system must exhibit an 

appropriate combination of high spatial, spectral and temporal resolution. Due to the 

scanning requirements of currently available systems, one or more of these parameters is 

often sacrificed for the improvement of another. This leads to spatial or temporal 

ambiguities in the time course of events such as ion exchange or membrane permeability. 

The CTIS overcomes the limitations of current systems by acquiring a spectrum (470 -

740 nm, S-10 nm sampling) simultaneously for every spatial sample within its 2-D field 

of view. 

The first CTIS prototype (IK CTIS) developed during these studies provides a 

limited field of view and spectral sampling. Corresponding object cubes consist of 79 x 

79 spatial resolution elements (1.096 ^m sampling) and 31 spectral bands (10 nm 

sampling). This CTIS is currently being used for studies of 4-D (x,y,z. A) fluorescence. 
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Specifically, data firom this instrument has formed the basis for the development of 

deconvolution algorithms for 4-D A) objects. The second prototype (2K CTIS) 

was developed for studies of the interactions and responses of cells within a 

heterogeneous population. To this end, the number of voxels in the associated object 

cubes was dramatically increased. Specifically, the number of spatial elements was 

increase to 203 203 to accommodate a large number of cells with sufficient subcellular 

sampling (<1 ^m for 40x microscope objective). In addition, the number of spectral 

samples was increased from 31 to 55 provided a spectral sampling of 5 nm for 470 nm -

740 nm. This increase allowed for improved unmixing capabilities when attempting to 

isolates signals fix)m multiple functional probes. 

Analysis techniques were developed to further the fimctionality of the CTIS 

within the field of fluorescence microscopy. Specifically spectral unmixing techniques 

were developed for multi-probe analysis of cell flmction. The pH indicator, SNARF-1, 

and the fluorescent protein, EGFP, were used in combination to effectively increase the 

linear range of pH detection within the cellular environment. To this end, the developed 

unmixing methods were successfully employed to isolate the signals and thereby pH 

measurements of the individual fluorophores. 

Several hardware and software advancements are required to fiirther the 

applicability of the CTIS systems to a wide-range of fluorescence applications. Of 

primary interest is the enhanced capability of high-speed spectral imaging of 

fluorescently labeled tissue sections. This extension of the CTIS fimctionality requires the 

development of optical sectioning methods compatible with the CTIS imaging model. In 
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addition, more advanced spectral analysis methods must be developed to handle the 

complex signaling cascades which will be studied in this manner. Finally, intuitive user 

interfaces should be developed such that CTIS reconstructions and spectral analysis 

algorithm may be run with a minimum knowledge of image analysis. Given these 

technological improvements, the CTIS has the potential to dramatically improve the 

quantity and quality of functional data from fluorescence studies of cellular response. 
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GLOSSARY 

Agonist - A chemical which initiates a biochemical response upon binding to an 
appropriate cell receptor 

AM ester - Acetoxymethyl Ester. A common method of fluorescence delivery involving 
the AM form of a fluorescent probe which readily passes through the cellular membrane. 
Once within the cytosol, the normal esterase activity of the cell worics to hydrolyze the 
ester and release the free acid for of the probe. This free acid cannot penetrate the cellular 
membrane and is therefore trapped within the cell. 

AOTF - Acousto-optic tunable filter 

ATP- adenosine triphosphate 

ATPase - A category of enzymes which catalyze the hydrolysis of adenosine triphosphate 
(ATP) to form adenosine diphosphate (ADP) and inorganic phosphate with release of free 
energy 

Pcell - Cells of the pancreas (specifically within the Islets of Langerhans responsible for 
the production and secretion of insulin 

CGH - Computer generated hologram. 

Collisional Quenching - a reduction in emission intensity due to excited state collisions 
between a fluorophore and a quenching agent. During this excited state interaction, the 
chemical composition of the fluorophore does not change. Rather the intensity loss is due 
to a loss of excitation energy to the quenching molecule and the external environment 
(heat). 

EGFP - Enhanced Green Fluorescent Protein 

EM - Expectation Maximization 

Esterases - Enzyme that accelerates the hydrolysis of esters to release an alcohol or thiol 
and acid 

Fluorescence - Luminescence in which emission occurs between states of like spin 
resulting in a short lifetime for the excited state (At < 10''̂  s) 

Fluorophore - A fluorescent compound 

Functional unit - The smallest unit of a of an organ which performs all functions of that 
organ (i.e. a nephron in the kidney or hepatic lobule in the liver) 
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GLOSSARY - Continued 

GFAP - Glial fibrillary acidic protein. An intermediate structural protein of glial cells 

H matrix - Assimiing a linear imaging model of the CTIS, the H matrix or system matrix 
describes the mapping of signal fi-om individual voxels (Ax, Ay, AX) onto the 2-D image. 
Each column of the matrix stores a lexicographically ordered raw image corresponding to 
signal fix)m a single voxel within the object cube. (Section 3.2) 

Hepatic lobule - A hexagonal sheet of hepatocytes surrounding a central vein. The 
functional unit of the kidney. 

Human growth hormone - A protein produced in the pituitary gland. Initiates the 
production of somatomedins which in turn stimulate the growth of bone and muscle. 

In vivo - Within the living body 

In situ - Within the natural environment 

Insulin - A hormone secreted by the pancreas in response to increase levels of glucose -
induces hyperglycemia 

Insulinoma - An insulin producing tumor within the pancreas 

lonophores - Chemical agents that increase the permeability of lipid membranes to 
specific ions. 

Isobestic point - A point on either the excitation or emission spectrum at which the 
associated signal is invariant to changes in its target species. Such a point exists when 
two forms of the fiuorophore (bound and unbound) exist in equilibrium. 

Isoemissive point - Isobestic point within the emission spectrum 

LCTF • Liquid crystal tunable filter 

Luminescece - Emission of light fiom electronically excited states of a substance at 
temperatures lower than those required for incandescence. Photolimiinescence is a 
specific subcategory of luminescence in which excitation is the result of photon 
{^sorption (See Section 2.1). 

MART - Multiplicative Algebraic Reconstruction Technique 
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GLOSSARY - CoDtinaed 

Nephron - The functional unit of the kidney made up of the glonerulus. Bowman's 
capsule and the convoluted tubule. 

Nigericin - K^/H^ ionophore 

N-terminus - The tenninal end of a protein with an unattached amino group 

Object cube • Discretized, 3-D objects having two orthogonal spatial axes {,x,y) and a 
third spectral axis (A) 

PCA - Principal component analysis. The goal of principal component analysis (PCA) is 
to best represent the original data by a subset of spectral features while minimizing the 
mean-square error between the original and transformed data. This is accomplished 
through a Karhunen-Loeve expansion of the data. (Section S.2) 

Phosphorescence - Luminescence in which emission occurs between states of like spin 
resulting in a longer Ufetime (milliseconds to seconds) for the excited state (At < 10*'̂  s) 
than for fluorescence. 

Photobleaching - Irrecoverable photodamage to a fluorophore which renders it 
nonfluorescent 

Promoter - Initiation site on DNA for RNA transcription 

Ratiometric Probe - Fluorescent indicator which shifts either its excitation or emission 
spectrum in response to specific changes in its surrounding environment (e.g. SNARF-1). 
ROM/ image-1'D image acquired by the CTIS prior to any digital processing 

Secretory vesicle e-An shell derived firom the Golgi apparatus which encloses some 
material to be released fix)m the cell 

SNARF-I - (seminaphthoriiodafluor-1) a pH sensitive fluorophore which that exists in 
two fluorescent states (protonated and deprotonated). The spectral emissions firom these 
two forms of the fluorophore produces a combined spectrum that shifts spectrally in 
response to changes in the environmental pH 

Transfection - The introduction and subsequent integration of foreign DNA into a 
recipient eukaryote cell 

Valinomyocin - iC ionophore 
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GLOSSARY (Cont) 

Voxel - Resolution element of a three-dimensional object. In the case of the CTIS the 
voxel has two spatial dimensions and one spectral dimension (Ax, Ay, AX) 

Voxel spread junction (VSF) - The response of the CTIS to a single volume 
element(Ax, Ay, Az), or voxel, within the object cube 

V-type H+ pumps - Class of ATP-powered proton pump responsible for maintaining the 
low pH of lysosomes and certain subcellular vesicles. The hydrolysis of ATP provides 
the necessary energy for these pumps to move the ions against their concentration 
gradient. 
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APPENDIX A 

IX HBSS (Hank*s Balanced Salt Solution) 

I) To c. 900 ml ddiH20, add in the following order. [ • ] ADD [ - ] DO NOT ADD 

Notes 
Desired Solution 

Pw 
1000ml 

Concentratioii Notes RIN A7r5 O.OSmM 
GLU 

Pw 
1000ml 

Concentratioii 

• • • KCX (mw 
74.56) 

0.3728g 5.0 mM 

• • • KH}P04 (mw 
136.09) 
monobasic 

0.0408g 0.3 mM 

• • • NaCl (mw 
58.44) 

8.0661g 138.0 mM 

- - • NaHCO, 
(mw 84.01) 

0.0l68g 0.2 mM 
• • -

NaHCO, 
(mw 84.01) 0.0336 0.4 mM 

• • • NazHF04 
(mw 141.98) 

0.0425g 0.3 mM 

• • • Hepes (mw 
238.3) 

4.780g 20.0 mM 
-

Hepes (mw 
238.3) 2.390g 10.0 mM 

2) Add the following as needed; 

Notas 

Desired Solution 

Pw 
1000ml 

(] Notas 
RIN Old 

A7r5 
0.05m 

M 
GLU 

Pw 
1000ml 

(] 

lOml/L, 
0.16M 

- • • CaCI,(mw 147.62) 0.1911g 1.3 mM 

- - - MgCU (mw 203.3) l.017g 5.0 mM 
- - -

MgCU (mw 203.3) 
0.0407R 0J2mM 

• • • MgS04 (mw 246.48) 0.0986g 0.4 mM 
• • - Glucose (mw 180.16) 1.009g 5.6 mM 
- - • 

Glucose (mw 180.16) 
0.009g 0.05 mM 

Verytn • • - Penicillin Powder 
(1670 U/mg) 

0.1796g 300U/ml 
- - -

Penicillin Powder 
(1670 U/mg) 0.0600g lOOU/ml 

- - • Creatine (mw 131.1) 0.1310R 1.0 mM 
- - - Taurine (mwl25.10) 0.1251K 1.0 mM 
- - - Pyruvate (mw 110.0) O.IlOOg 1.0 mM 
- - • Glutamine (mw 146.1) 0.7305g 5mM 
- - -

Glutamine (mw 146.1) 
0.5844R 4mM 

• • 
FBS 

Iml/L 0.1% 
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