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ABSTRACT 
 

Endogenous optical signatures of tissue provide information relevant to biological 

and biomedical questions through measurements of intracellular and extracellular 

endogenous contrast.  To develop sensitive diagnostic methods using this contrast, the 

important individual endogenous constituents were first evaluated.  In particular, based 

on intracellular fluorescence consistent with NAD(P)H, FAD, and tryptophan in cell 

suspensions, fluorescence interrogation techniques were defined to determine cellular 

metabolism and response to metabolism altering treatments.   Additionally, the main 

contributor to extracellular fluorescence, type I fibrillar collagen, was investigated with 

an in vitro model of collagen polymerization.  By defining the fluorescence of collagen 

due to cross-linking and the structure of fibrillar collagen at a high resolution with second 

harmonic generation (SHG), sensitive techniques were developed to assess collagen 

integrity.  Next, with tools developed for measurement of the individual endogenous 

optical constituents in tissue, two model systems were investigated with multiphoton 

microscopy in order to evaluate processes important in angiogenesis and ovarian 

carcinogenesis research.  Starting with an in vitro model of angiogenesis, the individual 

intracellular and extracellular optical signals were combined for real-time imaging of 

angiogenesis related events.  By localizing vessel associated cells with two-photon 

excited fluorescence (2PEF) and their interaction with collagen fibrils with SHG, the 

dynamics of matrix remodeling were assessed during sprouting events and neovessel 

growth.  A dramatic reorganization of the collagen fibrils by early sprouts and differential 

collagen remodeling by neovessels was observed, revealing endothelial/matrix events that 
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have previously been difficult to ascertain.  Finally, in a model for investigating ovarian 

carcinogenesis, multiphoton microscopy of endogenous contrast in viable ovarian 

biopsies resulted in key features for differentiating normal and abnormal tissue.  Features 

based on the morphology of surface epithelium imaged with 2PEF and the underlying 

collagen structure and integrity imaged SHG as well as cellular redox values determined 

by two-channel 2PEF were consistent with loss of organization and metabolic changes in 

the tissue that may aid in early detection and increased understanding of ovarian cancer.  

Results from the model applications reveal the utility of techniques sensitive to 

endogenous tissue signatures for non-invasive diagnostic interrogation of biological 

processes, specifically related to cellular function and cellular/extracellular matrix 

interactions.  
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INTRODUCTION 

The interaction of light and tissue leads to various optical processes including 

fluorescence, scattering, and absorption1.  When these processes naturally occur in tissue 

without the addition of an outside agent, they are often referred to as endogenous optical 

signatures.  Endogenous optical signatures in tissue offer diagnostic potential in a variety 

of biomedical applications including cancer detection2-7 and cardiovascular assessment8-

11.  Moreover, specific endogenous signatures can be linked to cellular function and 

extracellular integrity supporting the application of endogenous measurement for 

interrogation of biological processes.   

This dissertation focuses on first developing sensitive techniques for measurement 

of key endogenous optical signals and then applying those techniques in order to 

investigate biologically and biomedically relevant questions related to angiogenesis and 

ovarian carcinogenesis.  Based on this approach, this dissertation follows a sequential 

progression described by the following specific aims and presented in four appended 

manuscripts.  The description of these manuscripts and their relevance to each other as 

well as the overall aims of this dissertation are presented in the following chapter, Present 

Study. 

 

Specific Aims 

Specific Aim I 

To link endogenous optical signals with cellular function and extracellular structure 
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Specific Aim II 

To investigate interaction between growing vessel fragments and the collagen matrix 

with multiphoton imaging of endogenous contrast 

 

Specific Aim III 

To assess the stromal-epithelial morphology, cellular redox ratios, and extracellular 

matrix integrity in viable ovarian tissue with multiphoton imaging of endogenous contrast 

 

Endogenous optical techniques and contrast 

Techniques for measuring endogenous optical signatures include fluorescence, 

scattering, and absorption spectroscopy/imaging1.  Germane to this dissertation are linear 

and non-linear fluorescence as well as non-linear scattering applications.  Fluorescence 

involves an excitation process, where the absorption of photons leads to a molecular 

excited state33.  The absorbed energy dissipates through non-radiative and radiative 

pathways as the system relaxes to the ground state.  The radiative energy is usually less 

than the absorbed energy resulting in a longer wavelength emitted at a Stokes shift from 

the excitation wavelength.  Fluorescence emission can be measured with spectroscopic 

techniques, collected spatially for imaging, or in a combinatory spectroscopic/imaging 

application34.  The fluorescence intensity measured is typically linearly dependent on the 

excitation intensity, with a single photon absorbed to achieve an excited state, and is also 

determined by the fluorophore molar exctinction coefficient, fluorophore concentration, 

and fluorophore quantum yield35. 
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Two photon excited fluorescence 

Beyond the regime of linearly excited fluorescence, non-linear processes 

involving high excitation energy are also possible for induction of fluorescence.  2PEF 

was first predicted by Maria Göppert-Mayer in 193136 and first applied to microscopy in 

199037.  When two-photons are simultaneously absorbed, an excited molecular state can 

be reached as in single photon absorption.  Although typically there is minimal 

probability of simultaneous photon absorption, this probability can be increased by 

crowding photons in space and time. This time interval needs to be extremely short 

(femtoseconds) in order for the second absorbed photon to interact with a molecular 

virtually state 38.  Consequently, emission of 2PEF occurs at wavelengths less than the 

excitation wavelength.  

To achieve this high flux of photons, a focused, high instantaneous energy is 

required and can be introduced by focusing a high power, sub-picosecond pulsed laser 

into a small volume.    Most commonly in biomedical applications, a mode-locked near-

infrared (NIR) titanium sapphire laser is coupled to a confocal laser scanning microscope 

and objectives with high numerical apertures are used to image samples with 2PEF3,39-42.  

Three-photon excitation fluorescence (3PEF) also has been applied experimentally43 but 

requires a more specialized system than available to most researchers.   

In general terms, the fluorescence emitted in a 2PEF processes is a combination of 

the fluorescence quantum yield and the molecular two-photon cross section, and it scales 

with the square of the excitation intensity44 
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where I2PEF is the measured fluorescence intensity,  δ is the two-photon absorption cross-

section (analogous to the molar extinction coefficient), η is the fluorescence quantum 

yield, N relates the number of absorption events defined by the fluorophore 

concentration, and I is the excitation intensity.  The product of the two-photon absorption 

cross-section and fluorescence quantum efficiency results in σ2PEF, the two-photon cross-

section.  Notably, 2PEF is linearly related to the number of fluorophores, non-linearly 

dependent on the excitation intensity, and emits isotropically.     

2PEF applied in multiphoton microscopy offers advantages over traditional 

confocal microscopy including increasing optical penetration, providing inherent optical 

sectioning, and reducing out of plane photobleaching40.  Increased optical penetration is 

due to the use of NIR excitation wavelengths, a wavelength range encompassing the 

“optical window”, where tissue has reduced light scattering and absorption.  Because the 

non-linear absorption only occurs in a focal volume of high instantaneous energy, 2PEF 

in the volume is defined by the energy threshold of this focused volume.  By scanning 

this focused energy throughout a sample, optical sectioning is accomplished without the 

necessity of a confocal pinhole and a lack of pinhole also allows more emitted light to be 

collected.  In addition, since the high energy is only seen at the point of focus and the 

average power of the pulsed IR laser in low, out of focus regions in the sample are 

minimally irradiated, thereby resulting in decreased photobleaching.   

 

Second Harmonic Generation 
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In addition to 2PEF, SHG is another non-linear optical phenomenon applicable to 

biomedical imaging, albeit a non-linear scattering process compared to the absorption 

process that occurs in 2PEF.  First described in the early 1960’s as a property of 

crystalline quartz45,46 , SHG has gained traction in biomedical imaging as it provides high 

resolution structural information in non-centrosymmetric biological structures47-49 .  

Conceptually, SHG can be thought of as a polarization dependent coalescence of two 

photons interacting with a non-centrosymmetric environment, resulting in a frequency 

doubling or scattered light at half the incident wavelength50.  However, due to the 

coherent nature of SHG (i.e. a predictable phase relationship), the physics description 

behind SHG is not as straightforward as 2PEF.  By considering first that the polarization 

in a medium is defined as49-51  

...321 +++= EEEP γβα  ,      (2) 

where P is the induced polarization, E is the electric field, α is the linear susceptibility, β 

is the 2nd order non-linear susceptibility or first order hyperpolarizability, and γ is the 3rd 

order non-linear susceptibility or second order hyperpolarizability.  Because β and γ are 

small compared to α, the 2nd and 3rd order terms typically contribute minimally; however, 

with a large enough electric field they become appreciable.  With an intense focused 

field, SHG occurs at half the incident wavelength based on the substitution of E = 

Eosinωt. where squaring E results in a cos 2ωt term50.   

A full description of the origination of SHG in a biological sample starts with the 

SHG generated by a single molecule as communicated by Moreaux et al52. The 
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generation of one dipole moment at the second harmonic frequency 2ω in the axial 

direction is    

zE ˆ2
1 2

2 ωω βμ =  ,        (3) 

as derived from the taylor expansion of equation 2.  Further solutions involving 

substitution of electromagnetic wave properties and conversion to power of the generated 

SHG field lead to the intensity of a single SHG molecule (in terms of photons/sec) as 

2

2
1

ωσ II SHGSHG =  ,        (4) 

where 

2

532

5
2

3
4

β
επ

ω
σ

ω

ω

cn
hn

o
SHG =   .       (5) 

In these descriptions Iω is the incident laser intensity and σSHG can be considered the SHG 

molecular cross-section (analogous to σ2PEF).  Further, nω and n2ω are the refractive 

indices of the medium at frequencies ω and 2ω, h is Planck’s constant, εo is the free-

space permittivity, c is the speed of light, and β is the first order hyperpolarizability 

described in equation 2.  In a microscopy application, the focal volume of a high electric 

field contains multiple induced molecular dipoles and since SHG is a coherent process 

these sum to produce the total SHG signal from a focal volume (assuming uniaxial 

hyperpolarizability) described as 

22

2
1

ωσ INI SHGz
T
SHG Θ=  ,       (6)  

where Θz is a value <1 that models the distribution of dipoles in the direction of the 

incident field and N is the number of dipoles.  The SHG intensity depends on N2 because 
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each dipole (equation 3) is summed together prior to the squaring the field to calculate 

the intensity.  Although the assumption that the induced dipoles are in one direction in 

relation to the incident polarization is a simplification of SHG processes in tissue, 

equation 6 introduces the factors salient to the SHG signal.  These factors show the 

intensity dependence of the SHG signal differs from 2PEF (equation 1) since it scales not 

only by I2 but also N2 whereas the 2PEF is linearly dependant on molecular 

concentration.  

Inspection of equation 2 leads to an understanding of the non-centrosymmetric 

requirement of SHG.  Since E and P are vectors, in a purely isotropic environment or in a 

structure with a center of symmetry, a change in direction of E would require a 

corresponding change in direction of P50.  For this to be true, the even terms of equation 2 

must drop out, making the equation an odd function. Therefore, SHG can only arise in a 

structural environment with a preferred orientation.  However, third harmonic generation 

(THG) is possible in structures with a center of symmetry.  

As with 2PEF, SHG imaging applied in multiphoton microscopy offers 

advantages over confocal microscopy in the form of deep optical penetration and inherent 

optical sectioning53.  Although the majority of SHG signal is generated in the forward 

direction (the same direction as the incident wave propagation), a small fraction is also 

generated in the backward direction54.  Moreover, in highly scattering samples such as 

tissue the generated SHG is scattered back through multiple scattering process and 

therefore can be collected with 2PEF by the same objective used for 

illumination/excitation53.  In addition, since SHG is a scattering process, photodamage, 
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even in plane, would be limited in a pure SHG sample53, though in reality samples also 

absorb light through 2PEF and other non-linear processes resulting in in-plane 

photodamage55. 

 

Endogenous Optical Constituents in Tissue 

With these described fluorescence and scattering techniques, endogenous optical 

properties in tissue can be interrogated.  Relevant to biomedical applications, optical 

signatures consistent with cellular and extracellular constituents offer non-invasive 

diagnostic measurements of live samples without the necessity of staining or mechanical 

sectioning.  Spectroscopic measurement of these signals provides a sensitive comparison 

between multiple endogenous fluorophores in a probed volume while microscopic 

evaluation provides a high resolution localization of endogenous chromophores. 

Endogenous cellular fluorescence arises from a variety of molecules in the cell 

including aromatic amino acids56, nicotinamide adenine dinucleotide (NADH) and 

nicotinamide adenine dinucleotide phosphate (NADPH), and flavin adenine dinucleotide 

(FAD)33,35.  Both NAD(P)H, the cellular pool of NADH and NADPH, and FAD can be 

linked to cellular metabolic activity because of their association with metabolic reactions 

in the cell, specifically, the mitochondrial electron transport chain57,58.  Interestingly, 

NAD(P)H, excited in the ultraviolet (UV) A wavelength region, fluoresces maximally in 

its reduced state while FAD, excited with blue wavelengths, fluoresces maximally in its 

oxidized state, creating a inverse fluorescence relationship between the two related to the 

redox state of the molecules59.  Aromatic amino acids, including tryptophan, tyrosine, and 
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phenylalanine56 along with derivatives such as the neurotransmitter seratonin43, excited in 

the UVB and UVC wavelength, range can be linked to protein related changes.          

By probing endogenous cellular fluorescence, diagnostically relevant information 

can be ascertained regarding the metabolic function/state of the tissue.  For example, in 

cancer the metabolic state of transformed cells can change as highly proliferative 

neoplastic cells exhibit increased cellular metabolism that can be assessed with 

fluorescence spectroscopy6,60.  Conversely, a decrease in cellular metabolism due to 

drugs aimed at disrupting cellular processes can also be examined with NAD(P)H and 

FAD related fluorescence spectroscopy61,62.  Multiphoton microscopy measurement of 

endogenous fluorophores with 2PEF has also been utilized for morphologic cellular 

imaging39,41,63,64 as well as functional cellular imaging65. 

Endogenous extracellular fluorescence is another strong component of tissue 

signals and is composed primarily of fibrillar type I collagen and elastin related 

fluorescence1.  Fibrillar collagen is made up of tropocollagen molecules, triple-helices of 

protein subunits, highly arranged together to form a fibril58.  For additional structural 

strength, enzymes cross-link the collagen at specific protein residues by creating lysyl 

hydroxylase dependent lysyl (LP) and hydroxylysyl hydroxypyridoxyline (HP) cross-

links.  These enzymatic cross-links principally contribute to type I collagen 

fluorescence66-68, excited in the UV-B, but additional non-enzymatic fluorescence cross-

links69,70, primarily advanced glycation end products, excited in the UV-A, are also 

prevalent in age and disease related fluorescence changes to collagen71,72.  Collagen 

fluorescence has been probed both with fluorescence spectroscopy70,73 and in multiphoton 
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imaging with 2PEF71.   However, in multiphoton imaging, because of its highly oriented 

molecular structure, fibrillar collagen more strongly generates SHG compared to 2PEF 

from the fibrils49,74.    

Extracellular matrix integrity is crucial for normal tissue function and is highly 

involved in biological processes including aging75, tissue remodeling76,77, cellular 

motility78,79, and angiogenesis17,18 as well as diseases like atherosclerosis80 and 

cancer32,48.  With type I collagen as the major constituent of the extracellular matrix and 

given its ability to generate fluorescence and non-linear scattering signals, optical 

interrogation of tissue can be sensitive to collagen related changes.  For example, in 

fluorescence measurements of cancerous tissue, signals consistent with collagen related 

fluorescence are altered, a property thought to be due to changes in collagen cross-links6.  

Beyond fluorescence related changes, SHG of collagen fibrils offers a powerful structural 

assessment of extracellular matrix integrity with high resolution, three-dimensional fibril 

imaging47,49. With SHG fibril orientation and organization, factors important in cellular 

movement, interaction with the extracellular matrix, and matrix degradation, can be 

ascertained. 

 

Applications of Endogenous Signatures 

 Sensitive measurement of endogenous optical signatures linked to cellular and 

extracellular function allows for specific investigation of biological processes in a 

minimally invasive manner.  Two specific applications of the efficacious combination of 
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endogenous optical signatures and biological interrogation are angiogenesis and ovarian 

carcinogenesis. 

  

Angiogenesis 

Angiogenesis is the process of new blood vessel growth from existing vessels and 

is fundamentally important during development, wound healing, and cancer12-16. 

However, the mechanisms, specifically cell-matrix interactions, necessary for vessel 

sprouts to leave an existing blood vessel and negotiate the extracellular matrix in order to 

form a neovessel and ultimately new vascular network are not fully understood17.  One 

reason for this limited understanding has been the lack of real-time imaging technologies 

available for high resolution assessment of vessel/matrix interactions. 

In the context of endogenous signals, contrast targets in angiogenic vessels and 

the surrounding microenvironment include cellular fluorescence from sprouting vessels 

and second harmonic generation (SHG) from fibrillar collagen in the extracellular matrix.  

As a vessel sprout degrades the basement membrane and leaves the parent vessel to 

advance through the tissue interstitium, it is exposed to the collagen fibrils of the 

extracellular matrix17.  During sprouting, the extracellular matrix modulates the 

process17,18 while, as growing neovessels mature, cellular interaction with extracellular 

matrix is also dynamically controlled through matrix degradation and synthesis19-21. With 

multiphoton microscopy the interaction between the sprouting and growing neovessel and 

the extracellular matrix can be imaged in real-time by imaging of the cell with two-

photon excited fluorescence (2PEF) and interaction with the collagen fibrils with SHG.    
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Ovarian Carcinogenesis 

Another biomedical application for endogenous optical signatures is diagnosis 

and understanding of ovarian cancer.  Ovarian cancer is the second most common and 

has the highest mortality among gynecological cancers22. Often, ovarian cancer is 

detected at late stage making it difficult to treat successfully23,24 and, currently, there are 

no accurate early diagnostic techniques for ovarian cancer25.  Furthermore, little is 

understood regarding the early progression of this disease25,26.  In particular, the 

interaction between dysplastic and neoplastic cells and the underlying stroma has not 

been fully investigated. 

Endogenous optical signatures may provide diagnostic information regarding the 

early stages of this disease and changes that occur in individuals at high risk for 

developing ovarian cancer.  Epithelial ovarian cancer, the most common type of ovarian 

cancer, arises on the surface of the ovary, an area that can be optically interrogated with 

minimally invasive laparoscopic procedures27,28.  In other epithelial based cancers, such 

as cervical, colon, and oral cancers, various optical technologies have been applied for 

cancer detection2,6,7,29,30 suggesting these may be extended to ovarian cancer.  Cancer 

induced changes in tissue include highly proliferative, morphologically abnormal cells31 

and modifications to the extracellular matrix32, properties also assessable with 

endogenous optical signatures.    Specifically, with fluorescence spectroscopy and 

multiphoton imaging cellular related features can be interrogated while the extracellular 

matrix can be probed with SHG. 
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PRESENT STUDY 

 
A full description of the materials and methods, results, and conclusions 

supporting this project are presented in a series of four papers appended to this 

dissertation.  These papers are based on each of the specific aims outlined in the previous 

chapter.  This chapter summarizes the findings of the papers in the context of this 

dissertation project, highlighting the supporting connections between each, their scope 

relative to the aims of this dissertation, and finishes with descriptions of my individual 

contributions to the reported work. 

 

S1A.  Specific Aim I, Study A: Endogenous fluorescence spectroscopy of cell suspensions 

for chemopreventive drug monitoring 

In order to appreciate the utility of endogenous signatures as diagnostic tools, it 

was necessary to understand the individual contributions of the key components as 

outlined in Specific Aim I.   In order to better understand how endogenous cellular 

fluorescence can be linked to cellular metabolism, we investigated, in collaboration with 

Dr. Changping Zou’s laboratory, the effects of a metabolism altering agent on the 

endogenous cellular signatures of ovarian and bladder cancer cell lines.  This work is 

published in Photochemistry and Photobiology and is presented in APPENDIX A.       

 

S1A. Results and Conclusions 
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In this study we found that cells treated with 4-HPR, a retinoid derivate thought to 

affect cell growth and induce apoptosis through both DNA and mitochondrial pathways, 

exhibited a dose-dependant alteration in their redox ratio as determined by fluorescence 

spectroscopy.  This redox ratio correlated with cell line specific sensitivity to 4-HPR, 

suggesting usefulness as a predictive measure of chemopreventive therapy.  The FAD 

and NAD(P)H fluorescence intensities provided values for the redox ratio, linking the 

ratio to mitochondrial based metabolic changes.  By applying a multiple regression 

model, we showed a linear dependence of the redox ratio on 4-HPR concentration that 

statistically predicted drug induced cellular changes.   Redox changes were primarily 

attributed to NAD(P)H related fluorescence fluctuations while the FAD remained 

relatively constant with increasing 4-HPR concentration.  More specifically, as treated 

cells underwent growth arrest and apoptosis, the NAD(P)H related fluorescence 

decreased consistent with cellular quiescence while the FAD related signal remained 

stable, resulting in a net increase in the redox ratio.  Although the FAD fluorescence 

contributed little to redox ratio changes, it was necessary in estimating the initial redox 

state of the individual cell lines.  This initial redox ratio was indicative of cell line 

sensitivity to 4-HPR treatment.  Cell lines with a lower initial redox ratio, or in other 

words a higher cellular metabolism, were also more sensitive to 4-HPR treatment.   

Interestingly, endogenous fluorescence consistent with tryptophan also changed in a dose 

dependent manner with 4-HPR treatment, suggesting tryptophan as an additional 

endogenous indicator of cellular status. 
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S1A.Dissteration Scope 

In the context of Specific Aim I, the results presented in APPENDIX A provide a 

baseline for cellular endogenous fluorescence.  First, the key components of cellular 

fluorescence were fully described spectrally.  The major UV-C excited fluorescence was 

consistent with the aromatic amino acid tryptophan (maximal excitation at 290 nm) and 

was found to be linked to cellular metabolic changes.  For endogenous tissue 

fluorescence measurements, the tryptophan signature associated with cellular 

fluorescence may be collected as a biomarker.   Additionally, two metabolic co-factors 

mainly contributed the rest of the cellular fluorescence spectrum.  NAD(P)H related 

fluorescence, maximally excited at 350 nm, strongly correlated with cellular metabolic 

changes and was much more intense than the FAD related fluorescence.  FAD related 

fluorescence was maximally excited at 450 nm and did not correlate with cellular 

metabolic changes but was necessary for an accurate initial metabolic estimate.  Taken 

together, the NAD(P)H related fluorescence is more easily measured than FAD related 

fluorescence and can be applied to estimate cellular metabolism as a component in future 

tissue experiments while FAD, if measured with high enough signal to noise, can provide 

a normalization factor to the NAD(P)H related fluorescence, increasing the accuracy of 

cellular metabolism estimation.  These results suggest a method to accurately predict the 

cellular redox ratio through measurement of NAD(P)H and FAD related fluorescence that 

can be experimentally applied for investigation of cellular metabolism. 
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S1B.  Specific Aim I, Study B: In vitro model for endogenous optical signatures of 

collagen 

In addition to cellular based signatures, the extracellular contribution to the 

endogenous optical signature of tissue was essential to fully investigate the individual 

optical signature components as described in Specific Aim I.  The dominant chromophore 

in the extracellular matrix of tissue is type I fibrillar collagen and its associated cross-

links.  Although type I collagen has frequently been the subject of biomedical optics 

research, a consistent description of collagen endogenous fluorescence has not been 

reported.  To better understand the endogenous fluorescence properties collagen 

characteristics, we developed an in vitro collagen model for spectroscopic and 

microscopic evaluation.  Beyond endogenous fluorescence, we also assessed the collagen 

structure with SHG.  The results of this study are published in the Journal of Biomedical 

Optics and are presented in Appendix B, outlining the endogenous optical signals of 

spontaneously polymerized type I rat tail collagen. 

 

S1B. Results and Conclusions 

For this study, the fluorescence variation of the progression from unpolymerized 

to polymerized collagen was measured as well as the variation during culture.  The 

fluorescence was consistent with the formation of non-enzymatic cross-links in the 

polymerized fibrils and was most variable in the first few days.  By day 8 of collagen 

culture, fluorescence variability from the non-enzymatic cross-links was reduced 

suggesting gel stabilization.  Additionally, we investigated the SHG signal from the 
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collagen fibrils as a function of time with multiphoton microscopy.  The SHG images 

revealed a randomly structured fibril mesh soon after polymerization.  This structure 

changed little over time further suggesting the fluorescence variation was not due to a 

physical rearrangement of the collagen fibrils but rather fibril-fibril association through 

cross-linking.   

 

S1B. Dissteration Scope 

This model of collagen signatures offered a basic understanding of the 

background fluorescence variation relevant for future experiments perturbing the system 

as well as highlighted the utility of combining fluorescence and SHG to assess both 

collagen cross-linking and structure for measurements in the extracellular matrix of 

tissue.  Specifically, we found that SHG has the potential to accurately measure collagen 

structure and be applied to investigate processes where collagen integrity is of interest. In 

addition, because of the absence of enzymatic collagen cross-links and sensitivity to non-

enzymatic cross-linking, this model may also serve as an assay for induced enzymatic 

cross-linking or diabetes related non-enzymatic glycation cross-linking of collagen.          

   

S2.  Specific Aim II: Live imaging of collagen remodeling during angiogenesis 

The findings in the papers attached in APPENDIX A and B created a foundation 

for applying endogenous signatures to biological processes by defining the major 

contributors to cellular and extracellular fluorescence in the context of functional 

biological constituents and processes.  Based on these studies, the next step was to apply 
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the developed tools to a biological or biomedical question, initially starting with an in 

vitro model of a tissue system.  As specified in Specific Aim II, the relationship between 

the extracellular matrix and angiogenic vessels was investigated in the context of imaging 

endogenous signals. With a unique in vitro model of angiogenesis developed in Dr. 

James Hoying’s laboratory, we combined endogenous optical signals and microvessel 

constructs to non-invasively image, in real-time, matrix/vessel interaction.  These results 

are presented in the manuscript in APPENDIX C; a work that has been submitted to 

American Journal of Physiology: Heart and Circulatory Physiology.     

 

S2. Results and Conclusions 

Although substantial research has focused on understanding the mechanisms in 

angiogenesis and the interaction with the extracellular matrix, a major hurdle to 

understanding these mechanisms has been the lack of real-time in situ imaging of 

angiogenesis.  In the research presented in APPENDIX C, we show that, during the initial 

sprouting event, angiogenic sprouts dramatically modified the surrounding collagen 

matrix, creating a distribution of collagen alignment centered about the sprout.  This 

collagen quantification was possible because the SHG signal from the collagen fibrils 

provided high resolution contrast of fibril interaction with endothelial cells.  Moreover, 

2PEF and transmission imaging allowed for in plane imaging of cellular morphology and 

localization of the interaction between the cells and the collagen. As sprouts grew into the 

collagen matrix and became neovessels, they continued to re-arrange the nearby collagen 

fibrils but also exhibited increased collagen condensation along the endothelial cells.  In 
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addition to angiogenic induced changes to the collagen matrix, we also found that the 

original parent fragments reconstituted with collagen fibrils strongly condensed the 

collagen immediately upon polymerization.  Results from this study suggest that 

angiogenic neovessels dynamically modulate extracellular fibrillar collagen starting with 

early sprouting and differentially modifying the fibrils during extended neovessel growth 

perhaps contributing to neovessel function.   

 

S2.Dissertation Scope 

With this application of endogenous signatures and multiphoton imaging, 

implemented from the techniques defined in Specific Aim I, further insights into matrix 

dynamics and underlying molecular mechanisms are possible such as enzyme mediated 

extracellular modifications.  The interaction with the extracellular matrix was imaged at a 

high resolution and can complement findings of differential protein expression during 

vessel sprouting and growth in relation to cell/matrix interactions.  Further, with extended 

imaging of vessel constructs, the dynamics of the collagen remodeling on an individual 

vessel sprout may be more fully appreciated. 

 

S3.Specific Aim III: Endogenous optical biomarkers for ovarian cancer evaluated with 

multiphoton microscopy 

Finally, as described in Specific Aim III, the application of endogenous tissue 

signatures was translated into a clinical application by investigating 2PEF and SHG 

signals in ovarian biopsies from patients undergoing oophorectomy.  In the study 
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attached in APPENDIX D, we investigated the effectiveness of 2PEF and SHG for both 

morphological and functional assessment of the ovarian surface.  This work has been 

submitted to Cancer Epidemiology, Biomarkers, and Prevention.   

 

S3.Results and Conclusions 

By utilizing multiphoton microscopy, endogenous optical signatures linked to 

cellular and extracellular dysfunction in ovarian cancer may be probed in three-

dimensions at a high resolution using 2PEF and SHG.  We found cellular based 

morphological differences between normal and abnormal tissue with 2PEF consistent 

with loss of cellular organization and homogeneity in abnormal tissue as well as changes 

to collagen integrity with SHG.  Quantitative analysis of the fibrillar collagen architecture 

using second order statistical parameters of the gray-level cooccurence matrices and 

spatial frequency analysis with the projection-slice Fourier transform revealed texture 

based changes in high risk and abnormal tissue consistent with a change in collagen 

structure and integrity.  These results suggest that, if early alterations in collagen 

structure can be measured, techniques sensitive to collagen structure may be sensitive to 

early neoplastic changes in the ovary.   

Also, redox ratio imaging based on NAD(P)H and FAD related 2PEF was 

achieved with two channel fluorescence detection.  This redox ratio can predict cellular 

metabolism as discussed in APPENDIX A and when applied in an imaging approach may 

be able to pick out abnormal redox ratio regions on the ovarian surface.  We found that 

the redox ratio differed between tissue from patients at a low risk for developing ovarian 
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cancer, tissue from patients at a high risk for developing ovarian cancer, and tissue from 

patients diagnosed with cancer.    

 

S3.Dissertation Scope 

Overall, building on the results from the first two specific aims, endogenous 

signatures from ovarian biopsies imaged with multiphoton microscopy provided high 

resolution, three-dimensional data capable of separating normal from abnormal tissue 

based on cellular morphology, collagen structure, and cellular metabolism.  The 

application of multiphoton microscopy may aid in improving early detection optical 

technologies by providing inputs for mathematical models of tissue signatures as well as 

initiate new hypotheses regarding the early progression of ovarian carcinogenesis.   

 

Conclusion 

By first investigating the key contributors to endogenous signals in tissue, this 

dissertation showed that an understanding of the individual cellular and extracellular 

components can be translated to tissue models and samples to ask biologically relevant 

questions.  Specifically, cellular metabolism can be estimated based on the redox ratio, as 

determined by NAD(P)H and FAD fluorescence, in both cell suspensions and then 

extended to ex vivo measurements of ovarian biopsies.  Cellular fluorescence also 

provides morphological cellular contrast in both angiogenesis and ovarian cancer.  

Additionally, collagen related SHG and fluorescence, in particular SHG, reveals the 

structural integrity of the extracellular matrix suggesting dynamic matrix remodeling in 



 

32

angiogenesis and loss of collagen integrity in ovarian cancer.  In summary, application of 

endogenous signatures in tissue at a high resolution in three dimensions allows for 

imaging of live, unstained, unsectioned tissue with the promise of new insights into 

biologic processes.   

 

Personal contributions to published and submitted work 

S1A.Contributions 

In the study in APPENDIX A, I performed all of the spectroscopic measurements 

on the cells as well as the data and statistical analysis.  I extracted spectral features 

consistent with tryptophan, NAD(P)H, and FAD fluorescence and implemented statistical 

models to assess their influence during drug treatment.  

 

S1B.Contributions 

For the manuscript presented in APPENDIX B, I developed an in vitro 

measurement system for collagen gels, completed spectroscopic and microscopic 

evaluations, and analyzed the data including the image processing.  This study had a 

design component because it was imperative to have a controlled system for collagen 

fluorescence to reduce non-collagen dependent variations.  I designed a custom collagen 

chamber made of quartz to minimize autofluorescence with a short path length to 

minimize scattering contributions to the endogenous fluorescence of collagen.  

Additionally, the chamber was designed to fit in a standard cuvette holder as well as 
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insert into a custom microscope stage holder.  The chamber included inlet and outlet 

tubes to allow for flow through of media or introduction of perturbing agents. 

 

S2.Contributions 

For the manuscript in APPENDIX C, I developed the imaging system for the 

vessel constructs, modified the microscope for enhanced multiphoton capabilities, 

performed all of the imaging, completed all of the experiments and data analysis.  The 

vessel constructs were made by Harish Rekapally and Shaleen Botting from Dr. Hoying’s 

laboratory while the collagen fibril direction software was developed by Stylianos 

Andreou from our laboratory.  To make the existing confocal microscope more sensitive 

to mulitphoton imaging of bulk samples, I modified the system to have the necessary 

filters and detectors as well as instituted an adapter for a physiology lens that increased 

the imaging depth and flexibility of the system.  In addition, I worked with the laser 

engineer to maintain the titanium-sapphire laser in peak operating condition.  I also 

optimized a method to image collagen polymerization events based on temperature 

control of the collagen sample during imaging. 

 

S3.Contributions 

In the study in APPENDIX D, I collected the tissue, performed all of the 

experiments, and completed the data analysis including the image processing techniques.  

A fundamental part of the research was to develop an incubation system to maintain 

tissue viability as samples were transferred from the operating room to the microscope 
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and during experimental imaging.  I instituted a mobile system that provided the 

necessary controlled environment for the tissue and that was also compatible with the 

microscope.  To achieve compatibility with the microscope and the large physiology 

objective lens that was employed, I worked with the University Research Instrumentation 

Center to design a custom incubation/imaging chamber.  In addition, I developed a rapid 

viability assay that was efficient to use with bulk tissue samples to assess the efficacy of 

the incubation system. 
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Abstract 
 
Cancer chemopreventive agents such as N-4-(hydroxyphenyl)retinamide (4HPR) are 

thought to prevent cancers by suppressing growth or inducing apoptosis in pre-cancerous 

cells.  Mechanisms by which these drugs affect cells are often not known and the ability 

to monitor their effects is not available.  In this study endogenous fluorescence 

spectroscopy was used to measure metabolic changes in response to treatment with 4HPR 

in ovarian and bladder cancer cell lines.  Fluorescence signals consistent with NADH, 

FAD, and tryptophan were measured to monitor cellular activity through redox status and 

protein content.  Cells were treated with varying concentrations of 4HPR and measured in 

a stable environment with a sensitive fluorescence spectrometer.  Results suggest that 

redox signal of all cells changed in a similar dose dependant manner but started at 

different baseline levels.  Redox signal changes depended primarily on changes 

consistent with NADH fluorescence while the FAD fluorescence remained relatively 

constant.  Similarly, tryptophan fluorescence decreased with increased drug treatment 

suggesting a decrease in protein production. Given that each cell line has been shown to 

have a different apoptotic response to 4HPR, fluorescence redox values along with 

changes in tryptophan fluorescence may be a response as well as an endpoint marker for 

chemopreventive drugs. 
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Introduction and Background 
 

Fluorescence spectroscopy can be used to measure endogenous fluorescence in 

various systems. It has been applied in vitro to characterize cell cultures, ex vivo to assess 

tissue biopsies and in vivo to measure tissue (1-4).  Over the last decade many promising 

applications for auto-fluorescence spectroscopy have been reported mainly in the area of 

minimally invasive disease diagnosis, but also in drug monitoring (5, 6).  By measuring 

endogenous signals, no additional dyes or contrast agents are necessary to determine the 

native characteristics of tissues native characteristics in vivo.  When considering an auto-

fluorescence signal from tissue, all of the contributing fluorophores and chromophores 

must be accounted for because excitation, emission and absorption spectra overlap.  

Signals corresponding to aromatic amino acids, structural proteins, metabolic co-factors, 

and blood products are known to produce a fluorescence signature in bulk tissue samples.  

Some of these signatures arise from intracellular structures and can provide information 

about the metabolic state within the sampled cells.  Landmark studies have established 

experimental links between cellular auto-fluorescence and metabolic changes (7-9).  This 

study takes advantage of such alterations in fluorescence emission from epithelial cancer 

cell lines in order to monitor metabolic responses in the presence of N-4-

(hydroxyphenyl)retinamide (4HPR).  

If cells are measured in suspension, there are little effects of absorption and 

morphology on fluorescence emission. The sole contributors are intracellular 

fluorophores.  In the case of endogenous fluorescence, there are several key fluorophores 

that correlate specifically with cellular activity including reduced nicotinamide adenine 
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dinucleotide (NADH), reduced nicotinamide adenine dinucleotide phosphate (NADPH) 

and flavin adenine dinucleotide (FAD).  Although NADH and NADPH are distributed 

throughout the cytosol, studies have shown that the predominant fluorescence signal 

originates from the mitochondria, consistent with NADH fluorescence (10-12).  This 

paper will refer to NAD(P)H fluorescence as NADH fluorescence attributed mainly to the 

mitochondrial NADH concentrations.  NADH and FAD are metabolic co-factors that act 

as electron donors and acceptors in the electron transport chain of the mitochondria. 

Electrons are transported down the chain providing the necessary energy to generate a 

proton gradient and corresponding ATP production.  When oxidized, NADH and FADH2 

release electrons and then NAD+ and FAD return to their reduced forms by accepting 

electrons by way of the citric acid cycle  (13).  Of particular optical interest is the reduced 

NADH which exhibits a strong fluorescence signal with a maximum at 350 nm excitation 

and 450 nm emission while the oxidized form, NAD+, does not elicit fluorescence (14).  

Conversely, the oxidized FAD fluoresces at a maximum at 450 nm excitation and 535 nm 

emission while FADH2 fluorescence is minimal.  It has been shown that flavin 

fluorescence is predominantly attributed to electron transfer flavoprotein (ETF) and 

lipoamide dehydrogenase (LipDH), a molecule that associates with FADH2 (15).  In this 

paper fluorescence consistent with flavin fluorescence will be referred in general as FAD 

related signal. 

As a cell changes its metabolic activity, the balance between NADH and NAD+ shifts 

correspondingly as the reduction/oxidation (redox) state of the cell fluctuates.  Similarly, 

the complementary pair of FADH2 and FAD forms a redox potential that deviates 
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depending on cellular metabolism.  In order to determine the redox potential of sampled 

cells in vivo using fluorescence signals, an ideal approach would be to compare the 

NAD+ concentration to the total concentration of NAD+ and NADH or utilize the FAD 

and FADH2 concentrations correspondingly.  However, since only NADH and FAD 

exhibit significant fluorescence signals, the redox potential can be estimated through a 

ratio of the peak emission values from these molecules assuming their concentrations are 

inversely linked to the non-fluorescing counterparts.  

Among aromatic amino acids, tryptophan contributes to most of the observed intrinsic 

fluorescence signal (14).  In cell suspensions signals attributed to tryptophan typically 

exhibit fluorescence intensities orders of magnitude greater than those from other 

endogenous fluorophores.  Although not typically a focus in spectroscopic studies, 

tryptophan related fluorescence can serve as an additional marker for monitoring cellular 

status (1) and has demonstrated different signal intensities in metastatic and non-

metastatic cells (16).  It can be hypothesized that cellular protein production can be 

estimated with tryptophan related fluorescence signals. 

Here fluorescence spectra resulting from the combination of tryptophan, NADH, and 

FAD were analyzed to characterize cellular response in vivo to a chemopreventive drug 

treatment regimen.  4HPR, a Vitamin A derivative, is a known chemopreventive agent in 

head and neck, bladder, ovary and other epithelial cancers but its mechanisms are not 

fully understood (17-22).  Although 4HPR targets nuclear retinoic acid receptors, it has 

also been shown to exhibit apoptotic effects independent of receptor mediation (17, 23).  

One hypothesis is that 4HPR modulates the mitochondria and the electron transport 



 

49

chain, releasing reactive oxygen species and initiating apoptosis (24).  Changes in the 

mitochondrial permeability affect the electron transport chain and subsequently alter the 

balance between reduced and oxidized state of molecules.  As described previously, 

fluorescence spectroscopy can be utilized to monitor molecular concentrations which 

reflect the redox state of the cell (6) because NADH and FAD are directly linked to 

mitochondrial activity and cellular metabolism.  The inclusion of FAD related 

fluorescence in a redox calculation increases the precision of the metabolic state 

estimation compared to analyzing changes of NADH related signals alone (25). We 

conducted spectroscopic studies on four different epithelial cancer cell lines with the goal 

to determine fluorescence properties and redox states as well as the dose response 

between established epithelial cell lines. 

Materials and Methods: 
 

Epithelial cell suspension. Two ovarian cancer cell lines, OVCA 420 (420) and 

OVCA 433 (433) (26) (M.D. Anderson Cancer Center, Houston, TX, G. Mills 

laboratory), along with two bladder cancer cell lines, UM-UC-6 (U6) (27) (M.D. 

Anderson Cancer Center, Houston, TX, HB Grossman Laboratory) and T24 (28) (ATCC, 

Manassas, VA), were used for this study. These cell lines were studied because of their 

hypothesized susceptibility to 4HPR.  The T24 cells have a p53 mutation and the U6 cells 

have a wild-type p53 gene (29, 30). Previous experiments suggest that T24 epithelial 

cells are less sensitive to 4HPR treatments than the U6 cells.  The epithelial cell lines 

were cultured until they had reached approximately 5 X 106 cells per culture dish in a 

mixture of 90% volume Dulbecco's modified Eagle's medium (DMEM) (Invitrogen, 
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Gibco, Grand Island, NY)  and 10% fetal bovine serum (Mediatech, Inc, Herndon, VA) at 

37o C in a humidified atmosphere of 95% air and 5% CO2.  4HPR was purchased from 

the Sigma Chemical Co. (St. Louis, MO), dissolved in dimethylsulfoxide (DMSO) 

(Sigma) at stock solutions of 10-2M, and stored in an atmosphere of N2 at -80o C. 

Exposure of cell cultures to a 4HPR drug regimen over time results in an increasing 

number of non viable cells. In order to measure live cells during the initiation of 

apoptosis, they were measured twenty-four hours after treatment before any significant 

cell death had occurred. Although prior studies have shown that three days of treatment 

produces maximal apoptosis, initiation of apoptosis occurs within the first 24 hours.  All 

cell lines were exposed to three concentrations of 4HPR (1 μM, 5 μM, 10 μM) for 24 

hours and the control group received only the vehicle DMSO. The cells were trypsinized, 

washed in Dulbecco’s Phosphate Buffered Saline (DPBS) (Mediatech, Inc, Herndon, 

VA) and resuspended in DPBS and 5% glucose (EMD Chemicals, Gibbstown, NJ). The 

cell concentration was determined manually in a standard manner with a hemocytometer 

and light microscope and readjusted to achieve a concentration of 1.5 X 106 cells per ml 

for each measurement. After preparation, the cell suspensions were placed on ice 

awaiting measurement. For spectroscopic readings the temperature was increased and 

maintained at 37o C in a temperature controlled sample chamber because fluorescence 

efficiency as well as metabolism is affected by temperature (14). During spectroscopic 

examination, the suspension was constantly stirred (approx 10 rps) with a micro stir bar 

to assure a uniform cell concentration in the chamber.  
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Fluorescence spectroscopy. The fluorescence properties of this suspension were 

measured in a standard 1 cm path length quartz cuvette using a double excitation 

emission fluorometer (Fluorolog 3-22, JY Horiba, Edison, NJ). For each spectroscopic 

experiment excitation and emission wavelengths were varied to obtain fluorescence data 

matrices. Excitation wavelengths varied from 270 nm to 600 nm in increments of 10 nm 

while collecting emission data from a range starting 20 nm above of the excitation 

wavelength and extending to 20 nm less than twice the excitation wavelength with 700 

nm as the maximum measured emission wavelength.  A full measurement took about 15 

minutes to complete.  A background scan was performed using the same batch of DPBS-

5% glucose media in which the cells were suspended. 

Cell viability:  Several factors could have affected cell viability besides drug 

treatment.  First, the motion created by the stir bar and the stir bar itself may both cause 

cellular injury.  Second, cell suspensions were measured as quickly as possible but the 

time required for a measurement could lead to cell death once they were removed from 

the incubator.  Following spectroscopic interrogation, cell viability was evaluated with a 

manual viability count after addition of 0.2 % volume Trypan Blue (Sigma, St. Louis, 

MO) and DPBS.  Additional cell viability assessments of cells before and after 

measurement on the first several experiments were conducted to test whether the 

measurement conditions were inducing cell injury and death. 

Data preprocessing. All of the data assembly and basic analysis was completed in 

Matlab (Mathworks, Natick, MA). Data was corrected for the excitation source’s power 

and the wavelength dependent detector efficiency with manufacturer supplied correction 
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factors. All data was background subtracted for both the fluorescence of the medium as 

well as detector background.  Spectra from each measurement were assembled into an 

excitation/emission matrix (EEM). Average fluorescence emission was extracted from 

EEMs and compared between the groups at emission peaks consistent with NADH, FAD, 

and tryptophan. The intensity values corresponding to FAD were calculated from the 

emission spectra at λex = 450 nm as an average of the emission wavelengths spanning the 

530 nm to 540 emission range. The NADH related fluorescence intensity values were 

determined from the emission spectra at λex = 350 nm as an average of emission 

wavelengths ranging from 445 nm to 455 nm. Tryptophan related signal was calculated 

from the emission spectra at λex = 280nm by determining the average fluorescence 

emission at wavelengths ranging from 320 nm to 340 nm. The redox ratio was computed 

based on the NADH and FAD related signals using the following equation:   

Equation 1      IntensityIntensity

Intensity
ratio NADHFAD

FAD
REDOX

+
=

 

Statistical Methods: Multiple linear regression was applied to the data with 

generalized linear model fitting to evaluate dose dependence and to statistically 

determine differences between the cell lines. All statistical modeling was completed with 

JMP Software (SAS, Cary, NC).  Multiple tests were performed starting with a rich 

model fit with all possible interactions and progressively reducing the model by removing 

nonsignificant parameters.  The full model had the form:  

Equation 2         4HPRT24U6,433,420,T24U6,433,420,Redox C⋅+= βα ; 

where 
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T240T24U60U642004200433      ,     ,     ,  ααααααααααα Δ+=Δ+=Δ+==  

and 

T240T24U60U642004200433      ,     ,     ,  βββββββββββ Δ+=Δ+=Δ+== ; 

with the 433 cell line used as the reference for the model.  The intercept α terms represent 

the initial contribution from each cell line with no treatment and the β coefficients 

describe the contributions which varied with the concentration of the drug 4HPR (C4HPR).  

The Δα and Δβ terms refer to cell line differences in baselines and slopes (interactions), 

respectively.  Statistically, α0, β0, the Δ variables were compared to zero in order to 

evaluate each parameter’s significance in the model. Insignificant terms were removed 

until the simplest model explained the data.  Similar models were fit for the NADH, FAD 

and tryptophan associated values with the given response variable replacing redox ratio in 

the model.  NADH, FAD and tryptophan related signals can be affected by cell 

concentration in the sampled populations while the redox ratio is less sensitive to these 

fluctuations.  The appropriateness of each linear model was assessed by assuring that 

residuals from the fit displayed equal variation and did not show a trend.   

Dynamic range measurements. On a subset of 4HPR treated cell suspensions, a series 

of additional experiments were performed to drive the cells into maximal and minimal 

fluorescence emission.  Briefly, two chemicals were used to either increase or decrease 

the redox potential of the cells as described previously by Eng et al (12).   To drive the 

NADH related fluorescence signal to its maximum, 4 mM Sodium Cyanide (NaCN, BD 

Biosciences, San Jose, CA) was added to the cell suspension.  NaCN affects the 

mitochondrial transport by blocking the transfer of electrons from the electron donors.  
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This maximizes mitochondrial NADH concentration and a corresponding maximal 

fluorescence signal since the oxidation of NADH is prohibited.  To minimize NADH 

related fluorescence signals, 66.7 μM carbonyl cyanide m-chloro phenyl hydrazone 

(CCCP, BD Biosciences, San Jose, CA), a mitochondrial uncoupler, was used.  CCCP 

increases exchange through mitochondrial membrane, releasing NADH to the cytosol and 

thus allowing NADH to be rapidly oxidized.  Previously, these methods were used to 

study the effects on the NADH signal (12). We also observed FAD related dynamics.  

Because the fluorescence generated by FAD occurs in its oxidized state, an increase of 

the FAD related signal hypothetically corresponds to CCCP addition while a decrease 

would result from the addition of NaCN. These biologic range measurements followed 

immediately after a full excitation/emission scan on a subset of 433 and T24 cell 

suspensions.  NaCN was added and three emission spectra at λex = 280 nm, λex = 350 

nm, and λex = 450 nm were collected rapidly (< 1min).  After 5 minutes of exposure to 

NaCN, another set of measurements was performed at those wavelengths.  A similar 

experiment was conducted using CCCP.  

Cell cycle analysis.  For comparison to the optical data, changes in cell cycle due to 

4HPR treatment were determined using cell cycle analysis with propidium iodide (PI) 

staining.  Briefly, cells were grown and treated with 1, 5 and 10 µM 4HPR for 24 hr as 

previously described in the Epithelial Cell Suspension section. Cells were fixed in 4% 

paraformaldehyde (pH 7.4) at room temperature then washed and incubated in 70% 

ethanol containing 1% HCl at -20 oC for 10 min.  Next, cells were stained in 500 µl of 

propidium iodide/RNase A solution in the dark for 30 min at room temperature and 
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analyzed by flow cytometry using a FACScan flow cytometer (BD Biosciences).  

Fluorescence was excited at 488 nm and emission was collected through a bandpass filter 

(585/42 nm). Data was pre-processed using Cellquest Pro. (BD Biosciences) and 

analyzed using ModFit LT (Verity Software, Topsham, ME).  Results of interest were the 

proportion of cells in G1 (Gap 1 phase) , S (Synthesis phase), and G2 (Gap 2 phase) 

phases of the cell cycle. 

Results 
 
Fluorescence data of cell suspension 

Fluorescence data from multiple, independently grown batches of the four different 

cancer cell lines were obtained and analyzed.  Results presented here are based on seven 

batches of 420 ovarian cancer cell line experiments, five batches of the 433 ovarian 

cancer cell line, four batches of the U6 bladder cancer cell line, and four batches of the 

T24 bladder cancer cell line. A measurement session consisted of a series of four 

measurements of the same batch of cultured cells treated at the four different drug 

concentrations (control, 1, 5, 10 μM). Data from one control group of the U6 cell line 

was excluded due to experimental error. 

An average EEM from all five 433 cell line measurements is illustrated in Figure 1.  

The ordinate of the EEM corresponds to the excitation wavelengths and abscissa 

corresponds to the emission wavelengths.  Fluorescence intensities in calibrated but 

arbitrary units are given in a gray scale with the lightest level corresponding to the 

strongest emission.  EEMs provide quantitative fluorescence information analogous to a 

contour map with peaks qualitatively corresponding to fluorescence maximums and 
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valleys corresponding to low fluorescence or absorption.  The average fluorescence 

emission of the 433 cell line shows a large peak located at 280/340 nm 

(excitation/emission) consistent with tryptophan fluorescence and a smaller peak at 

350/450 nm consistent with NADH fluorescence as shown in Figure 1A. Because of the 

substantially larger fluorescence signal from tryptophan many of the more subtle 

fluorescence peaks are masked when looking at a full EEM scale.  A subset of the EEM 

shown in Figure 1B provides a more sensitive view of the NADH and FAD related 

signal.  The NADH associated peak at 350/450 nm is prominent but a peak at 450/535 

nm consistent with FAD fluorescence becomes visible. Water Raman scattering from the 

PBS and glucose media was removed when the background was subtracted.  The PBS 

and glucose media exhibited minimal auto-fluorescence, on average less than 1% of the 

maximal cell fluorescence signal. 

Besides minimal background signal, another important experimental condition was to 

maintain cell viability during measurement.  Cells remained viable through the 

experimental procedure as shown in Table 1.  Typically, the viability exceeded 90% 

which is an acceptable value in a normal population of cultured cells. Cell viability 

values before and after measurement showed little or no difference (data not shown) 

confirming that the measurement conditions did not affect cell viability. 

Redox ratio 

The fluorescence redox ratio was calculated to approximate the metabolic status of 

the cell suspensions.  Figure 2 presents the redox ratios of the four cell lines and four 

drug concentrations with mean and standard errors.  As shown in Figure 2A, the 433 cell 
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line exhibited an increase in the redox ratio as the drug concentration increased. Results 

from our linear model show a 0.006 increase per μM of 4HPR (β433, Table 2).  The 433 

cell line was chosen as the reference cell line in the multiple regression model and is the 

only one depicted because there was no evidence of difference between the rate of 

increased redox ratio in any of the cell lines (F3,71 = 1.08, P = 0.364, Extra Sum of 

Squares F-test). These data suggest that the drug affects each cell line through a similar 

mechanism. Further examination of the redox state in the control group (Figure 2B) 

revealed that the T24 cells generally had a lower metabolic status than the 433 cells 

(higher redox ratio) while the 420 cells had the highest baseline metabolic status (αΤ24 

and α420 respectively, Table 2).  However, the predicted baseline value of the U6 cells in 

our linear model was not statistically different from the 433 cells (αU6, Table 2).  These 

baseline redox values may provide information regarding cell line sensitivity to 

chemopreventive drug treatment and initiation of apoptosis.  

Fluorophore contributions 

To understand the individual contributions of NADH and FAD to the redox ratio, 

fluorescence data were specifically evaluated for both fluorophores.  Figure 3A illustrates 

average emission spectra at 350 nm excitation for the 433 cell line. With increasing drug 

concentration an intensity decrease is observed. There is also a red shift of the 

fluorescence slope at 400 nm emission wavelength and minimal intensity decrease at 550 

nm. This red shift may be due to changes in the mitochondrial electrochemical 

environment.  An FAD related shoulder is observed at 530 nm that does not change. The 

NADH related intensity was extracted between 445 nm and 455 nm and showed the 
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largest signal decrease that was the least affected by spectral shape changes.  Figure 3B 

illustrates that NADH related signal decreased as the 4HPR concentration increased (β433 

= -2.84 X 104 a.u. per μM of 4HPR, Table 3).  As was the case for the redox analysis, 

there were no significant interactions between cell lines (F3,71 = 0.25, P = 0.861, Extra 

Sum of Squares F-test) .  Thus, the slope of the 433 cell line in Figure 3B represents the 

NADH decrease for all the cell lines. Statistically significant differences between cell 

lines were observed (Figure 3C, Table 3) with the 420 and U6 cell lines exhibiting larger 

NADH related contributions compared to the 433 cell line.  All of the parameter 

estimates for the linear model are shown in Table 3 with comparisons made to the 433 

cell line. Baseline NADH related values were similar between the T24 cell line and the 

433 cell line as suggested by the nonsignificant αT24 estimate in Table 3, unlike the redox 

parameter which indicated a similarity between 433 cells and U6 cells. 

Compared to the significant decrease in NADH related signal, the FAD related signal 

exhibited minimal change at each treatment level as illustrated in Figure 4A and 4B. 

Figure 4A shows no perceivable change in spectral shape at 450 nm excitation, the 

emission spectra used to extract the FAD related signal between 530 and 540 nm 

emission.  Figure 4B shows there was no significant increase or decrease in the peak 

FAD related signal in the 433 cell line as 4HPR dose increased (β433,  P = 0.463, Table 

4).  Interaction between cell lines was minimal (F3,71 = 0.44, P = 0.725, Extra Sum of 

Squares F-test), but baseline FAD related signal for the control groups differed (Figure 

4C).  The FAD related signal for the 420 cell line was not significantly different from the 

433 cell line. As shown in Table 4, the bladder cancer cell lines had higher predicted 
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baseline values than the ovarian cancer cell lines but the statistical analysis showed 

significance only for the predicted baseline of the U6 cells (αU6).  

Tryptophan variation was also analyzed to investigate changes in protein related 

fluorescence.  Figure 5A shows representative average fluorescence emission spectra at 

280nm excitation for the 433 cell line. Fluorescence intensity decreased with increased 

drug dose and no spectral shape change can be discerned. A tryptophan related signal was 

extracted at the emission peak between 320 and 340 nm.  Initially, it was hypothesized 

that the tryptophan signal correlated with the number of sampled cells and should be 

treated as a covariate in the linear model to remove potential variability in sample size.  

However, despite similar cell concentrations, we found that the tryptophan related signal 

decreased (β433 = -7.70 X 106 a.u. per μM 4HPR, Table 5) with increased 4HPR 

concentration as seen for the 433 cell line (Figure 5B), suggesting that these changes may 

correlate with a decrease in protein synthesis in the cells treated with 4HPR.  As with the 

other extracted parameters, this decrease was independent of cell line with interaction 

terms not explaining additional variation (F3,71 = 0.034, P = 0.992, Extra Sum of Squares 

F-test).  Tryptophan levels were similar for the U6 and T24 cell lines in the control 

groups with the ovarian cancer cell lines manifesting lower fluorescence intensity (Figure 

5C).  A summary of the statistics for the tryptophan model is shown in Table 5.  The 

tryptophan related signal from the bladder cells can be statistically differentiated from the 

433 cells. The 420 cells are not statistically different from the 433 cells.  

Effects of metabolic blocker and mitochondrial uncoupler 
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Because metabolic blockers and mitochondrial uncouplers provide a good estimate 

for the dynamic range of the sampled cells fluorescence emission, an additional set of 

measurements were completed on one batch of 433 cells as well as two batches of T24 

cells.  Figure 6 illustrates fluorescence spectra at 350 nm excitation before and after the 

addition of NaCN. The NADH related signal in the 433 5 μM treated cells immediately 

increased after adding NaCN and over a  period of 5 minutes, the intensity increased by 

125%. This increase was the largest observed in all measurements.  

To illustrate the combined effect of CCCP and 4HPR, spectra from T24 cell lines 

treated with 5 and 10 μM 4HPR are shown in Figure 7. Figure 7A shows a sharp signal 

decrease when CCCP was added to the 5 μM treated cells and after 5 minutes the NADH 

related signal was decreased by 26%. In this cell line the depletion of NADH related 

emission leads to an observed fluorescence shoulder at wavelengths consistent with FAD 

emission (535 nm), indicating that the relative FAD contribution to the spectral shape 

increased.  Figure 7B depicts the same cell line treated with the highest dose of 4HPR 

before and after the addition of CCCP. A dramatic depletion of NADH manifests itself in 

an FAD dominant spectrum of the pre-CCCP cells suggesting a dysfunctional state of the 

cells.  However, an NADH pool still exists as seen in the decrease after CCCP addition 

which shifts the emission maximum to 530 nm. On average, regardless of the 4HPR dose, 

after introducing NaCN, the NADH peak signal strongly increased (79.7 % +/- 30 %) and 

the peak signal decreased by a substantial amount (36.8 % +/- 9.59 %) following CCCP 

treatment.  These data suggest that the fluorescence values used to estimate NADH signal 
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after each 4HPR treatment were neither the minimal nor maximal NADH related 

fluorescence that could be achieved by the cells. 

When examining the FAD related fluorescence from the 450 nm emission spectra for 

the same set of experiments, little change was seen which was inconsistent with the 

expected decrease and increase following the addition of NaCN and CCCP, respectively. 

Regardless of the 4HPR concentration, following treatment with CCCP, the FAD related 

signal, on average, slightly increased (8.57 % +/- 5.90 %) while the signal following 

NaCN also increased (5.51 % +/- 7.15 %).  It was assumed that the mitochondrial agents 

NaCN and CCCP would have the opposite effect on the FAD related signal than on the 

NADH related signals but our data indicate that the FAD related signal is unaffected by 

these agents as was found for the 4HPR treatment (Figure 4B, Table 4).  

Cell cycle analysis 

 In order to verify that the optical changes observed in cell suspensions correlated 

with traditional cell cycle assays, we measured the changes in cell cycle 24 hours after 

treatment, a similar time point to the spectroscopic measurements, using a flow cytometry 

cell cycle analysis with propidium iodide (PI) staining.  Changes in the cell cycle can be 

used as early indicators of growth inhibition and apoptosis.  Data presented here were 

measured on one batch of cells for each cell line.  Figure 8 illustrates cell cycle 

distributions for the T24 and U6 cells at each treatment level.  The S phase decreased 

with increased treatment and this decrease was more substantial in the U6 cells than the 

T24 cells.  Correspondingly, the G1 phase increased with increased 4HPR concentration.  

A decrease in the S phase and increase in G1 phase is consistent with growth inhibition 
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and an early sign of apoptosis.  At 10 μM 4HPR concentration the S phase for both cell 

lines was practically nonexistent at 0 % for the U6 cells and 10.1 % for the T24 cells, 

indicating substantial effects induced by 4HPR. Results from the 433 and 420 cell cycle 

measurements also showed similar trends with substantial decrease in the S phase and 

increase in the G1 phase with increased 4HPR treatment (data not shown).      

Discussion  
 

For each cell line, it was observed that redox ratio increased at a similar rate with 

increased 4HPR concentration.  A lower metabolic status of the cell is consistent with a 

higher redox ratio and one thought is that less metabolically active cells are less likely to 

undergo apoptosis (31). Although all of the cell lines responded with similar changes in 

the redox ratio, their absolute redox state differed at each level of drug concentration.  

Our findings are in agreement with parallel studies examining molecular markers for 

mitochondrial membrane potential, caspase activity, growth inhibition, and gene 

expression (32).  Those studies suggest that, in the bladder cancer cell lines, the U6 cells 

are more sensitive to 4HPR than the T24 cells in apoptosis and growth inhibition.  Even 

though cells with the wild type (U6) and mutated p53 tumor suppressor gene (T24) can 

both mediate apoptosis (33), the p53 mutation might factor into the decrease in sensitivity 

to 4HPR treatment.  Additionally, the results from cell cycle analysis suggested that the 

cell cycle was altered by 4-HPR treatment with increasing G1 phase and decreasing the S 

phase of the cell cycle in all of the cell lines.  An increase in G1 and decrease in the S 

phase indicates cell cycle arrest and is an early marker for apoptosis.  The U6 cell line 
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demonstrated a larger decrease in the S phase particularly at low 4HPR concentrations 

suggesting a higher sensitivity to 4-HPR and supporting differences observed in the 

optical data.  Results from the cell cycle studies also showed a decrease in the S phase for 

the ovarian cancer cell lines following 4-HPR treatment.  These changes in the cell cycle 

suggested that both ovarian cell lines also undergo growth arrest and early apoptosis after 

24 hours of 4-HPR treatment, consistent with sensitivity to the drug.  These results are 

consistent with apoptosis and growth inhibition data collected in our laboratory, 

highlighting a sensitivity difference between the T24 and U6 cells while suggesting 

4HPR induces growth inhibition and apoptosis in all the cell lines.  Following several 

days of drug treatment at low drug concentration (1 μM), the T24 cells undergo less 

growth inhibition and apoptosis than the U6, 420, and 433 cells. Optically, we found that 

the T24 cells had the highest redox states and the U6, 420, and 433 cells had lower redox 

states which correlated with their sensitivity to 4HPR treatment.   

When examining the main source of 4HPR induced change within the estimated 

redox ratio, the NADH related signal demonstrated the greatest amount of change, 

decreasing over the treatment groups, while the FAD related signal remained at a 

relatively constant level.  However, both NADH and FAD related signal varied between 

the cell lines supporting a biological variance.  Although FAD related fluorescence may 

not be affected by drug treatment, these data suggest ratiometric calculations based on 

FAD and NADH data provide a normalized redox estimate, correcting for cell type 

heterogeneities.  NADH related fluorescence changes explain drug activity but the 
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baseline redox estimate seems to be necessary to predict cell susceptibility to 4HPR 

treatment.    

Similarly, the NADH related signal was strongly affected by CCCP and NaCN 

treatment while the FAD related signal remained unaffected.  Similar results have been 

reported by Huang et al  in myocytes where the NADH signal was principally affected by 

mitochondrial blockers and uncouplers while the FAD related signal only changed 12% 

and –3 %, respectively (15).  In general, these findings suggest that FAD related 

fluorescence is not a dynamic component of the redox estimate but serves as a reference 

level in calculating the ratio. We also observed that the CCCP addition seems to affect 

the existing NADH pool regardless of the previously administrated 4HPR treatment. This 

is further supported by the results from our experiments with NaCN addition.  

Tryptophan related fluorescence also decreased with 4HPR treatment, suggesting an 

additional fluorophore that may change with altered cellular function.  This change in 

tryptophan signal could be due to changes in protein synthesis and/or protein degradation.  

Similar findings have been reported by Pradhan et al (16). Further studies are warranted 

to better understand how tryptophan levels may be altered in relation to metabolic 

changes; these changes may have both diagnostic and prognostic potential. 

This study has shown that a non-invasive optical method can be used to sensitively 

monitor cellular metabolism in response to a chemopreventive drug treatment.  Of 

particular interest, the redox ratio increased at a similar rate for each cell line with the 

drug induced changes mainly affecting NADH and tryptophan related fluorescence while 

FAD related fluorescence only varied at the baseline level between cell lines.  In general, 
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we have shown that spectroscopy of endogenous fluorophores is a complementary tool 

for drug response studies and in this specific case could be a biomarker for apoptosis with 

the potential to be expanded to in vivo applications of monitoring the response to a 

chemopreventive agent.  

Endogenous fluorescence spectroscopy has been extensively evaluated as a biomarker 

for carcinogenesis and results on living tissue models suggested an increase of NADH 

related fluorescence and a statistically insignificant change in FAD related fluorescence 

in dysplastic epithelial tissue (34).  Here we have shown that our method in detecting 

quiescence is based on opposite effects in the cells’ fluorescence signature and that this 

technology can serve as a sensitive marker not only for detection but also for treatment of 

carcinogenesis. 
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Table 1.  Average post-measurement cell viabilities with standard deviations for 
the four different drug concentrations and the 4 different cell lines. 
 

91.1%±6.9%90.2%±4.0%91.0%±3.9%91.2%±6.1%10μM 4HPR

93.1%±3.7%92.0%±2.3%91.4%±5.3%91.2%±5.1%5μM 4HPR

89.3%±7.1%86.4%±3.8%92.8%±4.6%91.3%±6.3%1μM 4HPR

89.9%±7.1%79.4%±20.0%90.9%±7.6%91.4%±5.9%Control

U6 Cell LineT24 Cell Line433 Cell Line420 Cell LineTreatment

91.1%±6.9%90.2%±4.0%91.0%±3.9%91.2%±6.1%10μM 4HPR

93.1%±3.7%92.0%±2.3%91.4%±5.3%91.2%±5.1%5μM 4HPR

89.3%±7.1%86.4%±3.8%92.8%±4.6%91.3%±6.3%1μM 4HPR

89.9%±7.1%79.4%±20.0%90.9%±7.6%91.4%±5.9%Control

U6 Cell LineT24 Cell Line433 Cell Line420 Cell LineTreatment

Table 2.  Redox parameter estimates from multiple regression fit of a simple 
model with no interactions.  α433 and β433 represent the 433 cell line intercept 
and redox slope, respectively.  α420, αU6 and αT24 are estimates for the intercept 
of the 420, U6, and T24 cell lines. P values for the 433 intercept and slope are 
low because they are compared to zero making them the reference values for the 
other cell lines. 

Redox Estimate F 1,74 P value
α433 0.104 169 <0.0001
β433 0.006 43.5 <0.0001
α420 0.075 9.87 0.0024

αU6 0.108 0.173 0.68

αT24 0.148 16.9 0.0003
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Table 4.  FAD related fluorescence signal parameter estimates from multiple 
regression fit of a simple model with no interactions.  α433 and β433 represent 
the 433 cell line intercept and FAD slope, respectively.  α420, αU6 and αT24 are 
estimates for the intercept of the 420, U6, and T24 cell lines. 
 

FAD Estimate F 1,74 P value

α433 9.51 X 104 65.8 <0.0001
β433 985 0.545 0.46

α420 8.58 X 104 0.476 0.49

αU6 1.29 X 105
4.52 0.037

αT24 1.20 X 105
2.55 0.11

Table 3.  NADH related fluorescence signal parameter estimates from multiple 
regression fit of a simple model with no interactions.  α433 and β433 represent the 
433 cell line intercept and NADH slope, respectively.  α420, αU6 and αT24 are 
estimates for the intercept of the 420, U6, and T24 cell lines. 
 

NADH Estimate F 1,74 P value

α433 6.59 X 105 9230 <0.0001

β433  2.83 X 104 7.55 0.0075

α420 9.29 X 105 4.46 0.038

αU6 1.02 X 106
0.173 0.024

αT24 7.16 X 105
0.202 0.65
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Table 5.  Tryptophan (TRY) related fluorescence signal parameter estimates 
from multiple regression fit of a simple model with no interactions.  α433 and β433 
represent the 433 cell line intercept and tryptophan slope, respectively.  α420, αU6 
and αT24 are estimates for the intercept of the 420, U6, and T24 cell lines. 
 

TRY Estimate F 1,74 P value

α433 2.08 X 108 105 <0.0001

β433  7.70 X 106 11.1 0.0013

α420 2.45 X 108 2.4 0.12

αU6 2.69 X 108
4.94 0.029

αT24 2.68 X 108
4.94 0.029
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Figure 1.  Average excitation emission matrices (EEM) for the 433 Control 
Cells.  A)  A full EEM is shown with a prominent peak at 280/340 nm associated 
with tryptophan (T) and a smaller peak consistent with NADH (N) at 350/450 
nm.  B)  By excluding the strong fluorescence peak of tryptophan, the same data 
seen in Figure 1A reveals a peak at 450/530 nm associated with FAD (F) along 
with the NADH peak.  Some additional auto-fluorescence is present at higher 
wavelengths but the origins are unknown.   
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Figure 2:  A) Mean redox ratios with their standard errors are graphed for the 433 
cell line.  The numbers on each bar represent the sample size for every cell line.  
The “C” stands for the control group and it was treated as a 4HPR concentration of 
zero for the statistical models.  With increasing drug concentration, the redox ratio 
linearly increases corresponding to a decrease in metabolic state in the cells.  This 
linear increase was similar for all the measured cell lines. B)  For each cell line the 
mean redox ratio is plotted along with the standard error bar for the control group.  
The T24 cells exhibit a higher redox ratio while the 420 cells demonstrate the 
lowest redox state.  An asterisk (*) denotes a significant difference (P < 0.05) of 
the predicted intercepts of the multiple regression model compared to the predicted 
reference cell line intercept (433 cells).  
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Figure 3.  A) Average emission spectra excited at 350 nm are plotted for each 
treatment group with the 450 nm peak corresponding to the data in figure B.  With 
increased drug concentration the peak intensity decreases and a red shift at 400 nm 
can be observed. At 530 nm, the fluorescence intensity does not decrease in a similar 
pattern as at 450 nm.   
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Figure 3.  B)  The changes in mean NADH associated fluorescence are graphed for 
the 433 cell line with standard error bars and sample size indicators.  The “C” 
stands for the control group and it was treated as a 4HPR concentration of zero for 
the statistical models.  There was a linear decrease in the NADH signal with no 
significant difference in decrease between cell lines.  C)  The NADH associated 
fluorescence is compared between cell lines for the control groups with significant 
differences (P < 0.05) of the predicted intercepts from the multiple regression 
model in relation to the reference cell line (433 cells) indicated with an asterisk (*).
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Figure 4.  A) Average emission spectra excited at 450nm are shown for 
each treatment group. The 530 nm peak is analogous to the data depicted 
in figure B. Spectral line shape as well as intensity does not seem to 
depend on drug concentration. 
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Figure 4. B)  FAD associated fluorescence of the 433 cells remained unchanged 
with a higher drug concentration and the same trend was observed in the other cell 
lines.  Mean FAD associated fluorescence signal is graphed with corresponding 
standard error bars.  The control group is denoted by as “C” and was treated as a 
4HPR concentration of zero.  The numbers on each bar represent the sample size 
for every cell line.  C)  FAD associated fluorescence varied among the control 
groups for each cell line.  An asterisk (*) indicates a significant difference (P < 
0.05) between the predicted intercepts of the cell lines and the intercept of the 433 
cell line in the multiple regression model.  
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Figure 5.  A) Average emission spectra excited at 280 nm are shown for each 
treatment group.  The 340 nm peak is homologous to the data illustrated in figure 
B. Fluorescence intensity seems to depend on drug concentration and spectral line 
shape indicates that a single fluorophore is involved.   
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Figure 5. B)  Tryptophan associated fluorescence decreased with an increase in 4HPR 
concentration for the 433 cell line and this decrease was found to be consistent with 
changes in the other cell lines.  The mean fluorescence signal is plotted with standard 
error bars and sample size indicators.  The “C” represents the control group and it was 
treated as zero drug concentration for the statistical models. C)  At the control group, 
differences of the predicted intercepts of the multiple regression model were detected 
between cell lines. Significant differences in predicted intercepts (P < 0.05) compared 
to the 433 cell line are represented with an asterisk (*). 
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Figure 6. The emission spectra at 350 nm excitation following the addition of 
NaCN to one sample of 5 μM 4HPR treated 433 cells are shown.  An increase in 
fluorescence was immediately observed, reaching an even higher level after 5 
minutes. 
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Figure 7: Emission spectra at 350 nm excitation of two samples of T24 cells as shown.  
A)  A representative sample of the 5 μM 4HPR treatment group after the addition of 
CCCP shows a rapid decrease in fluorescence that leveled off after 5 minutes of 
exposure.  A fluorescence shoulder consistent with FAD fluorescence can be easily 
observed at 530 nm after 5 minutes because of the large decrease in NADH related 
fluorescence.  B)  The spectra for the 10μM treatment group of T24 cells exhibits an 
FAD shoulder prior to treatment indicating a depletion of the NADH pool due to 
4HPR treatment.  After 5 minutes CCCP treatment distinctly decreases NADH related 
fluorescence even further. 
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Figure 8:  The percent of cells in different cell cycle stages at each treatment level are 
depicted for the T24 and U6 bladder cancer cell lines.  The “C” treatment level refers 
to the control group that did not receive 4HPR.  In both cell lines the cell cycle 
distribution is affected with increased drug concentration.  An initial cell cycle change 
at 1 μM is more noticeable in the U6 cells than the T24 cells. 
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Abstract 
Type I collagen is a major component of the extracellular matrix as well as many tissue 

engineered models.  To understand changes in collagen related models over time, it is 

important to evaluate collagen dynamics with non-invasive techniques.  Fluorescence 

spectroscopy provides a method to non-invasively measure endogenous collagen 

fluorescence.  Additionally, second harmonic generation (SHG) imaging of collagen 

produces high resolution images of the fibrils.  In this study a novel in vitro collagen 

measurement chamber was developed for measurement in standard spectroscopic cuvette 

chambers and microscopic imaging.  The fluorescence of polymerized collagen was 

found to be highly variable, primarily depending on incubation time after polymerization. 

Changes in fluorescence over time were consistent with increases at UVA excitation 

wavelengths (λex = 360 nm) and decreases at UVC excitation wavelengths (λex = 270 

nm), suggesting changes in non-enzymatic association of the collagen fibrils.  SHG 

imaging of the collagen suggested that a stable network formed during polymerization. 

Unlike the fluorescence emission, SHG images from the gels varied little with time 

suggesting that SHG is not as sensitive to cross-linking or fibril-fibril associated changes.  

The developed measurement system will allow further studies on the effect of enzymatic 

cleavages and structural alterations on collagen fluorescence and SHG. 

 

Keywords:  Endogenous collagen fluorescence, non-invasive monitoring of engineered 

tissue models, SHG imaging of collagen 

 



 

87

Introduction 
The extracellular matrix provides a structural lattice for cells in tissue, facilitates cellular 

communication, and is a key component during processes such as angiogenesis and 

neoplasia (1). Type I collagen, one of the main components of the interstitial matrix, 

exhibits both optical scattering and endogenous fluorescence, two properties that can 

potentially be exploited to non-invasively estimate changes in the extracellular matrix.  

Collagen has become an important biomarker for optical cancer diagnostic methods (2) 

and has been utilized as basis for in vitro organotypic tissue cultures including viral 

models (3), lung tissue (4),  and vascular tissue constructs (5).  We have developed a 

system for controlled measurements on collagen gels in vitro using both spectroscopic 

and microscopic techniques.  Of particular interest in this study are collagen alterations in 

the context of angiogenesis in tissue engineered constructs where matrix metalloproteases 

(MMPs) locally modify the extracellular matrix, allowing for new blood vessel growth.  

It has been shown that increases in MMP-2 and MMP-9 expression occur during 

angiogenesis in these vascular constructs (6).  A non-invasive approach to monitor 

changes in collagen structure during such processes would provide further insight into 

extracellular matrix dynamics. 

 

Collagen fibers are made of a triple helix of procollagen molecules based on peptide 

chains.  Procollagen is generated by intracellular processes and then secreted for further 

processing by extracellular enzymes.  Ultimately, individual collagen molecules assemble 

into bundled collagen fibrils (7).  These fibrils can be highly arranged and enzymatically 

crosslinked for further stability.  However, in self-polymerizing collagen gels typically 
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used in engineered constructs, this ordered assembly becomes a more random process.  

Thus, the corresponding optical signature of the collagen may differ from in vivo 

conditions. 

 

Endogenous collagen fluorescence is thought to arise primarily from lysyl hydroxylase 

dependent lysyl (LP) and hydroxylysyl (HP) hydroxypyridoxyline crosslinks (enzymatic 

cross links) between collagen fibers (8-10); but additional fluorescence can be observed, 

from non-enzyme dependent cross-linking such as glycation (11, 12).  The fluorescence 

signature of collagen can vary with the amount of cross-linked fibrils, the organization of 

the collagen fibrils, and gel polymerization time.  Additionally, fluorescence is dependent 

on environmental factors such as pH and temperature (13, 14). 

 

Because collagen is a major contributor to endogenous tissue fluorescence and scattering, 

tissue phantoms based on collagen have been used to estimate the spectral contributions 

of the protein (12).  However, the inherent spectral variability of collagen gels has made 

it difficult to determine a consistent spectral signature and also one that approximates in 

vivo measurements from the extracellular matrix.  It is desirable to create a standard 

model to assess the optical signature of collagen that can serve as a control for future 

perturbation measurements.   The optical signature of this model should partially mimic 

in vivo extracellular signals, but its characteristics will need to be well understood with 

regard to polymerization, aging, and degradation. 
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Recently, a novel non-invasive optical technique called second harmonic generation 

(SHG) has shown promise for collagen measurements both in vivo and in vitro (15-18).  

SHG is a non-linear scattering process that requires a highly temporally and spatially 

focused laser beam.  Given a non-centrosymmetric environment such as in collagen 

fibers, the second order polarizability or hyperpolarizability becomes significant, 

resulting in second harmonic light generated at half the incident wavelength (16).  This 

process provides inherent, high resolution three-dimensional data when a laser is scanned 

through a sample because SHG signal only arises in the focal volume of the laser beam 

where the incident power is high enough to achieve non-linear effects.  Consequently, 

SHG microscopy can potentially be used to understand collagen changes in tissue 

constructs at a high resolution and in a non-invasive manner.  In addition, two-photon 

excited fluorescence (2PEF) can be obtained from collagen (4).  Simultaneous 

measurement of SHG and 2PEF allows for comparison between non-linear scattered and 

fluorescence signals. 

 

In this study a novel in vitro collagen measurement chamber was developed for 

measurement in standard spectroscopic cuvette chambers as well as for microscopic 

imaging.  Here we report the variability in the endogenous fluorescence signal based on 

time, polymerization, pH, and temperature.  Understanding the intrinsic variability of the 

system will allow for accurate assessment of changes in collagen fluorescence that may 

result from the action of an extrinsic factor such as an enzyme.  We then report results 

from SHG imaging of the collagen chamber with a modified laser scanning confocal 
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microscope.  High resolution imaging of collagen fibrils provides a basic understanding 

of collagen gel polymerization, fibril lengthening, and organization. 

Materials and Methods 
Collagen gels were reconstituted from rat tail type I collagen fragments in solution at pH 

= 4.0 (BD Biosciences, San Jose, CA).  A final collagen concentration of 3 mg/ml was 

achieved with the addition of optically inert components consisting of 1X Hanks 

Balanced Salt Solution (Sigma, St. Louis, MO), 20 mM Hepes, and purified water.  A 

final addition of NaOH brought the solution to a pH of approximately 7.4.  All of the 

constituents were kept on ice during the process.  Following the combination of 

constituents, the gel solution was injected into a custom made quartz imaging chamber 

(size 4.0 x 1.0 x 0.1 cm) with a 1 ml syringe and kept on ice for 30 minutes to avoid air 

bubble formation during polymerization.  Finally, the imaging chamber was placed in 

either an incubator or a temperature controlled measurement chamber at 37 oC for 1 hour 

to allow for polymerization.  The collagen gel remained in the incubator between each 

series of measurements.  Although this procedure was varied based on experimental 

protocol (see results section), the basic steps described above were always followed. Low 

pH and temperature prohibits collagen self polymerization. A collagen gel buffered to a 

neutral pH but kept at low temperature allows for experimental preparation because 

enzymatic as well as cross linking activity is significantly reduced. 

 

Following polymerization, the imaging chamber was connected to a peristaltic pump for 

flow-through of media.  Media (1X Hanks Balanced Salt Solution, 20 mM Hepes) was 
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pumped at a rate of 100 μL/min to keep the collagen gel hydrated and to allow for 

introduction of system perturbations (i.e., extracellular matrix enzymes).  To maintain 

temperature between measurements, the system was kept at 37 oC in an incubator.  For 

the addition of exogenous agents, a three way valve was placed at the entrance port of the 

imaging chamber.  

 

Fluorescence data were collected from the collagen gel constructs with a Fluorolog 3-22 

in front face configuration, separating the directions of excitation and emission collection 

by 20 degrees (JY Horiba, NJ). The sample was measured in a thermo-controlled cell 

holder.  Excitation wavelengths ranged from 270 to 600 nm, while fluorescence emission 

was collected from 20 nm above the excitation wavelength to 20 nm below twice the 

excitation wavelength or 700 nm if it came first.  One full measurement was collected in 

approximately 20 minutes.  

 

Data analysis was performed primarily with Matlab (The MathWorks, Natick, MA). 

Excitation emission matrices (EEMs) were assembled for initial data assessment.  These 

EEMs were used for further spectral evaluation and statistical analysis such as principal 

component analysis (PCA). PCA on the spectral data pool calculates its variance 

structure and provides a first order assessment of fluctuations in between our 

experiments. For PCA, an EEM was reorganized from a matrix to a concatenated vector 

of emission spectra and multiple EEMs were organized into a two dimensional matrix, 

with one dimension representing the measurement and the other dimension representing 
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the emission vectors. The covariance was calculated of the newly formed matrix followed 

by an eigenanalysis. The resulting eigenvectors have the length of the concatenated 

spectra and can be arranged back to represent an EEM. The PCA treats each fluorescence 

intensity as an independent value and the above described data rearrangement does not 

affect the eigenanalysis. Increasing the number of experiments, however, could affect the 

outcome of the analysis. The eigenvectors represent orthogonal basis spectra with the 

first eigenvector encompassing the largest amount of variance and each subsequent 

vector a lesser amount. Because calculating the covariance matrix includes removing the 

overall mean of the data, the eigenvectors describe the fluctuation around the average 

experiment.  

 

Linear regression and multiple regression (JMP, SAS, Cary, NC) were applied to test the 

significance of the decay rates and whether the rates were different from zero or different 

from each other. 

 

SHG and 2PEF imaging of the collagen in the imaging chamber were performed using a 

Zeiss LSM 510 NLO confocal microscope coupled to a Coherent Mira 900 titanium 

sapphire laser.  Images were obtained using a 40X, 1.3 NA oil immersion objective 

(Plan-Neofluar, Carl Zeiss, Jenna, Germany). Typically, the laser was tuned to 770 nm 

and second harmonic light was epi-collected through a custom filter (bandpass 350-390 

nm, Chroma, Rockingham, VT) onto a non-descan photomultiplier tube. When 

measuring 2PEF and SHG simultaneously, the laser was tuned to 710 nm and SHG was 
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reflected off a dichroic mirror (long pass 400 nm, Chroma) and collected through the 

aforementioned bandpass filter (350-390 nm) while the 2PEF was transmitted through the 

dichroic mirror and collected with a custom filter (bandpass 400-500 nm, Chroma).    The 

laser power at the sample was always less than 40 mW average power and was adjusted 

along with the PMT gain to achieve strong SHG and/or 2PEF signal.  For imaging, the 

custom quartz cover on the collagen chamber was replaced with a standard coverslip in 

order to optimally match the objective correction optics.  Collagen gels were made in a 

similar manner to the process used for spectroscopy.  Microscope images were processed 

in Matlab for background removal.  For texture features, gray-level co-occurrence 

matrices (GLCM), were calculated following histogram equalization of the SHG images 

(Matlab Image Processing Toolbox, The MathWorks).  The features were calculated by 

pixel distance ranging from neighboring pixels to 80 pixels, a distance of approximately 

40 μm.  Texture features of particular interest included correlation, contrast, energy, and 

homogeneity.   

Results 
Collagen gels were cast into a custom quartz chamber that provided minimal 

autofluorescence, optimal transmission in the UV, and a fixed, short optical path (1 mm).  

With a reduced optical path, the fluorescence properties of the collagen were measured 

while minimizing the scattering effects of the gel.  This chamber was connected in line 

with a peristaltic pump for flow of media through gas permeable tubes and a three-way 

valve included for potential addition of outside agents (figure 1).  In this study multiple 

sets of collagen gels (five on day 1, three on day 2, and three on day 8) were measured 
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during polymerization stages while temperature and pH experiments were completed for 

one collagen gel each. 

Polymerization variation 

In order to monitor fluorescence changes during polymerization, prepared collagen in 

solution in the custom chamber was placed in a thermo-controlled cuvette holder of the 

fluorescence spectrometer maintained at 4 oC.  The cuvette chamber was then brought to 

37 oC and subsequent measurements were taken every 25 minutes.  Average fluorescence 

data at a polymerization time of 175 minutes are depicted in the mean EEM in figure 2a, 

with major peaks at λex = 270 nm, λem = 300 nm consistent with the aromatic amino 

acid tyrosine (19) and at λex = 360 nm, λem = 450 nm consistent with non-enzyme 

dependent cross-links (e.g. vesperlysine or crossline) (11, 12).  An additional peak was 

observed at λex = 320 nm, λem = 400 nm (consistent with enzymatic collagen cross-

links) but the fluorescence contribution from this peak was less than the peak at λex = 

360 nm, λem = 450 nm.  Differences were observed when analyzing the absolute 

intensity differences between the collagen at the first 37 oC timepoint and the last 

timepoint, where increases in fluorescence associated with the λex = 360 nm, λem = 450 

nm peak and decreases associated with the λex = 270 nm, λem = 300 nm were apparent 

(data not shown).  Results from PCA on the EEMs from pre-polymerization through 

polymerization at 175 minutes indicate that the majority of the variation in the gels 

during polymerization localizes to three areas (figure 2b). Based on the first principal 

component, which represents 83% of the variation in our data, the main areas of change 

are consistent with the λex = 360 nm, λem = 450 nm peak and the λex = 270 nm, λem = 



 

95

300 nm peak as well as variation at λex = 320 nm where a visual comparison of the first 

principal component with the average fluorescence emission indicates that relative 

spectral emission changes occur in the 320 nm excitation range.  

 

From this analysis, differences were observed in the UV-C/B consistent with amino acid, 

namely tyrosine, fluorescence (λex = 270 nm) and collagen fluorescence (λex = 320 – 

360 nm). Because of these differences, several excitation wavelengths (λex = 270 nm, 

320 nm, 360 nm) were chosen to specifically evaluate fluorescence variations.  The 

excitation wavelength λex = 320 nm was chosen because this is the wavelength of 

maximal excitation of collagen cross-links HP and LP (10). Both 270 nm and 360 nm 

were chosen because they represent a peak in our PCA of the in vitro collagen gel (figure 

2). 

 

Examining individual spectra reveals where alterations in the relative fluorescence 

contribution may occur.  For example, in one of our experiments we observed a 

significant spectral shift at λex = 320 nm as the gel polymerized (figure 3a). However, 

this shift was not consistently observed, providing evidence of the variability of 

polymerizing collagen gels and a lack of enzymatic cross-linking.  Initially, a sharp 

fluorescence peak was located at 360 nm but as the gel polymerized the peak broadened 

and red shifted towards 400 nm, suggesting a change in the fluorescent cross-links 

population (figure 3a).  In the λex = 360 nm spectra, the average peak fluorescence 

significantly increased with polymerization time (figure 3b). The linear regression with 5 
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samples calculated a slope of 1.4 X 103 a.u./min with a p-value of 0.012 for the 

hypothesis that the slope was not zero. The average peak fluorescence significantly 

decreased with time in the λex = 270 nm spectra following polymerization (figure 3c, 

slope = -3.0 X 104 a.u./min, p = 0.033, n = 5).  In both figures 3b and 3c, the timepoint -

25 minutes corresponds to the pre-polymerized gel at 4 oC and pH = 7, while later times 

points were measured at 37 oC.  No spectral shifts were observed in these spectra 

compared to the spectral changes found in the λex = 320 nm spectra.   

 

In order to express this increase in fluorescence in 320-400 nm excitation range 

compared with the decrease in fluorescence in the 270-290 nm excitation range, a ratio 

between the 270 nm and 360 nm emission spectra was calculated. The ratio was 

determined by dividing the integrated fluorescence of the λex = 270 nm spectra with the 

integrated fluorescence of λex = 360 nm spectra.  In the first day of polymerization, this 

ratio decreased significantly (figure 4, 0.027 per min, p = 0.0002, n = 5).  As the gel aged, 

the ratio continued to decrease as measured on day 2 and, although the slope was slightly 

less than on day 1, it was not significantly different (p = 0.23, n = 3) than the day 1 slope 

(figure 4).  By day 8 the change in the ratio was still apparent but the slope was 

significantly less (p = 0.043, n = 3) than on day 1 (figure 4).  A more straightforward 

comparison of the slopes can be observed by normalizing the data by the intensity at 0 

minutes, emphasizing the decreasing ratio on day 1 and day 2 while the ratio levels off by 

day 8 (figure 4, inset).  The change in the ratio appears to be linked not only to gel 

polymerization but also the measurement itself since the value of the ratio on the last 
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timepoint of day 1 is similar to that of the starting value on day 2 (figure 4, main figure).   

These data indicate significant temporal variations in fluorescence emission and intensity 

ratios from collagen gels from the same lot number, prepared under same conditions. 

pH Variation 

Fluorescence spectra from the collagen in solution at a pH of 4 were compared to 

collagen in solution, prior to polymerization, that had been titrated to pH 7 with NaOH.  

As illustrated in figure 3a, the spectra were significantly different in intensity, with less 

fluorescence emitted from the pH = 4 collagen solution.  For further inspection, spectra 

were normalized by area and the spectral shape was compared (figure 5).  Spectral shape 

differed slightly for the λex = 320 nm and significantly for λex = 360 nm spectra, 

particularly with a broader peak for the pH = 7 collagen solution in the λex = 360 nm 

spectrum.  The spectra from the pH 4 collagen indicate variations due to the low 

fluorescence signal from this solution and subsequent decreased signal-to-noise ratio (e.g. 

at λex = 320 nm).          

Temperature Variation 

Collagen gel fluorescence increased at all excitation wavelengths without any observable 

spectral shifts when the gel was cooled to 4 oC (data not shown).  An overall increase in 

fluorescence intensity of 20 % was observed when comparing the EEM of the 4 oC gel to 

the 37 oC gel.  When analyzing individual emission spectra, the 270 nm spectra exhibited 

a 13.6 % increase in fluorescence when the gel was cooled down while the 320 nm and 

360 nm emission spectra increased by 28.5 % and 33.9 %, respectively.   An increase in 

fluorescence intensity is consistent with a decrease in the non-radiative pathways of 
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energy dissipation, thereby increasing the radiative or fluorescent pathways.  There were 

no observed spectral shifts with a decrease in temperature.   

SHG and 2PEF imaging of collagen gels 

Because the collagen chamber was designed to also allow for microscopic evaluation of 

collagen fibril organization, SHG and 2PEF imaging of the collagen gels was performed 

following polymerization of the collagen. Fluorescence measured from the collagen gels 

was minimal at λex = 780 nm (a strong SHG wavelength), a finding consistent with other 

reports (15).  However, when the laser wavelength was tuned to 710 nm, 2PEF from 

collagen could be measured along with SHG.  The 2PEF signal was low and required 

high gain and image processing (thresholding, histogram equalization)  but it overlapped 

with the SHG signal from the same location as shown in a two day old gel (figure 6).  

Appearing over a larger volume, the 2PEF signal was located around the fibril generated 

SHG signal. To further illustrate co-localization, areas where 2PEF intensity reached 

50% of maximal range and  the SHG signal reached 20% of maximal range were colored 

red (figure 6). These data suggest collagen fluorescence correlates with fibrils.  SHG 

signatures were stronger, revealing more structural features, and required minimal image 

processing to achieve quality images.  Further measurements for structural analysis of the 

collagen gels were therefore conducted with SHG imaging. 

 

Additional SHG imaging (λex = 780 nm) on two collagen gels was performed following 

polymerization of the collagen at day 1, day 2, and day 8 at imaging depths 

approximately 10 μm below the surface of the gel.  For all of the SHG measurements the 
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structure of the gel did not vary with depth (data not shown).  Multiple time point 

measurements were taken each day similar to the fluorescence spectroscopy 

measurements.  On day 1 of polymerization, the fibrils in all experiments resembled a 

randomly oriented mesh (figure 7a).   These fibrils were short in length, suggesting 

minimal fibril elongation during polymerization.  Based on the correlation of the image 

intensity levels, which were calculated over a distance of up to 80 pixels (~40 μm), the 

collagen structure did not change substantially over two and half hours (figure 7a, data 

from all day 1 measurements).  Other texture features such as the intensity, homogeneity, 

and contrast of the images also indicated little change in the texture of the images (data 

not shown).  At day 2 SHG images were similar to images at day 1 (data not shown) as 

was the correlation of the image intensity levels (figure 7b, n = 8 for each day).  When 

measured at day 8, no changes were visually perceived in the SHG images while the 

correlation data at day 8 seemed to reach lower levels at larger pixel distances compared 

to day 1 and 2 (figure 7b).   However, the differences did not exceed the standard 

deviation of the data.   

Discussion  
Although the spectral changes observed in figure 3a did not occur in all measurements, 

the figure illustrates an interesting phenomenon that may explain the cross-linking 

behavior in this system.  Collagen cross-link fluorescence typically exhibits a peak 

between 380 and 400 nm when excited at 320 nm (10).  This is consistent with 

fluorescence from LP and HP crosslinks, spectra that appear to be consistent with the pre-

polymerized gel illustrated in figure 3a.  The broader and shifted fluorescence observed 
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after self assembly may be due to non-enzyme dependent cross-links.  This process is 

commonly associated with glycation between fibers but may occur through other non-

glycation processes in this in vitro system as glucose was not available as substrate. 

Furthermore, the lack of a λex = 320 nm, λem = 400 nm enzymatic cross-linking peak 

compared to the dominant λex 360 nm, λem = 450 nm non-enzyme dependent cross-

linking peak lends support for this model to be used to study enzymatic cross-linking 

events because the background contribution from these cross-links is minimal.  

 

Most importantly for this study, an understanding into the dynamics of collagen gel 

fluorescence was ascertained.  Because alterations in collagen fluorescence due to 

extrinsic factors are integral to non-invasively monitoring collagen gel transformations in 

situ (for example, to study organotypic tissue cultures or vessel growth), it is key to 

model intrinsic collagen changes and incorporate this fluorescence as signal contributor.  

Changes in the fluorescence between unpolymerized and polymerized collagen suggest 

that modeling the collagen fluorescence signature based on liquid solutions may not be 

representative of physiologic relevant conditions.  Data from this study also indicate that 

polymerization during the first day results in a highly variable fluorescence signal, 

consistent with alterations in cross-link fluorescence and decreases in fluorescence 

consistent with amino acids.  As the gel aged, fluorescence variations decreased but the 

same trend still occurred even after 8 days of incubation.  Our data indicate that the rate 

of change may be predictable and mathematical background removal could be applied. 

The removal of the background variation is most appropriate when the variation is 
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smallest as observed in day 8, suggesting that fluorescence studies in collagen-based in 

vitro cultures would be best measured at later time points.   

 

Besides the fluorescence variations due to polymerization effects, fluorescence variations 

due to temperature and pH were also observed.  A decrease in temperature in the 

polymerized collagen resulted in increased fluorescence intensity without spectral shifts; 

however, shorter excitation wavelengths were less affected.  On the other hand, an 

increase in the pH of the unpolymerized collagen resulted in both changes in spectral 

shape and substantial increase of fluorescence intensity. Careful consideration is 

necessary when developing a collagen model to account for these extraneous factors 

supporting the need for a controlled environment such as the system developed in the 

study for measuring engineered tissue or tissue phantoms with optical methods.  

 

Because fluorescence spectroscopy provides an overall measure of collagen signals, it is 

also useful to examine the collagen microstructure at the fibril level.  2PEF can be used 

as a 3D microscopic imaging technique; however, the contrast obtained with SHG 

microscopy is greater and it is better suited to study the structure of collagen fibrils. With 

its inherent optical sectioning capability, SHG imaging provides a high resolution three-

dimensional view of collagen fibril formation.  Using our custom designed collagen 

chamber, collagen fibril organization was imaged following collagen gel polymerization.  

The 2PEF signal from the collagen gel was low, diffuse, and originated from larger 

volumes than the SHG signal but it confirmed fluorescence arose from similar regions to 
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the stronger SHG signal.  Regions where the 2PEF strongly overlaps with the SHG may 

indicate areas of bundling or spontaneous cross-linking in the fibrils. Our SHG data 

suggest the collagen fibrils do not elongate, but seem to maintain a densely packed mesh 

over time. Unlike the fluorescence spectroscopy data, the SHG images from the gels 

varied little with time.  These data suggest that SHG, being highly dependant on 

structure, is not as sensitive to cross-linking or fibril-fibril associated changes.   Taken 

together, the SHG measurements provided high resolution data from collagen fibrils 

while the fluorescence spectroscopy measurements were sensitive to non-enzymatic 

association of the collagen fibrils.  SHG data from collagen may be most useful for 

applications interrogating structural information such as invasion of cells into the 

extracellular matrix while fluorescence data supports questions focused on cross-linking 

events such as changes in collagen due to glucose related cross-linking in diabetics.    

Conclusion 
Variations and origins of in vitro collagen fluorescence were assessed with a custom 

made culture and measurement system.  Collagen fluorescence increased with 

polymerization and remained highly variable during measurements.  This fluorescence is 

consistent with an increase in cross-links that are most likely non-enzymatic in nature.  

SHG imaging of the collagen gel suggested that the collagen assembled into a short-fibril 

mesh that remained stable with time.  The model presented here shows promise to further 

correlate optical signatures with enzymatic cleavages, enzymatic and non-enzymatic 

cross-linking, and micro structural changes based on fluorescence spectroscopy and SHG 

imaging.  



 

103

Acknowledgements 
This work was supported by the U.S. National Institutes of Health grants HL077683 and 
CA098341 and by training fellowships from the BIO5 Institute of the University of 
Arizona and ARCS Foundation Arizona Chapter.  



 

104

References 

1. K. Wolf and P. Friedl, "Functional imaging of pericellular proteolysis in cancer 
cell invasion," Biochimie 87(3-4), 315-320 (2005). 

2. I. Georgakoudi, B. C. Jacobson, M. G. Muller, E. E. Sheets, K. Badizadegan, D. 
L. Carr-Locke, C. P. Crum, C. W. Boone, R. R. Dasari, J. Van Dam and M. S. Feld, 
"NAD(P)H and collagen as in vivo quantitative fluorescent biomarkers of epithelial 
precancerous changes," Cancer Res. 62(3), 682-687 (2002). 

3. C. Meyers, "Organotypic (raft) epithelial tissue culture system for differentiation-
dependant replication of papillomavirus," Methods Cell Sci. 18(3), 201-210 (1996). 

4. A. Agarwal, M. L. Coleno, V. P. Wallace, W. Y. Wu, C. H. Sun, B. J. Tromberg 
and S. C. George, "Two-photon laser scanning microscopy of epithelial cell-modulated 
collagen density in engineered human lung tissue," Tissue Eng. 7(2), 191-202 (2001). 

5. B. R. Shepherd, H. Y. Chen, C. M. Smith, G. Gruionu, S. K. Williams and J. B. 
Hoying, "Rapid perfusion and network remodeling in a microvascular construct after 
implantation," Arterioscler. Thromb. Vasc. Biol. 24(5), 898-904 (2004). 

6. L. Krishnan, J. B. Hoying, H. Nguyen, H. Song and J. A. Weiss, "Angiogenesis 
and the extracellular matrix: Changes in construct mechanics, gene expression, and 
protease activity during angiogenesis," PNAS. (In preparation). 

7. H. Lodish, Molecular Cell Biology, W.H. Freeman; Macmillan, New York, 
Basingstoke (1999). 

8. R. A. Bank, S. P. Robins, C. Wijmenga, L. J. Breslau-Siderius, A. F. Bardoel, H. 
A. van der Sluijs, H. E. Pruijs and J. M. TeKoppele, "Defective collagen crosslinking in 
bone, but not in ligament or cartilage, in Bruck syndrome: indications for a bone-specific 
telopeptide lysyl hydroxylase on chromosome 17," PNAS. 96(3), 1054-1058 (1999). 

9. D. R. Eyre, T. J. Koob and K. P. Van Ness, "Quantitation of hydroxypyridinium 
crosslinks in collagen by high-performance liquid chromatography," Anal. Biochem. 
137(2), 380-388 (1984). 

10. J. R. Veraart, S. J. Kok, J. M. te Koppele, C. Gooijer, H. Lingeman, N. H. 
Velthorst and U. A. Brinkman, "Capillary electrophoresis of the collagen crosslinks HP 
and LP utilizing absorbance, wavelength-resolved laser-induced fluorescence and 
conventional fluorescence detection," Biomed. Chromatogr. 12(4), 226-231 (1998). 

11. R. A. Bank, B. Beekman, N. Verzijl, J. A. de Roos, A. N. Sakkee and J. M. 
TeKoppele, "Sensitive fluorimetric quantitation of pyridinium and pentosidine crosslinks 



 

105

in biological samples in a single high-performance liquid chromatographic run," J. 
Chromatogr. B Biomed. Sci. Appl. 703(1-2), 37-44 (1997). 

12. K. Sokolov, J. Galvan, A. Myakov, A. Lacy, R. Lotan and R. Richards-Kortum, 
"Realistic three-dimensional epithelial tissue phantoms for biomedical optics," J. Biomed. 
Opt. 7(1), 148-156 (2002). 

13. J. R. Lakowicz, Principles of Fluorescence Spectroscopy, Kluwer 
Academic/Plenum, New York (1999). 

14. W. Zhong, P. Urayama and M. A. Mycek, "Imaging fluorescence lifetime 
modulation of a ruthenium-based dye in living cells: the potential for oxygen sensing," J. 
Phys. D: Appl. Phys. 36(1689-1695 (2003). 

15. W. R. Zipfel, R. M. Williams, R. Christie, A. Y. Nikitin, B. T. Hyman and W. W. 
Webb, "Live tissue intrinsic emission microscopy using multiphoton-excited native 
fluorescence and second harmonic generation," PNAS. 100(12), 7075-7080 (2003). 

16. R. M. Williams, W. R. Zipfel and W. W. Webb, "Interpreting second-harmonic 
generation images of collagen I fibrils," Biophys. J. 88(2), 1377-1386 (2005). 

17. E. Brown, T. McKee, E. diTomaso, A. Pluen, B. Seed, Y. Boucher and R. K. Jain, 
"Dynamic imaging of collagen and its modulation in tumors in vivo using second-
harmonic generation," Nat. Med. 9(6), 796-800 (2003). 

18. A. Zoumi, A. Yeh and B. J. Tromberg, "Imaging cells and extracellular matrix in 
vivo by using second-harmonic generation and two-photon excited fluorescence," PNAS. 
99(17), 11014-11019 (2002). 

19. T. Vo-Dinh, Biomedical photonics handbook, CRC Press, Boca Raton, Fla. 
(2003). 

 



 

106

 
 
 
 
 

Figure 1) Schematic of in vitro imaging system with quartz imaging chamber and 
media flow-through.  Collagen gels were cast into the chamber and were measured 
in a fluorescence spectrometer or confocal microscope with excitation light (solid) 
and emitted fluorescence light (dashed).  The chamber has a 1 mm optical path to 
allow for more specific fluorescence measurements.  Media was circulated through 
the chamber to keep the gel hydrated and a 3-way valve allowed for introduction 
of perturbing agents such as enzymes.  
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Figure 2a) Average excitation emission matrix (EEM) from collagen gel 175 minutes 
after polymerization. Fluorescence peaks consistent with amino acids (λex = 270 nm) 
and collagen fibrils (λex = 320-380 nm) were observed.  The scale bar represents 
fluorescence intensity and the contour lines are lines of equal fluorescence intensity.  
b)  The first eigenvector from principal component analysis suggests that most of the 
changes of collagen fluorescence over time (83% of the variation) correspond to three 
excitation bands: λex = 270-280 nm, λex = 300-330, λex = 340-390 nm.  The scale 
bar represents the relative variation.
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Figure 3a)  Emission spectra at λex = 320 nm for a single collagen gel before and 
during polimerization.  With increased polymerization time, a red shift is observed in 
the spectra.  This dramatic shift did not occur in all samples.   
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Figure 3b) Peak fluorescence values for emission spectra at λex = 360 nm.  Time 
point -25 min. corresponds to the collagen prior to polymerization at 4 oC.  The 
dashed line signifies a linear regression line fit to the data following time point 0 
min. c)  Peak fluorescence values for emission spectra at λex = 270 nm.  Error bars 
in panels b) and c) represent the standard deviation of the data (n=5). 
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Figure 4) Time dependent fluorescence changes in collagen gels based on a ratio 
of decreasing fluorescence (λex = 270 nm) to increasing fluorescence (λex = 360 
nm).  The largest signal changes occur in the first two days with overall decrease 
observed out to day 8. Error bars represent the standard deviation of the data (n = 5 
for day 1, n = 3 for day 2 and 8).  Inset:  Normalized mean ratio for comparison of 
slope between groups with the greatest decrease over time at day 1 and a decrease 
in slope or fluorescence variation by day 8.   
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Figure 5) Normalized fluorescence emission spectra of collagen in solution at pH 
= 4 and pH = 7.4 for λex = 270 nm, λex = 320 nm, and λex = 360 nm. Data were 
normalized by the area under the curve. 
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figure 6)  2PEF (green) and SHG (grayscale) images measured from a collagen gel 
on day 2 (λex = 710 nm).  The 2PEF appears more diffuse and originating from a 
larger volume, while the SHG signal appears more structural.  Red regions indicate 
strong overlap of the two signals.  The scale bar represents 10 μm. 
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Figure 7a) SHG images (λex = 780 nm) measured from a collagen gel in the in vitro 
chamber on day 1, soon after polymerization (t = 0 min) and at a similar location at t 
= 150 min along with the log of the correlation of pixel intensity as function of 
neighboring pixel distance (80 pixels ~ 40 μm).  Fibrils appear short in length and 
randomly oriented. The scale bar represents 10 μm.  Gray-level correlation is 
presented for two gels at 4 time points and no trend is observed over a time scale of 
150 minutes. 
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Figure 7 b) SHG images from day 1 and day 8 appear structurally similar. The log 
plot of the pixel correlation indicates the average correlation on day 2 is similar to 
day 1 but appears to be less on day 8 at larger pixel distances; however, differences 
do not exceed one standard deviation. The scale bar represents 10 μm and the error 
bars indicate standard deviation of 8 measurements. 
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Abstract 

 
To better understand interstitial matrix remodeling during angiogenesis, we probed 

endogenous optical signatures of collagen fibrils and cells with multiphoton microscopy 

to non-invasively visualize, in real-time, changes to fibril organization around angiogenic 

sprouts and growing neovessels.  Based on analysis of the second harmonic generation 

(SHG) signal from fibrillar collagen and multiphoton excited fluorescence (2PEF) as well 

as coherent transmitted light from vascular cells, microvessel fragments interacting with 

the collagen matrix exhibited two key features: a strong association of fibrillar collagen 

around the parent vessel fragment during vessel construct reconstitution and a substantial 

collagen fibril re-organization by sprout and neovessel tips.  Results indicate that 

angiogenic sprouts and growing neovessels actively and differentially remodel existing 

collagen fibrils.  This imaging approach to assess local changes in matrix organization 

may have a broader impact on tissue biology and mechanics during angiogenesis and 

allow for new insights in cardiovascular, diabetes, and cancer research.     

 

Keywords: angiogenesis, extracellular matrix, collagen, confocal imaging
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Introduction 

 
Remodeling of the extracellular matrix is an important aspect of tissue dynamics and 

provides critical support for vascular processes1. Turnover of matrix and re-organization 

of the matrix architecture provide positional and biochemical cues to cells as well as 

permit necessary movement of cells through the tissue2-4.  In angiogenesis, endothelial 

cells sprout from a parent vessel and advance through the tissue interstitium to establish 

new vessel segments5, 6. During this process the sprout’s behavior is critically modulated 

by the extracellular matrix1, 7. Similarly, the sprout and, at later times, the growing 

neovessel, affect the matrix through controlled matrix degradation and synthesis5, 8-10.   

Furthermore, the process of angiogenesis is fundamentally important during 

development, wound healing, and tumorigenesis5, 6, 11-14.  However, less is known 

concerning the effects of the angiogenic neovessels on matrix re-organization in part due 

to the lack of real-time imaging of this interaction.   

  

Multiphoton microscopy has increasingly shown promise in a variety of biomedical 

applications15-17.  Because of non-linear excitation of endogenous chromophores in tissue, 

multiphoton microscopy allows for deep optical imaging of unstained and unsectioned 

live samples in three dimensions.  In particular, second harmonic generation (SHG) and 

multiphoton excited fluorescence (2PEF) provide contrast between the extracellular 

matrix and cells 17.  Fibrillar collagen, specifically Type I collagen, is a major component 
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of the extracullar matrix that can be quantitatively measured with SHG signals 18 while 

endogenous cellular 2PEF arises mainly from metabolic cofactors.      

 

To investigate the effects of neovessel sprouting and elongation on interstitial matrix, we 

observed the real-time changes in collagen I fibril organization in an in vitro model of 

angiogenic sprouting. In this model, intact microvessel elements cultured in reconstituted 

type I collagen gels undergo stereotypical angiogenic sprouting whereby endothelial 

cells, free of mural cells, sprout from the parent vessel and continue to grow to form a 

new immature neovessel19, 20. Because the sprouting occurs in the relative absence of 

non-vascular cells and in a controlled temporal fashion, we were able to visualize 

sequential changes in collagen fibril organization using multiphoton microscopy.  Cells 

were identified by endogenous 2PEF as well as in coherent transmission imaging, while 

fibrillar type I collagen was visualized by detecting SHG signals. This imaging approach 

enabled the non-destructive quantification and localization of alterations in collagen fibril 

organization during angiogenesis at a high resolution in three-dimensions. 

Materials and Methods 
 
Microvessel constructs  

The in vitro angiogenesis model used in our studies has been previously described 

elsewhere20. Briefly, the system involves the culture of intact micro vessel fragments 

isolated from epididymal fat pads of Sprague-Dawley rats reconstituted in a collagen gel 

to create a vessel construct.  Vessel constructs were cultured in a 48 well plate with 10 % 
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FBS supplemented DMEM as culture media. Angiogenesis in our system begins, 

predictably, at Day 3 or 4 of culture and forms a uniform vascular network by Day 1420.   

 
Multiphoton microscopy 

In-situ imaging of micro vessels: Prior to addition of the microvessel fragments to the 

collagen construct, microvessels were imaged before and after digestion from the 

epididymal fat pad by dispersing tissue and cells on a slide.  The samples were imaged 

with a 150 fs pulsed titanium-sapphire laser (Mira 900, Coherent, Santa Clara, CA, λinc = 

780 nm) coupled to a laser-scanning confocal microscope (LSM 510, Carl Zeiss, Jena, 

Germany) and a 40X 1.3 NA oil immersion objective (Carl Zeiss).  2PEF and SHG 

signals were collected through a custom multiphoton filter (480 – 580 nm, 380 – 400 nm, 

Chroma, Rockingham, VT) and onto a non-descan PMT detectors (based on R6357, 

Hamamatsu, Hamamatsu City, Japan).   

 

Microvessel constructs:  Microvessel constructs were placed in an imaging/incubation 

chamber consisting of temperature controlled, oxygenated media flowed through a 

custom open imaging chamber compatible with a computer controlled mechanic stage.  

Optically inert media (46 mM glucose, 4 mM glutamine, 1X PBS) was employed to 

reduce background autofluorescence and light absorption.  A 20X/0.95 NA long working 

distance objective (XLUMPFL20XW, Olympus, Tokyo, Japan) was implemented for 

increased imaging depth and imaging chamber compatibility.  2PEF and SHG signals 

were collected at depths up to 500 μm with a 480 – 580 nm bandpass and 380 – 400 nm 

bandpass filter, respectively (λinc = 780 nm).   
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Coherent transmitted NIR imaging:  With the condenser removed, our setup allowed 

coherent transmission imaging where the observed contrast is based on distorted 

wavefronts of the excitation laser transmitting through the sample. Unfiltered transmitted 

light was collected onto a single PMT with minimal optics. The generated images were 

sensitive to phase objects such as cell membranes.   

 
Vessel construct perturbations 
 
Fixed vessel imaging:  Besides typical culture conditions, vessel constructs were also 

measured with fixed vessels.  In the fixed vessel experiments, vessel fragments were 

isolated from the fat pad and fixed with paraformaldehyde.  The fragments were then 

added to the collagen gel solution and polymerized constructs were imaged on Day 0 and 

Day 1 of incubation. 

 

Integrin blocking:  To block integrin binding in the microvessel constructs, 10 mM cyclo 

(GRGDSP) peptide (AnaSpec, San Jose, CA) was added to the construct prior to 

polymerization.  Vessel constructs were then polymerized and imaged on Day 0 and Day 

1 and compared to untreated control constructs.   

 

Early Polymerization Imaging:  Pre-polymerized vessel constructs were kept in an ice 

bath at 4 oC while under the microscope to prevent polymerization.  Microvessel 

fragments were imaged in 15 second intervals as the ice bath was brought to 37 oC by a 
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heated stage and in-line flow heater.  When the temperature reached 37 oC, the constructs 

were completely polymerized.   

 

Image  Processing 

For general presentation, basic image processing was applied to remove background in 

the SHG and 2PEF in Matlab. 

For all quantitative measurements, unprocessed images were analyzed with a custom 

designed Matlab program. The program allowed for user selection of areas in the 

microscopy images in order to determine region of interest (ROI) and reference regions 

for image statistics and collagen concentration profiles based on SHG intensity as well as 

sprouting vessel and collagen fibril orientation.  In the case of vessels sprouting into the 

collagen matrix, collagen fibril orientation was calculated based on a modified ridge 

based texture algorithm that determines ridge direction from local gradient fields and 

subsequent continuous vector field generation21.  Sprouting vessel direction was 

manually determined in the transmission image. 

 

Statistics 

To compare the orientation of fibrils in the ROI around the sprouting tips compared to the 

orientation of a reference region, two measures were computed in Matlab.  First, the 

absolute angle between the mean fibril orientation of the ROI or reference region and the 

vessel direction was calculated (denoted as vessel:fibril angular deviation).  Next, the 2nd 

moment of the angular distribution of fibril orientation was calculated to estimate the 
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variation in either the ROI or reference region (denoted as fibril angular variation).  

Further statistical analysis was completed using the JMP software platform (SAS 

Institute, Cary, NC).  Data were log-log transformed in order to meet the criteria of equal 

variability between the test groups and determined to be normally distributed with the 

normal quantile plot function.  Statistical differences between the ROI and reference 

regions were calculated based on a Wilks’ Lambda test. 

 

Results 
 

Collagen association with parent microvessels 

In the angiogenic sprouting model, microvessel fragments freshly isolated from adipose 

are suspended in pH-neutralized, cold collagen I and then placed at 37 oC to promote 

collagen polymerization. To understand how the polymerizing collagen interacted with 

the parent microvessel fragments, we imaged the early polymerization events focusing on 

the interface between microvessel fragment and collagen. We observed a hyper-intense 

SHG signal consistent with a concentrated amount of fibrillar collagen associated with 

the parent vessels immediately upon reconstitution within the forming collagen gel 

(Figure 1A and  Supplementary Movie 1 online).  Within a day of culture, the 

pronounced SHG signal remained around the vessel and localized to the perivascular 

cells. Also, a region of depleted signal appeared around the vessel fragment (Figure 1B, 

arrows).  To determine whether this collagen condensation process was active or passive, 

we fixed freshly isolated microvessel fragments with paraformaldehyde prior to collagen 
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reconstitution.  Fixed microvessels showed minimal interaction with the collagen fibrils 

following polymerization (Figure 1C) or after one day (Figure 1D), suggesting that the 

collagen association with the parent vessel wall requires biological activity.  However, 

the presence of an excess (10 mM) of the cyclo-GRGDSP peptide, a potent inhibitor of 

integrin-collagen binding22, during polymerization did not disrupt the association of  

collagen to the microvessel fragments (Figure 1E,F).  The SHG intensity ratio (region 

around the vessel wall versus reference region), an index of collagen content, was 

consistent with an immediate concentration of collagen upon polymerization along the 

microvessels that increased until Day 4 and remained relatively constant for the rest of 

the culture period (Figure 1G). Representative profiles of SHG intensity ratios across the 

microvessel width revealed the formation of zones depleted in collagen adjacent to the 

areas of collagen concentration at the vessel walls by 24 hours after polymerization 

(Figure 1H, arrows).  We observed that this depleted region remained associated with the 

parent vessel fragments throughout the rest of the culture period without changing 

appreciably in appearance (data not shown).  We next examined the nature of collagen 

organization in the adipose tissue used as the source of microvessel fragments to see if 

the collagen organization observed in the cultured microvessel-collagen constructs 

resembled that present in the native tissue. As seen in the cultures, microvessels in the 

adipose tissue also exhibited a pronounced layer of collagen (Figure 1I).  We could rule 

out that the fibrillar collagen observed in the cultures was due to collagen remaining on 

the fragments after isolation because freshly isolated microvessel fragments exhibited 

only residual strands of collagen around the vessel (Figure 1J).   
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We further investigated the interaction of collagen fibrils with microvessel fragments 

during construct polymerization with time-lapse microscopy.  We followed microvessels 

floating in cold collagen solution and, by increasing the temperature, observed the 

collagen spontaneously polymerizing to fibrils, emanating SHG signal (Figure 2 and 

Supplementary Video 1 online).  Initial fibrils formed in direct association with the 

microvessels prior to fibrils forming in regions of the construct without vessels.  By the 

time that the vessel construct was completely polymerized, a condensed collagen layer 

formed around the microvessel fragment (Figure 2).  These results indicate that collagen 

deposition is initially preferred on the intact microvessel surface with further 

condensation continuing after polymerization (Figure 1G).  

 

Matrix re-modeling at angiogenic sprout tips 

We next examined collagen fibril architecture around angiogenic sprout and growing 

neovessel tips in the constructs.  During early sprouting at Days 3 and 4, endothelial cells 

extended out from the parent vessel forming the initial leading tip of the sprout (Figure 

3A,C, arrow) while aligning collagen fibrils in a fan-like pattern with fibrils radiating out 

from the sprout tip into the matrix in the direction of the sprout (Figure 3B,D).  Collagen 

fibril re-alignment towards the tip of these early sprouts extended well beyond the length 

of the early sprout suggesting high fibril mobility along with dynamic fibril interactions.  

This fan-like distribution of fibrils was apparent in three-dimensions as the fibrils 

organized above and below the micro-vessel sprouts (Figure 3I).  Often, a single parent 
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fragment contained multiple sprouts, each of which re-organized collagen fibrils to some 

degree (Supplementary Video 2 online).  Interestingly, not all of these early sprouts 

progress to form neovessels due to sprout regression20. Following the early sprouting 

events on Day 3 and 4, microvessel sprouts that did not regress continued to grow into 

the collagen matrix forming a neovessel.  By day 6, the growing neovessel extended well 

away from the parent vessel (Figure 3E) as the tip continued to re-organize the preceding 

collagen fibrils but less noticeably compared to Day 3 and 4 (Figure 3F).  By day 9 of 

culture, the neovessel growth was substantial with multiple neovessels visible in a single 

field of view (Figure 3G) and collagen aligned in areas along the neovessels (Figure 3H, 

arrow).  In the neovessels the distribution of collagen along the vessel varied depending 

on the location in relation to the parent vessel.  At the neovessel tip (region furthest from 

the parent vessel) minimal collagen condensation was apparent while the middle region 

exhibited an increase in collagen and the base (region adjacent to parent vessel) exhibited 

an even greater association with collagen (Figure 4). 

 

Quantitative assessment of  collagen fibril rearrangement 

We further assessed collagen fibril orientation adjacent to sprout and neovessel tips via a 

custom program incorporating a modified ridge-based texture algorithm that determines 

ridge (collagen fibril) direction from local gradient fields and subsequent continuous 

vector field generation 21. An overlay of the fibril vector field with the multiphoton image 

revealed preferentially directed regions of fibrils surrounding the microvessel sprout 

(Figure 5A) and distributing uniformly along the general axis of the sprout extension 
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(Figure 5B).  More specifically, calculation of the average fibril angular direction, or 

vessel:fibril angular deviation, in a region of interest (ROI) compared to the sprout 

direction ( dirSprROI dirfibril __ − ) and fibril angular variation (2nd moment of fibril angle 

distribution) suggested that fibril angles at the end of sprouts were dramatically 

rearranged (Figure 5C), significantly differing from fibril distributions within regions 

away from sprouts (p = 0.0024, Wilk’s Lambda, n = 16).  At the tip of growing 

neovessels (i.e. days 6-9), fibrils are still orientated towards the axis of neovessel 

elongation (Figure 5D). However, there was less uniformity in fibril directions, 

particularly with neovessels of day 7 and day 9 cultures (Figure 5D).  Despite the less 

directed fibril orientation at the sprout tips at later culture days, the fibril orientation 

around the neovessel tips remained significantly different compared to regions away from 

microvessel structures (p = 0.013, Wilk’s Lambda, n = 24) although the oriented fibrils 

did not extend far away from the tips compared to the early sprouts.   

 

We analyzed the variation in collagen alignment illustrated in Figure 4 with SHG 

intensity profiles cross-sectional to neovessels to assess the distribution of collagen 

condensation at the middle and base regions of the growing neovessels.  In general, 

fibrillar collagen (bright SHG signals) was condensed along the growing neovessel in the 

middle and base regions (Figure 4).  However, collagen fibrils uniformly surrounded the 

neovessel at the base of the growing neovessel (i.e. near the parent vessel) (Figure 5E). 

On the other hand, in the middle regions of neovessels, collagen consistently condensed 
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along a single side of the sprout (Figure 5F,G), suggesting a unilateral process in this 

region. 

Discussion 
 
Previous in vitro models of angiogenesis have provided valuable insight into the 

importance of the extracellular matrix on endothelial cell migration and morphogenesis23, 

24.  However, these models have been limited to observation of endothelial cell 

morphology and migration without a method of assessing matrix reorganization. Here we 

extend this research by introducing the ability to directly visualize microvessel/matrix 

interactions in a dynamic and quantitative manner.   

 

Depending on the location along the vessel structure, we observed differential fibril 

alignment patterns. At the tip of nascent sprouts or advancing neovessels, collagen fibrils 

were aligned towards the vessel as if being pulled to the tip.  Though it is not yet clear 

what role the collagen fibril reorganization plays during neovessel sprouting, we 

hypothesize that the remodeling by the early sprouts and neovessel tips is a normal 

process in the initial sprouting event. The tip endothelial cell extends fillipodia into the 

surrounding matrix25, which is thought to provide directional anchors for the subsequent 

forward migration of the sprout26. As the cell moves forward, tension would be placed on 

the fibrils attached to these fillipodia and, if free to move, re-orient towards the sprout tip. 

Additionally, the re-alignment of the fibrils may also create a pathway through the matrix 

facilitating directed sprout advancement because migration of cells along rigid 

constituents is preferred2, 27.  We predict that the observed fibril re-arrangement occurs in 
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vivo during angiogenesis but perhaps not as dramatically since fibrillar collagen in the in 

vivo interstitium will likely be enzymatically cross-linked and bound to an additional 

meshwork of matrix molecules. 

  

In addition to fibril re-alignment at sprout and neovessel tips, we observed significant 

association of fibrillar collagen along neovessel structures. Given the presence of a 

similar fibrillar layer in the mature adipose microvessels (Figure 1I), we hypothesize that 

this association during angiogenesis is a precursor of post-angiogenesis maturation.  We 

propose that the layering of fibrillar collagen along the mid-regions of the growing 

neovessel are the existing fibrils re-oriented by the neovessel tip that have remained 

associated with the neovessel as it advanced. While the more extensive collagen layer 

associated with the neovessel base, which is an older and likely more mature structure, is 

due to new collagen deposition around this existing layered collagen. Our observation 

that a biologically active vessel surface acts as a nidus for type I collagen polymerization 

further suggests that if new collagen is synthesized in proximity to microvessel, it will 

condense preferentially around the vessels. Prolonged time-lapse video-microscopy of the 

growing neovessel should prove useful in addressing this issue.  

 

Taken together, these results suggest a dynamic modulation of extracellular fibrillar 

collagen by angiogenic neovessels captured by multiphoton microscopy of endogenous 

signals that reflects different aspects of neovessel formation and progression. Applying 

this model of angiogenesis combined with vital multiphoton imaging creates an avenue 
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for further insights into matrix dynamics and underlying molecular mechanisms. Given 

the significant role matrix plays in modulating angiogenic behavior, these changes in 

collagen organization likely contribute to neovessel behavior. Whether or not these local 

changes in matrix organization have a broader impact on tissue biology and mechanics 

during angiogenesis remains to be determined. 
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Figure 1. Micro-vessel associations with a collagen matrix (Imaging parameters: λinc= 
780 nm, λSHG = 380 – 400 nm, λ2PEF = 480 – 580 nm, scale bar = 20 μm).  (A)   
Following polymerization of the gel (1-2 hrs), vessel fragments interacted strongly with 
the collagen matrix with bright SHG (grayscale) observed at the vessel (2PEF, green) 
wall.  (B) After 24 hrs of culture collagen depleted regions form around vessel fragments 
(arrows).  (C)  Fragments fixed with paraformaldehyde show little interaction with 
collagen at early (1-2 hrs) and (D) later time points (24 hrs).   (E) 10 mM cyclic RGD 
peptide failed to block collagen condensation at 1-2 hrs and (F) after 24 hrs.  (G)  
Quantitative analysis of SHG intensity ratios from regions of interest (ROI’s) at the 
vessel wall to reference regions indicate an increase in collagen concentration around the 
vessel with culture time, but remaining relatively constant after Day 4 (box-and-whisker 
diagram).  (H) SHG profiles (intensity normalized and centered at the vessel middle) 
from vessel fragments observed in Figs. 1A&B highlight the early condensed collagen 
and subsequent formation of a depleted region (arrows).  (I) Micro-vessel/collagen 
association in its native environment reveals a substantial amount of collagen around the 
vessel wall (native SHG pseudo-colored red).  (J) Following vessel extraction, residual 
collagens surrounds a typical fragment in a helical fashion (3D projection). 
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Figure 2. Immediate collagen condensation during polymerization at the 
microvessel wall. (Imaging parameters: λinc= 780 nm, λSHG = 380 – 400 nm, λ2PEF 
= 480 – 580 nm, scale bar = 20 μm, time stamp in minutes:seconds).  (A) A 
microvessel fragment (2PEF, green) in pre-polymerized collagen reveals minimal 
SHG signal (grayscale).  (B)  After a minute the collagen construct begins to 
polymerize with the first fibrils appearing around the microvessel fragment. (C) 
Polymerization proceeds rapidly with continued condensation at microvessel.  (D) 
Fibrils form in the region away from the vessel and (E) by 11 min. 30 sec. the 
construct is completely polymerized.   
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Figure 3. By Day 3 and Day 4 of culture, micro-vessel fragments form early 
sprouts, modifying the collagen matrix.  (Imaging parameters: λinc= 780 nm, λSHG 
= 380 – 400 nm, λ2PEF = 480 – 580 nm, λtrans = unfiltered, scale bar = 20 μm).  (A)  
In transmission, an endothelial cell extension of an early sprout appears at the end 
of a parent fragment (arrow).  (B) The protruding cell body exhibits 2PEF (green) 
and rearranges collagen fibrils (SHG, grayscale) well beyond the parent vessel.  
(C) A pointed, smooth sprout furthers extends from the bumpy appearing parent 
vessel and (D) modifies the collagen fibrils into a fan pattern.  (E) As sprouts 
continued to extend and proliferate, long enough to cover the field of view, we 
consider them neovessels.  (F) Fibrils appear attached (arrow) at the end of a 
neovessel but not to the extent observed during early sprouting.  (G)  Multiple 
neovessels are observed in a single field of view on Day 9.  (H) One of the 
neovessels forms extended adhesions with collagen fibrils along its body (arrow). 
(I) A series of image slices illustrate the collagen fibril rearrangement around an 
early sprout in the axial dimension (slice depth indicated in μm).  The emboldened 
arrow signifies the center of the sprout.    
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Figure 4. Fibrillar collagen distribution varied in neovessels.  (Imaging 
parameters: λinc= 780 nm, λSHG = 380 – 400 nm, λ2PEF = 480 – 580 nm, λtrans = 
unfiltered, scale bar = 20 μm).  We divided neovessels into the three regions: 
the tip, middle, and base.  A long neovessel on Day 9 shows little association 
with the collagen (SHG, grayscale)  at the tip but exhibits a strong SHG signal 
along one side of the neovessel in the middle region (arrow) while at the base 
where the neovessel leaves parent vessel collage SHG signal localizes along 
both sides of the sprout (double arrows). 
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Figure 5.  Quantification of the collagen fibril orientation near the early sprouting vessels 
suggests collagen fibrils orient in a fan-like pattern centered about the direction of the 
sprout while neovessels exhibit varied associations with collagen.  (A)  We determined 
fibril orientation (yellow arrows) with a modified ridge detection algorithm as illustrated 
with the sprout from Fig. 3d.  For display purposes only half of the calculated orientation 
arrows are shown.  Areas in the image not reaching a reliability threshold for a detected 
fibril were not used (yellow dots).  We selected a sprout ROI (red line), a reference 
region (dashed black line), and a sprouting vessel direction (dashed red line). (B)  A 
histogram of the calculated fibril angles indicates the ROI fibrils center tightly about the 
vessel sprout direction (112o, dashed red line) compared to the reference region.  (C)  The 
deviation from sprouting direction (ordinate) and spread of fibril orientation (abscissa) 
shows a significant collagen fibril modification at the early sprout tips (p = 0.0024, 
Wilk’s Lambda, n = 16).  Data were log-log transformed to ensure equal variation 
between groups. (D) Neovessel tips exhibit less dramatic but still significant fibril 
modifications (p = 0.013, Wilk’s Lambda, n = 24).  (E) At the base of neovessels near the 
parent vessel, profiles (intensity normalized and centered at sprout center) indicate a 
uniform collagen layer surrounding the neovessel (standard error bars, n = 7).  (F) 
Profiles (intensity normalized and centered at neovessel side) for the middle regions 
suggest a unilateral distribution of collagen around the sprout (standard error bars, n = 9).  
(G) By z-stepping through the middle region, we found increased collagen condensation 
consistently along one side of the neovessel (scale bar = 20 μm).  
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Abstract 
 
Purpose: Ovarian cancer is the second most common gynecological cancer with the 

highest mortality among gynecological cancers. Currently, there is no accurate early 

diagnostic technique for ovarian cancer.  Furthermore, little is understood regarding the 

early progression of this disease.  We have implemented a viable imaging technique on 

ovarian biopsies using endogenous signals and multiphoton imaging to investigate 

differences between abnormal and normal tissue with an incubation/imaging system for 

transport of tissue from the operating room to the microscope.   

Experimental Design: The ovarian surface and underlying stroma were assessed with two 

photon excited fluorescence (2PEF) and second harmonic generation (SHG).  High 

resolution, optically sectioned images were analyzed to epithelial morphology based on 

2PEF and collagen density and structural integrity based on SHG.  Additionally, multi-

wavelength 2PEF provided an estimation of the cellular redox ratio of epithelial cells. 

Results: Normal tissue exhibited a uniform epithelial layer with highly structured 

collagen in the stroma while abnormal tissue exhibited varied epithelium with large cells, 

and substantial changes to the collagen structure.  Samples from patients with a high risk 

for developing ovarian cancer highly variable cellular redox ratios compared to samples 

from low risk patients while samples from patients diagnosed with cancer had the highest 

redox ratio.   

Conclusion: This study highlights differences in endogenous signals in viable ovarian 

biopsies beyond morphological features based on quantitative collagen structural changes 
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and redox ratio estimates that may lead to improved detection and further insights in 

ovarian cancer, particularly in the early stages of the disease. 
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Introduction 
 
Epithelial ovarian cancer is the second most common with the highest mortality among 

gynecological cancers (1).  A disease with unspecific symptoms, epithelial ovarian cancer 

typically goes undiagnosed until a late stage but can be successfully treated if diagnosed 

at an early stage (2).  Furthermore, little is understood in regards to the progression of 

epithelial ovarian cancer from early to late stage (3, 4).  It is therefore imperative to 

develop an early diagnostic measure for ovarian cancer to improve the outcome of the 

disease.  Additionally, in order to increase the specificity and sensitivity of an early 

diagnostic test it is necessary to better understand the fundamental changes in ovarian 

carcinogenesis.    

 

Serum markers for diagnosing ovarian cancer have been the focus of research for several 

decades, starting with the CA-125 (5), with more markers discovered recently (6, 7).  

However, these markers result in relatively poor sensitivity and specificity and it is 

unclear how early they can detect the disease (4).  One approach may be to use multiple 

markers in combination (7, 8) but the combination may vary for every patient.  Imaging 

modalities such as CT, MRI, and ultrasound also have shown promise for detecting 

ovarian cancer (9, 10) but fail to achieve the sensitivity needed for detection of ovarian 

cancer or pre-cancer (8).   

 

In other epithelial derived cancers, optical techniques including fluorescence 

spectroscopy of endogenous intracellular and extracellular constituents have 
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demonstrated clinical capacities for cancer detection (11-13).  Therefore, interrogating 

the endogenous optical signals of the ovarian surface may be an avenue for improved 

detection of the disease (14).  In order to develop diagnostically relevant optical 

techniques for ovarian cancer, it is imperative to define the key endogenous contrast 

constituents within the surface of the ovary and describe how these constituents relate to 

carcinogenesis related changes.  Moreover, for a thorough understanding endogenous 

contrast relative to early stages of the disease, a microscopic method is required to 

examine the optical epithelial and stromal signatures at a high three dimensional spatial 

resolution in normal patients and patients diagnosed with ovarian cancer as well as 

patients at a high risk for developing ovarian cancer.    

 

Recently, multiphoton imaging has been shown to be a powerful tool to image 

endogenous contrast in tissue (15, 16).  Several groups have applied this technique for in 

vivo cancer imaging (17, 18).  Multiphoton microscopy has several advantages over 

traditional confocal microscopy, including providing high resolution images at increased 

depths, minimal out of plane irradiation, and inherent optical sectioning.   Two-photon 

excited fluorescence (2PEF) and second harmonic generation (SHG) are two non-linear 

optical processes in multiphoton imaging directly applicable in biomedical imaging, 

providing endogenous contrast through cellular 2PEF and extracellular SHG (15, 19) or 

exogenous contrast with contrast agents such as GFP (20) or styryl dyes (21).  2PEF is an 

excitation process in which two photons are absorbed resulting in the emission of a single 

photon while SHG is a coherent scattering phenomenon whereby the incident wavelength 
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interacts with a non-centrosymmetric molecular structure resulting in the generation of 

coherent light half the wavelength of the incident.  Both of these processes can be 

combined and measured in a laser scanning microscope with a high power, short pulsed 

infrared laser.   2PEF and SHG have many biomedical imaging advantages including 

inherent optically sectioning, deep optical penetration, and minimal out of plane photo-

bleaching. 

 

When imaging endogenous contrast using 2PEF and SHG, several fluorophores and 

scatterers constitute a majority of the signal.  In 2PEF intracellular fluorescence arises 

primarily from NAD(P)H and FAD providing a cytoplasmic/mitochondria associated 

intraellular contrast as well as cellular metabolism (22).  Because NAD(P)H, maximally 

fluorescent in its reduced state, and FAD, maximally fluorescent in its oxidized state, 

molecules are directly linked to aerobic metabolism in the mitochondria, these 

constituents can be used to calculate a cellular redox ratio as an estimate of cellular 

metabolic activity (23, 24).    Extracellular 2PEF can be measured mainly from collagen 

and elastin, however, the main source of multiphoton contrast in the extracellular matrix 

(ECM) arises from SHG related to type I fibrillar collagen because of its repetitive nature 

(25).  Thus, applying multiphoton imaging to the surface of the ovary can result in a 

three-dimensional spatial localization of cellular and extracellular structures as well as 

cellular metabolic assessment with redox ratio estimates. 
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In this study we applied multiphoton imaging of endogenous contrast to viable ovarian 

biopsies from patients that had underwent an oophorectomy.  Based on morphological 

analysis of images from the ovarian surface as well as structural changes observed in 

collagen and redox estimates from epithelial cells, we present results comparing optical 

signatures between normal ovaries and abnormal ovaries from patients diagnosed with 

ovarian cancer along with comparisons between ovaries from patients at a low or high 

risk for developing ovarian cancer.  We observed abnormal changes consistent with focal 

cellular proliferation, cellular heterogeneity, loss of collagen integrity, and cellular redox 

alterations as well as some differences between low and high risk samples, particularly 

related to the cellular redox ratio.   

 

One important variable to not overlook when assessing endogenous signals from ex vivo 

tissue biopsies with multiphoton microscopy and attempting to correlate them with in 

vivo signals is the viability of the sample during the measurement procedure.  Viable 

tissue requires a controlled environment at a physiological temperature that provides 

oxygen and metabolic substrates while removing waste products.  Additionally, some of 

the endogenous signals such as NAD(P)H fluorescence are directly linked to cellular 

metabolism, further supporting the necessity of a physiologically matched environment.  

Although it is possible that tissue can be measured during a short period after removal 

from the blood supply with minimal changes in fluorescence signals, we have 

implemented a tissue incubation/imaging system in order to improve experimental 

efficacy and flexibility for measuring signals linked to cellular metabolism and to 
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compare results to in vivo spectroscopic data as well as facilitate the introduction of 

perturbing agents and/or vital stains. 

 

Methods and Materials 

All human investigations were performed after approval by the institutional review board 

and in accordance with an assurance filed with and approved by the Department of 

Health and Human Services.  Prior to measurements, informed consent was obtained 

from each subject or subject's guardian. 

 

Tissue incubating/imaging system 

A transportable system was developed for biopsy incubation and subsequent imaging at 

the microscope.  This system consisted of an incubation/imaging chamber maintained at 

37 oC perfused with oxygenated, optically inert media (Fig. 1).  Because we measured 

endogenous tissue signals, it was necessary to minimize background signal and light 

reabsorption due to the media.   We therefore formulated an optically inert media with a 

similar solute concentration as commercial culture media and sufficient components to 

provide metabolic substrates to the tissue (1X PBS, 46 mM Glucose, 4 mM L-glutamine).  

Following removal of the ovary from the patient through laparoscopic oophorectomy or 

open surgery, biopsies were adhered epithelial surface up to a coverslip with tissue 

adhesive and immediately placed into the incubation chamber at 37 oC.  The incubation 

system was contained on a portable cart with an independent battery based power supply 

such that during transport to the microscope the system remained at physiological 
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temperature with continued flow of oxygenated culture media.   For microscopy the 

entire incubation chamber was attached to the microscope stage so that the sample never 

left the media. 

 

Multiphoton imaging setup 

Samples were imaged with a Zeiss LSM 510 NLO upright laser scanning microscope 

(Carl Zeiss, Jena, Germany) coupled to a Mira 900 150 fs pulsed titanium-sapphire laser 

(Coherent, Santa Clara, CA).  Incident light was focused and emitted signals were 

collected with a 20X/0.95 NA long working distance physiology objective 

(XLUMPFL20XW, Olympus, Tokyo, Japan).   The laser was centered at λinc = 780 nm in 

order to excite NAD(P)H and FAD related 2PEF along with efficiently generate collagen 

SHG.  2PEF and SHG signals were collected in the epi-fluorescence configuration, split 

with dichroic mirrors, through custom multiphoton bandpass filters (2PEFblue = 400 – 500 

nm, 2PEFgreen = 500-600 nm, SHG = 380-400 nm, Chroma, Rockingham, VT) and onto 

non-descan PMT detectors (based on R6357, Hamamatsu, Hamamatsu City, Japan).  

Images stacks were collected starting at the ovarian surface and focusing into the 

underlying stroma at depths up to 200 μm.    

 

Rapid tissue viability assessment  

In order to determine the viability of the tissue following a measurement session, we 

developed a rapid, straightforward method based on two water soluble dyes: propidium 

iodide (PI) and acridine orange (AO) (Molecular Probes, Carlsbad, CA).  PI, with an 
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emission maximum at 630 nm, preferentially stains the nucleus of cells with 

compromised plasma membranes.  AO enters cells through passive diffusion, stains 

single and double stranded nucleic acids and has an emission maximum at 520 nm if 

bound to DNA.  The concentration of PI was optimized to maximize PI binding in 

membrane compromised cells compared to AO for a rapid spatial assessment of viable 

and compromised cells in the tissue.   Simultaneous imaging of PI and AO was possible 

because both are excited by a 488 nm argon laser but have emission spectra separated for 

distinction between the two.   Following removal from the culture media, the ovaries 

were incubated in a solution of AO (100 nM) and PI (3.3 μM) for 5 minutes and then re-

imaged with the confocal microscope allowing for immediate viability feedback.   

 

Viability verification 

Murine surrogate ovaries were made available immediately after sacrifice of the animal 

and sections of these ovaries were directly placed in the incubation chamber.  Optically 

inert media was bubbled with 100% oxygen and pumped through the chamber, 

maintained at 37 oC.  Ovaries were removed every 30 minutes and stained with the AO/PI 

based live/dead cell stain.  Image stacks were subsequently collected from the ovarian 

surface down to 100 μm into the stroma.  From these images the number of red 

(compromised) cells and green (viable) cells for each optical slice were quantified.  As a 

positive control, some ovaries were placed in 70% ethanol prior to AO/PI staining.   

 

Confirmation of NAD(P)H related 2PEF 
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Intracellular NAD(P)H related 2PEF was confirmed by introducing sodium cyanide 

(NaCN, 8 mM) to the media.  NaCN blocks the electron transport chain in the 

mitochondria resulting in a buildup of NAD(P)H and a corresponding increase in 

fluorescence intensity associated with NAD(P)H as found previously in measurements on 

cell suspensions (23).  Cellular fluorescence before and after NACN treatment was 

calculated by cellular regions from each image and measuring their corresponding 

fluorescence intensity. 

 

Intracellular emission standards 

In order to estimate the cellular redox ratio (further described in Image processing 

section), it was necessary to measure the NAD(P)H and FAD contribution to each of the 

2PEF collection channels.  NADH (Sigma-Aldrich, St. Louis, MO), a standard for both 

NADPH and NADH because of their spectral similarities (26), was dissolved in 1X PBS 

for a final concentration of 10 mM and the solution was measured through a coverslip  

with a 40X 1.3 NA oil immersion objective (Carl Zeiss) and λex = 780 nm.  The 2PEFblue 

channel and 2PEFgreen channel were measured with equal gain on each PMT.  The gain 

was set by optimizing the signal intensity in the 2PEFblue channel since NADH’s 

emission maximum lies in this channel.  FAD (Sigma-Aldrich) was dissolved in 1X PBS 

for a final concentration of 10 mM and imaged similarly to NADH except the signal 

intensity in the 2PEFgreen channel was optimized since FAD’s emission maximum is 

located in this range.     
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Image processing and analysis 

Images were processed with Matlab (Mathworks, Natick, MA) except for the 3-D image 

projections that were created with Zeiss LSM Image Browser.  Images were optimized 

for visual presentation by background thresholding and histogram stretching.  In some 

cases, we observed hyperintense punctate 2PEF associated primarily with the ovarian 

surface and it often masked the intracellular 2PEF of epithelial cells.  Punctate 2PEF has 

been previously reported in tissue but its origins are unknown (27).  To enhance the 

epithelial cell morphology, 2PEF images were acquired with saturated intensity signals in 

the location of the punctate structures and high signal (but unsaturated) in regions 

consistent with intracellular fluorescence.  In post-processing of these images for 

visualization, the saturated pixels were selected and replaced with random values at 

similar values to the image background intensity.  Additionally, neighboring pixels (up to 

two pixels) to the saturated regions were included in the random value replacement so 

that sharp intensity transitions in the image were avoided (further illustrated in results).  

To overlay the 2PEF and SHG images into a single image, 2PEF pixels were pseudo-

colored green and combined with gray-level encoded SHG pixels to form an RGB image 

where the three colors were defined as red = SHG, green = 2PEF + (1-2PEF)*SHG, blue 

= SHG.  Although these image processing techniques improved image contrast and 

presentation, for all quantitative analysis only the unprocessed images were analyzed.   

 

For collagen assessment based on SHG, we calculated the gray-level co-occurrence 

matrix (GLCM) of the SHG image.  The GLCM provides texture features based on 



 

157

differences between gray level statistical patterns in neighboring pixels.  In particular, the 

correlation feature, a measure of intensity correlates with pixel distance, corresponds to 

collagen fibril structure by indicating fibril size and separation (28).  The correlation was 

calculated for distances ranging from 1 to 30 pixels (2 to 60 μm) in the horizontal 

direction.  The horizontal correlation was calculated because the fibril direction was 

relatively random and GLCM correlation in the vertical or diagonal directions yielded 

similar results.  For GLCM correlation calculations, regions in the SHG images were 

selected near the epithelial surface, avoiding regions deep in the stroma, and up to four 

consecutive optical slices were averaged to yield a correlation curve for each biopsy.  

Besides utilizing the GLCM for texture analysis, we also assessed the spatial frequency 

content of the SHG images.  Each image slice was projected into 180 angular projections 

with the radon transform.  Next, the discrete Fourier transform was calculated for each 

projection resulting in the projection-slice Fourier transform.  From the projection-slice 

Fourier transform, spatial frequency bands were calculated based on the magnitude of the 

Fourier transform.  Frequency bands included low (after removal of the DC component), 

middle, and high frequencies. 

  

Cellular redox estimates based on two channel 2PEF of subcellular regions were 

calculated ratiometrically from estimated NAD(P)H and FAD related fluorescence to 

minimize interfering factors such as scattering and absorption (24).  Assuming that 

intracellular fluorescence in the wavelength range 400-600 nm arises primarily from 
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NAD(P)H and FAD, we predicted the that 2PEF in the 2PEFblue and 2PEFgreen channels is 

proportional to the probed concentration of NAD(P)H and FAD contributions, 

][)1(])([2 FADHPNADPEFblue ∗−+∗≅ αα  

][)1(])([2 FADHPNADPEFgreen ∗−+∗≅ ββ  

Where the 2PEFblue channel is related to the concentration of NAD(P)H and FAD by a 

weighting factor α.  Likewise, the 2PEFgreen channel is related to the concentration of 

NAD(P)H and FAD by a weighting factor β.  Futhermore, from the NADH and FAD 

standard solution images, the contribution of each individual fluorophore to the two 2PEF 

channels (2PEFblue and 2PEFgreen) was computed from the average intensity 

(2PEFblue,SNADH , 2PEFgreen,SNADH , 2PEFblue,SFAD , 2PEFgreen,SFAD).  By taking the two cases 

from the standards measurements where the [FAD] was zero and substituting the 

ratiometric values calculated for the NADH standard (2PEFblue,SNADH /2PEFgreen,SNADH) 

and where the [NAD(P)H] was zero and substituting the ratiometric values calculated for 

the FAD standard (2PEFblue,SFAD /2PEFgreen,SFAD), we solved for the α and β weighting 

factors.  Finally solving for NAD(P)H and FAD concentrations, we found,     
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Based on the predicted NAD(P)H and FAD contribution, the cellular redox was defined 

as a ratio between the two as described previously (23), 
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Once the redox estimate was defined, it was applied to two channel 2PEF images of 

surface epithelium in the ovarian biopsies.  To be accurate and consistent, we developed a 

segmenting routine in Matlab to automatically separate the cellular regions from other 

2PEF generating areas.  Before segmentation, the FAD estimated concentration (eq. 2) 

was calculated pixel by pixel in the image because there was a strong contrast between 

FAD estimation in cellular regions and pseudo-FAD estimation in non-cellular regions.    

By thresholding the FAD image at values consistent with cellular regions and converting 

the image to binary, we generated a mask indicating the location of cells.  This masked 

image was cross-correlated with another binary image of a circular structure 

approximately the size of a cell to smooth the FAD generated mask.  The final 

thresholded cross-correlation image was used to create a binary mask for selection of 

cellular regions in the NAD(P)H and FAD calculated images.  One last user-defined cell 

manual cell selection on the segmented image was incorporated to remove any small non-

cellular regions that may have not have been full removed.  Additionally, any areas of 

hyperintense punctate 2PEF in the segmented image were removed for redox calcuations.  

The pixel by pixel redox ratio (eq. 3) for all the cells in the image as well as the average 

redox ratio was then calculated from the final segmented NAD(P)H and FAD images.   

    

Statistics 

All statistical analysis was performed in the JMP software platform (SAS, Cary, NC). 
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Histology 

Following imaging, we fixed the ovarian biopsies in paraformaldehyde for standard H&E 

staining.  Sections were read by a gynecologic pathologist to determine the diagnosis 

associated with the imaged region.   

 

Results 

In order to develop a successful incubation/imaging chamber, it was necessary to test the 

viability of tissue maintained in system.  For verification purposes, murine ovaries were 

removed and placed immediately in the imaging/incubation chamber.  We assessed 

viability of tissue in our system with a rapid AO/PI assay developed for fast feedback in 

tissue culture.  A total of 3 mice (6 ovaries, 12 biopsies) were imaged for each time point.  

Interestingly, the ovaries exhibited a substantial number of compromised cells after only 

30 minutes in culture (Fig. 2A) but the proportion of compromised cells compared to 

viable cells decreased with culture time (Fig. 2B).  By calculating the ratio of 

compromised to viable cells in the stained ovaries (red/green ratio), we found that the 

tissue underwent several stages when introduced to the incubation/imaging system (Fig. 

2C).  Initially, the tissue adjusted to the new ex vivo environment during a “conditioning” 

phase exhibiting a proportion of compromised cells.  Because the cells were equilibrating 

with the incubation chamber, the plasma membrane was subject to transient permeability, 

allowing the PI to pass more easily into viable cells.  However, as the tissue remained in 

the incubation chamber, the ratio of compromised cells to viable cells decreased 
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exponentially with a 30% reduction by 1 hour and minimal compromised cellular staining 

after 2 hrs.  When ovaries at this sustained stage were insulted with 70% ethanol, the 

red/green viability ratio increased immediately, consistent with cellular damage.  These 

data suggest an optimal window for imaging stable, viable tissue in our system starts after 

an initial transition period on the order of 30 minutes and extends for at least several 

hours.   

 

Next, ovarian biopsies from patients undergoing laparoscopic oophorectomy were 

measured with the system. On a subset of these biopsies, the viability was assessed 

following the imaging procedure.  These biopsies consistently exhibited a majority of 

cells staining live with only a few compromised cells visible in the surface epithelium 

(Fig. 2D).  Conversely, in ovaries that were difficult to excise during surgery, a 45 minute 

delay in sample introduction to the incubation system lead to apparent adverse effects 

with excessive red cells appearing in the biopsies (Fig. 2E).  Based on the results of the 

AO/PI assay, all of the biopsies used for analysis, specifically analysis focused on 

metabolic related fluorescence, had been immediately placed in the incubation system 

following surgery and imaging during the optimal experimental window.  This 

experimental window started 45 minutes after sample removal and extended up to 4 

hours, allowing for flexible measurement times due to unpredictable surgery schedules 

and restricted microscope scheduling time.     
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We have imaged 53 ovarian biopsies from 31 patients in this study.  Patients ranged in 

age from 28-73 yrs old and were pre, peri, or post menopausal.  Of the patients measured, 

4 were diagnosed with ovarian cancer (5 biopsies), 1 found to have endometriosis (2 

biopsies), and 25 diagnosed with normal ovaries (46 biopsies).  Additionally, normal 

patients were stratified by their risk status for developing ovarian cancer (normal-low or 

normal-high risk), a measure based primarily on the presence of germline mutations and 

family history of cancers.  Images used for analysis were selected based on image quality 

and presence of key features such as surface epithelium.  Some biopsies were imaged 

upside down on the surgically cut side of the biopsy and therefore excluded from 

analysis.  For quantitative analysis collagen structure using SHG, representative images 

from biopsies with the same magnification and quality image quality resulted in 31 

samples from 30 patients.  In redox ratio estimates based on cellular 2PEF, only biopsies 

measured with two-channel 2PEF, a method not fully developed until after the start of the 

study, were used resulting in 37 samples from 15 patients.     

 

Intracellular 2PEF, extracellular 2PEF, and strong extracellular SHG were observed in 

the ovarian biopsies.  In addition, bright punctate 2PEF was common in the images, 

particularly on the ovarian surface.  An example of a normal ovarian surface is shown in 

Figure 3A with highly organized epithelial cells forming a single layer on top of the 

collagen dominated stroma correlating well with an H&E stained section from nearby 

region (Fig. 3B).  In Figure 3A the 2PEF channel has been processed for removal of 

punctate fluorescence.  Originally the 2PEF from surface epithelium was convoluted with 
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bright fluorescent structures (Fig. 3C) but image processing (see Methods and Materials 

section) produced a distinct image of the intracellular 2PEF (Fig. 3D).  Although this 

technique of removing punctate fluorescence was not applied for any quantitative 

analysis, it improved visual inspection of the surface epithelium highly convolved with 

punctuate structures.    

 

To confirm that intracellular 2PEF was related to NAD(P)H fluorescence, we introduced 

8 mM NaCN, a potent mitochondrial transport blocker that increases the pool of 

fluorescent NAD(P)H compared to non-fluorescent NAD+ (29), to the culture media.  An 

immediate increase in cytoplasmic fluorescence was evident (Fig. 3E,F) with 

fluorescence intensity associated with cells starting at 82.3 +/- 8.29 (s.d.) a.u. pre-NaCN 

and reaching 129.7 +/- 9.3 (s.d.)  a.u. 5 minutes post-NaCN.  It should be noted that the 

punctate fluorescence did not increase with NaCN treatment.  This increased fluorescence 

signal confirmed that a substantial contributor to the 2PEF signal originated from 

NAD(P)H related fluorescence while at the same time confirming that the tissue was 

viable at the time of imaging due to the disruption of active mitochondrial processes by 

NaCN. 

 

By comparing the 2PEF and SHG from normal and abnormal ovarian biopsies, we 

extracted key features similar to a histological analysis but achieved images on live 

biopsies without the necessity of sectioning and staining the tissue.  Depending on the 

orientation of the tissue surface in relation to the incident light, single channel 2PEF 
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combined with SHG in normal biopsies revealed surface epithelium similar to en face 

imaging (Fig. 3A, 4A), a valuable configuration for assessing epithelial organization, as 

well as a distinct surface epithelium separated from the stromal layers similar to 

transverse imaging (Fig. 4C), key for assessment of the epithelial/stromal interface 

architecture.  In biopsies from patients diagnosed with ovarian cancer, abnormal 

morphological changes were observed consistent with focal cellular proliferation (Fig. 

4E), cells heterogeneous in shape and size (Fig. 4I,J), and loss of collagen structure and 

integrity with depth (Fig. 4J,K).  Interestingly, in non-diseased tissue described 

histologically as having focal epithelial stratification, perhaps an indicator of pre-

neoplastic changes, we also observed abnormal areas of surface epithelial growth 

combined with depleted collagen beneath (Fig. 4G). 

   

We further investigated the importance of local collagen fibrillar structure proximal to the 

epithelial surface with SHG images.  First examining the normal samples, we found that 

collagen structure based on visual analysis of SHG was consistent with age-related 

changes.  In younger patients the collagen appeared more linearly structured with long, 

straight fibrils while in older patients the structure of the collagen became more diffuse 

and curved in nature (Fig. 5A, B).   

 

To quantitatively assess these collagen related changes, we applied texture analysis to the 

SHG images with the GLCM, a tool for comparing gray levels of neighboring pixels.  In 

particular, the correlation feature extracted from the GLCM provided an estimate of 
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collagen fibril organization and structure (28).  By calculating the correlation as a 

function of pixel distance, local collagen structure was assessed.  For example, the 

adjacent pixel to the pixel of interest will be highly correlated if it is within the fibril 

(similar gray-level).  With every pixel further from the original pixel, the correlation is 

calculated to the original pixel.  When measuring the correlation laterally across a fibril, 

this correlation will decrease differentially depending on the fibril structure.  A more 

defined, structured fibrils result in a rapid decrease in correlation with distance while 

diffuse fibrils exhibit a slower fall off in correlation with distance. 

 

By analyzing the dependence of this correlation feature on patient age in normal samples, 

we found that the correlation remained higher with increased distance as age increased 

consistent with a more diffuse collagen structure in older patients (Fig. 5C).  

Furthermore, we found a slight increase in the correlation at increased distance between 

normal-low risk and normal-high risk samples in the group over 50 yrs although the 

differences were not significant (Fig. 5D).  All patients over 50 yrs were post-menopausal 

while patients under 50 yrs were pre or perimenopausal.  These results suggest that there 

may be some slight structural collagen changes in the normal-high risk post-menopausal 

group indicative of early changes in an at risk group.   

 

For assessment of abnormal tissue, the collagen integrity was compared between cancer 

samples and normal samples from the 50-57 year age group (all post-menopausal) 

because four out of the five measured cancer samples were in this age group (n = 4 for 
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normal, n = 5 for cancer).  Visually, the SHG images in these two groups differed in 

structure with the normal biopsies exhibiting normo-typic structured collagen fibrils near 

the epithelial surface and the abnormal biopsies from patients with cancer resembling a 

loss of fine structure with a different structural organization consistent with wavy, diffuse 

collagen fibrils (Fig. 5E,F).  We also compared collagen from a 28 year old patient in a 

region of the tissue that exhibited atypical surface epithelium (Fig. 5G).  The collagen 

fibrils below this surface epithelial growth were depleted and appeared to lose structural 

integrity similarly to the abnormal tissue.   

 

More specifically, in normal tissue the gray-level correlation fell off sharply with 

distance suggesting distinct, linear fibrils distinguishable at less than 2 μm in width while 

abnormal tissue correlation remained elevated as distance increased suggestive of less 

defined fibrillar structure (Fig. 5H).  The correlation the cancer group was even greater 

with pixel distance than the correlation found in the older patient group (Fig. 5C) and the 

change in collagen structure also appeared different in abnormal tissue compared to 

normal tissue from older patients.  In abnormal tissue the collagen fibrils were typically 

wavy or crimped in appearance (Fig. 5F) while collagen fibrils in older patients appeared 

diffuse but still retained some normal fine structure (Fig. 5B).  Further, the pixel distance 

where the correlation dropped below the 50% of the initial value (Corr50) was determined 

to estimate decrease in correlation with distance.  The Corr50 in normal tissue from 

patients age 50-57 differed significantly from the Corr50 from abnormal patients (Fig. 5F , 

p = 0.0006, n = 9, two-tailed t-test on log transformed Corr50 distance).    Moreover, the 
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correlation from the sample near the focal growth in a normal ovary (Fig. 5G) was 

consistent with correlation measured in abnormal samples (Fig. 5H, blue dashed line).  

We confirmed the change in SHG texture with spatial frequency image analysis on each 

SHG optical slice used in the correlation analysis and found a significant difference, with 

the lower spatial frequencies increased while the higher spatial frequencies decreased in 

the cancer group compared the normal group (p < 0.00000000001, n = 37, two-tailed t-

test on ratio of lower frequency versus middle frequency magnitude).  This change in 

spatial frequency was consistent with an alteration in collagen fibril fine structure 

(reduction of higher spatial frequencies) in the cancer group as observed with the 

correlation feature.    

 

Beyond the morphological information provided by 2PEF and SHG images as well as the 

texture analysis of SHG images, we also implemented two-channel 2PEF to estimate 

cellular redox ratio, a ratiometric estimate of aerobic metabolism, based on NAD(P)H 

and FAD related fluorescence.  Because we used 780 nm as our excitation wavelength, 

we were able to excite these two fluorophores simultaneously due to their overlapping 

2PEF excitation spectrum (22).   Based on system calibration with NADH and FAD 

standards, we estimated the NAD(P)H and FAD contributions (eq. 1 and 2) in the 2PEF 

images and used these to estimate the cellular redox ratio (eq. 3).  Generally, we found 

that the NAD(P)H related signal dominated the intracellular fluorescence but the FAD 

related signal was still measurable albeit at low levels.   
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In order to calculate the redox ratio from intracellular 2PEF locations only, we segmented 

the images so that only cellular regions were analyzed.  Images were segmented by 

taking advantage of the FAD estimated values.  Since the FAD related signal found in 

cellular regions contrasted strongly with predicted, though not actual, FAD in the 

extracellular space and background, we were able to threshold the FAD image, cross-

correlate it with a cell shaped feature image, and apply additional thresholds to go from 

an image with intracellular, extracellular, punctate, and indiscriminant fluorescence to an 

image with primarily intracellular fluorescence (Fig. 6A,B).  Using these segmented 

images, we calculated the redox ratio pixel by pixel to produce a redox distribution on the 

segmented images (Fig. 6C).    A lower redox ratio suggests a more metabolically active 

cell consistent with a larger proportion of the mitochondrial metabolic co-factors in the 

reduced state providing increased aerobic energy production for the cell.  In images 

where the cellular morphology distinctly differed within a field of view, we assessed the 

redox ratio variation in different groups of cells. For example, in a normal-high risk 

sample, a population of large cells was located near a group of smaller, more compact 

cells (Fig. 6D).  When comparing the redox ratio values in these two groups of cells, the 

redox values appeared similar (Fig. 6E), however, the smaller cells had a slightly lower 

and less variable redox ratio (0.11 +/- 0.05 s.d.) than the larger cells (0.12 +/- 0.07).  

Most commonly, however, the redox ratio estimates were similar for all the cells within 

the field of view. Therefore, for an overall comparison between normal-low risk, normal-

high risk, and abnormal ovaries from cancer samples, we determined the mean redox 

ratio for groups of cells in the field of view at tissue surface.  Normal-high risk redox 
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ratios fell between the normal-low risk and the cancer group redox ratios (Fig. 6F).    

Interestingly, the normal-low risk samples exhibited the lowest redox ratios while the 

normal-high risks samples had highly variable redox ratios and cancer samples resulted in 

the highest average redox ratio.      

 

Discussion 

We have developed an incubation/imaging system capable of transporting ovarian 

biopsies from the operating room to the microscope for multiphoton imaging in an 

environment for consistent measurement of endogenous signals and extended 

experimental imaging periods in which the tissue remains viable.  Tissue maintained in 

the chamber exhibited a refractory period following introduction into the system where a 

substantial number of cells stained as compromised.  However, this appeared to be due to 

transient cell membrane permeability as the tissue was first adapting to the new 

environment allowing the typically impermeable dye to penetrate the cells.  As the tissue 

remained in the incubation/imaging chamber, it stabilized and a majority of the cells from 

the ovarian biopsies stained as viable after several hours of incubation and 

experimentation.  Thus, our system then allows for tissue to be maintained in a stable 

environment over time, a critical element for measuring of functionally linked cellular 

endogenous signals and comparison to in vivo optical measurements. 

 

Multiphoton images from the ovarian biopsies varied from normal to abnormal tissue as 

well as with other factors such as patient age and menopausal status.  Several key features 
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were observed in the images.  First, when imaging normal surface epithelium, the cells 

were closely packed and were 1-2 layers thick with diffuse intracellular fluorescence 

accompanied by bright punctate fluorescence both inside and outside the cells.  This 

homogenous size of cells and uniform distribution was expected in normal functioning 

surface epithelium based on our confocal microendoscope images from ovaries 

(unpublished data).  The epithelial surface of abnormal tissue was marked by cells of 

varying sizes and multiple layers of these cells appeared clumped together.  This was 

consistent with neoplastic cellular hallmarks including hyperproliferation and cellular 

heterogeneity.  Generally, there was a lack of the punctate fluorescence in these abnormal 

regions.  The significance of these punctate structures is not entirely clear and most likely 

serves minimal diagnostic value.  By removing the punctate fluorescence from the 

ovarian surface related 2PEF, we improved the visual contrast of the epithelial layer(s).   

 

Another key feature extracted was the collagen structure and organization in the stroma 

based on the SHG signal.  Collagen structure in younger patients typically appeared more 

linearly organized while slight alterations of to structure such as loss of fibril 

definitiveness were visibly observed in older patients consistent with age related collagen 

changes as observed by others (30).  In the cancer group the collagen structure was 

distinctly changed compared to normal tissue from the same age group of patients.  

Collagen from the cancer group appeared as wavy or crimped rather than more linearly 

structured as in the normal tissue.  This collagen structure feature appears similar to the 

wavy structure of collagen in a relaxed tendon and may reflect a loss of collagen cross-
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links or components maintaining normal collagen organization.  Furthermore, the 

collagen structure was both degraded and structurally modified in areas below focal 

growths of cells or epithelial stratifications.  This is consistent with results from other 

groups where collagen depletion imaged with SHG was a discriminating factor in oral 

malignancies (18) yet the substantial observed change to collagen appeared to be related 

to the fibril structure rather than loss of collagen. Thus, the combination of 2PEF and 

SHG for basic morphologic assessment may be applied as in situ histology in viable 

tissue. 

 

Beyond visible features extracted from the tissue, we found quantitative changes to the 

collagen structure based on texture analysis.  The gray-level correlation feature from the 

GLCM provided an understanding of collagen fibril integrity as a function of patient age, 

risk status and diagnosis.  Of particular interest, in older post-menopausal patients, 

samples from the normal-high risk groups exhibited a trend of increased correlation or 

change of collagen fine structure.  This change in correlation in the normal-high risk 

group shifted in the direction of correlation from the cancer group where we observed a 

significant change in collagen structure in abnormal tissue from the cancer group 

compared to normal tissue.  Spatial frequency analysis, a computationally faster approach 

but less descriptive approach compared to the GLCM, resulted in similar significant 

differences between normal and cancer samples and may be a fast analysis approach to 

detect fibril organizational changes.  These data from texture analysis suggest that the 

collagen SHG signal may serve as a marker of abnormal changes due to alterations of 
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extracellular matrix integrity.  Additionally, specific regions in normal biopsies that 

exhibited focal epithelial growth were accompanied by collagen associated texture 

changes consistent with those found in biopsies from patients diagnosed with cancer.  

The interaction between the extracellular matrix and transformed neoplastic cells is 

thought to be a key element of cancer induced angiogenesis and invasion (31).  The 

extracellular matrix must be modified up for these steps to occur, however, the 

extracellular matrix structures are still necessary for cellular movement and infiltration.  

Prior to the “angiogenic switch” and invasion, carcinoma in situ may even alter the local 

collagen structure based on cellular proliferation and expression changes such as 

increases in proteases.  Given the unique epithelial structure in the ovary, where one to 

two layers of cells cover the underlying stroma compared to a multi-layered epithelium in 

other locations such as the cervix, it is possible that the interaction between the surface 

epithelium and nearby stroma is enhanced with early abnormal cellular function. We 

predict that collagen changes in the extracellular matrix may occur even in pre-neoplastic 

environments of hyperproliferation and altered cellular expression, and that SHG may 

prove to be useful for assessment of these lesions.  Alternative technologies that are 

sensitive to collagen structure such as optical coherence tomography (OCT), scattering 

spectroscopy, and confocal reflectance microscopy may also demonstrate the ability to 

detect early ovarian cancer changes.  

  

NADH related 2PEF dominated the cellular contribution at λex = 780 nm and, in addition 

to providing a morphological representation of the surface epithelium, allowed for an 
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estimate of cellular metabolism in combination with FAD related 2PEF.  We have 

previously shown that redox changes are primarily determined by the NAD(P)H related 

fluorescence while the FAD related fluorescence serves as more of a normalizing factor 

(23).  2PEF based redox calculations reflected that NAD(P)H related fluorescence 

strongly influenced the redox ratio although the FAD related fluorescence was key for 

specifically selecting regions of intracellular 2PEF in the images and normalizing the 

NAD(P)H signal.  Somewhat surprisingly, the redox ratio from the surface epithelium of 

normal-low risk samples was the lowest suggesting this tissue had the highest aerobic 

mitochondrial metabolism while normal-high risk samples had a highly variable redox 

ratio and the abnormal samples from the cancer group resulted in the highest redox ratios.  

Furthermore, the redox ratio values for the normal-low risk samples were similar to those 

we have previously calculated for suspensions of ovarian cancer cells under normal 

culture conditions (23).  Although it may be expected that the abnormal tissue would 

have the lowest redox ratio due to highly metabolizing neoplastic cells, we hypothesize 

that the low, relatively consistent redox ratio of normal-low risk tissue reflects a normal 

functioning surface epithelium dependant on mitochondrial aerobic metabolism while 

cells measured in abnormal tissue were from large tumors may have been substrate and 

limited, therefore limiting their aerobic metabolism.  In addition, invasive neoplastic cells 

often exhibit a glycolytic phenotype even in an aeroboic environment (32).  This 

phenotype may be reflected in a higher redox ratio because of a shift in the NAD(P)H 

pool in the cell that is no longer dominated by mitochondrial related NAD(P)H.  In 

normal-high risk patients both a large variability of redox values was observed consistent 
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with the normal-high risk group spanning the spectrum between normal and cancer 

samples.  Using endogenous 2PEF based redox imaging, “hot spots” may be present in 

early ovarian neoplasms to identify these abnormal regions and the redox ratio sensitivity 

may be further improved by optimizing detection of NAD(P)H and FAD related 2PEF 

with multi-wavelength excitation or fluorescence lifetime imaging. 

  

Taken together, these results suggest that with our viable imaging system, we can assess 

the ovarian surface with multiphoton microscopy of the endogenous constituents in the 

epithelial layer and underlying stroma.  Given the morphological information present in 

multiphoton imaging of the ovary, this technique may potentially be translated as an in 

vivo corollary to histology as a so called “optical biopsy.”  However, the additional 

intriguing results from this study regarding the collagen structure beneath the surface 

epithelium and redox ratio of the surface epithelium may provide sensitive biomarkers in 

ovarian cancer as well as aid in the elucidation of early processes in ovarian 

carcinogenesis. 
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Figure 1. Schematic of in vitro incubation/imaging system.  Biopsies were 
placed in an open chamber and perfused with heated, oxygenated, optically 
inert media.  The chamber was adapted for attachment to the microscope and 
the stage was heated in addition to the media for a stable temperature.  
Multiphoton images were collected with a physiology lens dipped into the 
media.  
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Figure 2.  Assessment of incubation/imaging system with rapid viability assay.  A) 
Mouse ovaries were removed and immediately placed in the incubation system.   After 30 
minutes in the system, a 3D projection of the mouse ovarian cells reveals a number of 
compromised (red) along with a majority of viable cells (green).  B)  A 3D projection at 
150 minutes of culture suggests the ovarian tissue remained stable in the incubation 
system with minimal compromised cells (red) present amongst viable cells (green).  C)  
Tissue responded to the incubation system in an adaptive manner.  Using the ratio of red 
to green cells, it is apparent that initially the tissue had more compromised cells with the 
amount decreasing and stabilizing by 120 min.  *The red/green ratio of the stabilized 
tissue at 150 min. was significantly different than the other time points (p < 0.05, Tukey-
Kramer HSD).  The symbols + on the box-and-whisker diagram represent outliers and the 
bars represent the total extent of the data.  A subsequent insult to the tissue with ethanol 
immediately resulted in cellular damage.  The dashed line indicates the grand mean of the 
data.   D)  Viability staining following mulitphoton imaging of a typical human ovary 
biopsy kept in the incubation system was consistent viability throughout the experiment.  
E) In a case where the biopsy was not immediately placed in the incubation system, 
increased areas of compromised cells (red) were apparent.  Scale bars for all images are 
20 μm. 
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Figure 3.  Contributions to multiphoton images of ovarian biopsies.  A) Multiphoton 
images consisted of intra and extracellular 2PEF (green) as well as extracellular SHG 
(grayscale).  The image of normal surface epithelium corresponds well with the B) H&E 
stained section from a nearby region.  A single epithelial layer is present in both.  C) 
Bright punctuate 2PEF was common particularly associated with surface epithelium.  D) 
With image processing, the punctate fluorescence was removed to improve intracellular 
2PEF.  E) Verification of intracellular NAD(P)H related 2PEF where low intensity 2PEF 
F)  increases dramatically with addition of NaCN.  Diffuse intracellular 2PEF increase 
was not accompanied by increases in punctate fluorescence.  Scale bars for all images are 
20 μm. 
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Figure 4.  Morphologic features of normal and abnormal ovarian tissue. (A)  Large cells 
of a normal surface epithelium from a high risk patient are well organized on top of 
highly structured collagen fibrils.  Because of the convoluted geometry of the ovarian 
surface these cells are on the side of a “hill” that has been optical sliced revealing the 
underlying collagen fibrils. (B) Corresponding histology.  (C) A transverse imaging view 
shows a single layer of surface epithelium distinctly separated from collagen dominated 
stroma (arrow). (D) Corresponding histology.  (E)  Abnormal tissue from a patient with 
cancer revealed regions concentrated cells (arrow) among mainly acellular regions of 
collagen fibrils.  (F)  Corresponding histology.  (G)  An abnormal feature from a normal 
patient found to have epithelial stratification is consistent with cellular 2PEF related 
growth and collagen depletion.  (H)  Corresponding histology illustrates similar cellular 
structures (arrow).  An abnormal sample from a patient diagnosed with cancer shows 
cells of varying size at the surface (I) and subsurface (J) while with increased depth the 
collagen is depleted with loss of integrity (K).  The z values represent the imaging depth. 
(L)  Corresponding histology. All scale bars are 20 μm.   
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Figure 5.  Analysis of collagen structure based on SHG.  (A)  Collagen of a biopsy from a 
42 year old patient is highly structured with well defined linear fibrils. (B)  In a sample 
from a 73 year old patient, the collagen fibrils appear more diffuse and structurally 
curved.  (C)  Age related collagen changes were quantitatively assessed with the 
correlation texture feature of the GLCM.  The correlation decreased less with distance in 
tissue from older patients consistent with loss of linear fibril structure and definition.  
Error bars represent the standard deviation (n = 7, 30-49; n = 5, 50-60; n = 9, >60).  (D) 
Comparison between normal-low and normal-high risk samples showed increased 
correlation in the normal-high risk group from patients over 50 yrs.   Error bars represent 
the standard deviation (n=3, low risk < 50 yrs [LR<50]; n = 4, high risk < 50 yrs 
[HR<50]; n = 4, low risk > 50 yrs [LR>50]; n = 8, high risk > 50 yrs [HR>50]).  (E)  In 
tissue from a patient 52 years old, the collagen fibrils are linear and highly structured.  (F)  
Collagen structure in an abnormal sample from a 50 year old patient diagnosed with 
ovarian cancer reveals a marked change in collagen structure with crimped fibrils and 
thick bands.  (G)  The collagen structure beneath focal growth in Fig. 4K from a 28 year 
old patient exhibits structural changes.  The correlation was only calculated where 
collagen fibrils were observed (white dashed boxed). (H)  Comparing normal (n = 4) and 
cancer samples (n = 5) from the same age group (50-57 yrs) with the correlation texture 
feature, the cancer samples exhibited higher correlation with distance consistent with a 
loss of fine fibril structure.  The distance where the correlation decayed to 50 % of the 
initial correlation (Corr50) was significantly different in between normal and cancer 
samples (* p = 0.0006, n = 9, two-tailed t-test on log transformed Corr50 distance).  
Additionally, the correlation from abnormal region from the focal growth was similar to 
the cancer group (blue dashed line).  Error bars represent the standard deviation of Corr50 
in the both directions.  All scale bars are 20 μm. 
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Figure 6.  Application of two-channel intracellular 2PEF for estimation of cellular 
redox ratio.  (A)  A 2PEF image of a sample shows both cellular and extracellular 
fluorescence.  (B) Based on segmentation derived from FAD related 2PEF 
estimates, the cellular related 2PEF was separated out.  (C)  A redox ratio map of 
the segmented imaged calculated from NAD(P)H and FAD related 2PEF reveals a 
distribution of intracellular redox ratio values. The colorbar represents redox ratio 
values for both Fig. 6C and E.  (D)  In an image from a normal-high risk patient a 
group of large (green arrow) and small cells (yellow arrow) are visible.  (E)  The 
redox ratio map allows for localized redox ratio calculation for the two groups of 
cells. Values displayed on the image are the mean redox ratio.  (F)  An overall 
comparison of redox ratio values from tissue biopsies shows that the normal-low 
risk tissue had the lowest ratio followed by a highly variable redox ratio of the 
normal-high risk samples.  The cancer group exhibited the highest average redox 
ratio.  On the box-and-whisker diagram the numbers indicate the sample size for 
each group and the bars are the total extent of data.  All scale bars represent 20 um. 
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