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Abstract

The aim of this research has been to develop and test a novel bioreactor system
compatible wih advanced multi photon imaging modalities redox ratio analysis and
media extraction capabilities for the purpose of improving the methods by which human
biological samples are studied. The physiological relevance egueenvironment

was improvedy designingn perfusion capabilities and using 3D human vascularized
adipose tissue constructs. Tdealytical techniques used wexre improvement from the
industry standards of destructive histological stains and lysed cell assajys/d$ore

real time analysis of the morphology and metabolism of the adipose tissie
implementedhrough two photon excited fluoresceneeging. Depth resolved images
ranging from 6200 um depths were taken to acquire a 3D representation of the tissue
morphology. Thesanmage stacks were then further analyzed for subsequent redox ratio
analysis, andhe data acquired in this system wasnpared with data acqetit in
experimentgreviously conducted in another lab where a similar analysis was performed
on 3D engineered gabse tissué static culture. The experimergenducted here in
perfusion culturgzielded different resultthan those performed in static cultuvigh

regard to intra tissue cellular localization and redox ratio calculatitmsever the

overall trend bdecreased redox rat@andcellular proliferatiorwere similar across both

static and perfusion culture.
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| NTRODUCTI ON

There exists a need for improved methods of understanding and characterizing the
metabolic activity of relevant biological specimens within appropimatéro

environments. The metabolism ob#@logical systen dictatesthe flow of energyand
direction of energy within that system. This is energy flow, or metabolic behavior, is
dependent on both intracellular and extracellular signalimglerstanding what a

particular population of cells is using its energydad where it is obtaining this energy
from provides insight into the priorities of
differentiation, proliferation, growth, anabolism, and drug response are all factors that
affect the metabolic state afcell/tissue system. Understanding these factors is
paramount in elucidating clinical treatments for injuries, pathogenesis, and toxicity.
Current analytical tools used to measure these traits are often destructive analysis that
provide information onlyo the one metabolic/morphological activity of the tissue at one
time point, and provide no dynamic information on the flow of energy throughout any
particular tissue at different time poinfdhis is why it is important to devise an improved
system with apabilities of monitoring metabolic activity to study in real time the

metabolic behavior of biological tissues with human clinical relevance.

With respect to drug screening, there are currently many methods used to predict the
effects of drugs on humapsior to clinical trials. The most common include 2D cell

assays in tissue culture plates and animal tesflaglét al., 2010; Kola and Landis,

2010). More recently, engineered 3D tissues have become a mode by which human
metabolism and tissue morphologgn be studied as a function of maturity, drug

delivery, and pathogenesis (MP Research Labs, Spinnerstown, PA; Zghoul et al., 2010).
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Each of these techniques has their own strengths and limitations, as shown in ZBble 1.
tissue culture plate systemshabe ability to emulate 3D extracellular matagll

signaling. Animal tests can be appropriate for some applications, but it is clear that for
more complex treatments they fail to adequately represent how clinical treatments will
affect humans. Currentferts that base their research off of 2D cell culture models and
animal tests have lost efficacy, artdesesystems are in question throughout

pharmaceutical and research industries (Kola and Landis, 2010).

Method | Strengths Weaknesses

2D Cell | - isolate the effects of a single drug ol -No 3D ECM structure to mimic
Assays | particular cell type complex mechanical/biochemica
environments

Animal | -Provides observation of the complex| -Drug effects may be different
Testing | metabolic effects a drug has on an | across species (human vs. animg

entire body o
-Ethical issues
-Helps mimic drug dlivery (timed S )
release effects) -Difficulties in discerning how
ani mal 0feel sb
3D -Some human 3D tissue systems refl{ -Destructive analysis

Tissues| native human tissues )
-Not sustainable for weeks or

-Allow for 3D ECM-cell signaling months

Table 1.Comparison of the strengths and weakness of multiple commonly used drug
screening methods.

For the more recently studied 3D human tissue systems, longétiggue viability and
the burden of destructive analysis techniques limit the quality and efficiency of the

research. Two such commercially available tissue systems are epidermal and respiratory



tract tissues (MatTek, Ashland, MA) made from normal husradermal keratinocytes

and normal human bronchial epithelial cells, respectively. Each of these tissues have been
validated as appropriate human tissue models via lipid accumulation, electrical resistance,
and microscopy, but have only been analyzedugjinadestructive methods (i.e.,

histology) in order to observe changes in morphology/metabolism, and have only been
shown capable of remaining viable fod3veeks at best (Kola and Landis, 2010).

Therefore, alternative approaches for metabolic monitomagoharmaceutical/research

optimization are needed prior to human clinical trials.

2D CULTURE AND CURRENT LIMITATIONS

Preliminary studies on any particular cell line or tissue begin with 2D cell culture analysis
on tissue culture plastic. For clinicaleghnce, researchers focus these studies on human
cell lines of the dominant cell type within a particular environment (i.e., adipocytes for
adipose tissue studies, cardiomyocytes for heart tissue stettipsrom here, the

metabolic effects of any patlar treatment can be studied through biochemical assays
and imaging. Any observed changes (protein expression, cell viability/proliferation/
differentiation) can be isolated to the cell line(s) being studied. However, this approach
does not simulate theomplex metabolic processes that would characterize the
pharmacodynamic and pharmacokinetic effects that would characterizesdusy
interactions in pharmaceutical research. Any research conducted using 2D tissue cultures
using a select one or few céhiies fails to replicate the in vivo environment where a
treatment is subjected to a multitude of cell types, enzymes, mechanical influences,
immune response, and EGiediated interactions. For example, complications in drug
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absorption, distribution, mdtalism, and secretion when testad/ivo account for 39%

of the attrition of drugs tested (Tingle and Helsby, 2005). Drug interactions with
unexpected and unwanted organs/cells of the body lead to unacceptable toxicity levels in
21% of new drugs (Tinglenal Helsby, 2005). These failure rates suggest a need for new
modes to evaluate the metabolic effects of clinical treatments in more realistic human

tissues.

ANIMAL MODELS AND CURRENT LIMITATIONS

Unlike cell assays conductedimvitro settings, clinicatreatments examined in animal
models provide a more appropriate representation for how a treatment may react in
complex metabolic environmentsvivo. However, any treatmentos
significantly across different animal species (Boucher £1880). The anatomic

differences across different species lead to differences in development, pathology
vulnerability, physiology, metabolism, etc. These differences are evident in that different
animals tend to be preferentially used to study diffedesgases. Felines have an affinity
towards acquiring the immunodeficiency virus (FIV); armadillos are prone to leprosy,
while dogs are the primary animal used to model the effects of narcolepsy (Dunham
2006; Job 2003). Despite the realistic and metabgticaimplex environment of testing
drugsin vivousing animal models, they are still not accurate representations of the
humanin vivo environment when attempting to predict the effects of drugs intended for

human applications.
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TISSUE ENGINEERED SYSTEMS KD CURRRENT LIMITATIONS

3D tissue models have been developed and used for the purpose of studying the effects
of drugs, UV radiation, cosmetics, topical applications and related treatments to
engineered 3D human tissues (MB Research Labs, SpinnerstoyvnlVR& ek

(Ashland, MA) has engineered a protocol for 3D tracheal, corneal, gingival, buccal,
vaginal, and epidermal human tissues. Many of their models have been validated as
appropriaten vitro models for native tissues by exhibiting the necessaryigddyesnd
biochemical properties that characterize their native counterparts (Netzlaff et al., 2005).
In particular, the epidermal tissues from MatTek (Epiderm) and SkinEthic Labs (Episkin,
Lyon, France) are considered suitable tissue models based ovbibeived

morphological cues (measured via spectroscopy and histology), biochemical markers and
lipid composition (Netzlaff et al., 2005Jhese criteria for assessing the adequacy of

tissue engineered constructs for modeling native tissue have been dicdpée

literature, and have motivaté@avitro studies on the effects of drug delivery to human

skin tissue (Zghoul et al., 2010).

The previously described tissue system Epiderm has been successfully used as a model to
study the effects of prednicarbgeecommercially available drug) when applied in

different preparations (ointment, cream) to human skin (Lomiodjia et al., 2007).

The data found from testing prednicarbate on Epiderm showed percutaneous absorption
rates and esterase activity consisteith what would have been expected from testing on

actual human skin.

However, in all of the 3D tissue models described, analysis for biochemical or
morphological changes has required the sacrifice of the tissue. None of the above studies

12



have been catucted to allow continuous monitoring via imaging or media sampling to
assess function of the tissues. Furthermore, some of the systems, including the epidermal
model, have serious drawbacks in terms of sustainability of function due to loss of
viability of cells over time or contamination (Poumay et al., 2006). These issues make it

difficult to assess long term or chromffectsof drugs in vitro.

NONINVASIVE TISSUE ANALYSIS

Different optical imaging methods including confocal microscopy, fluorescéatienk
imaging, electron paramagnetic resonance imaging, andpinaton fluorescence

imaging can be used to analyze morphological and biochemical features of tissues
(Provenzano et al., 2008; Rice et al., 2007; Spasojevic et al., 2011). It has beemshow
previous experiments that metabolic activity and differentiation status can be assessed in
human mesenchymal stem cells subjected to osteogenic or adipogenic differentiation
medium by use of two photon excited fluorescence imaging (Rice et al.,Rige7t al.,
2010). Metabolic activity can be a sign of a wide range of tissue functions including but
not limited to tissue genesis, pathology, immune response, differentiation, and cell
division. By utilizing noninvasive imaging methods, insight couldjd®ed into the

reaction of engineered tissues on a cellular level in response to different clinical
treatments and/or tissue growth. Thus, the implication of these results is that 3D human

tissues can be assessed in a nondestructive, real time, castfaghion
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SIGNIFICANCE

The importance of engineering a more efficient and effective method for testing drugs

prior to human trials can be easily understood by analyzing the current state of the

pharmaceutical industri.he price per earnings ratio (P/B)a metric often used as a

gener al assessment of an industrydés financi a
relative price of a companyé6és stock divided
provides insight into how competitively sought aftes stock is (a higher P/E implies a

more competitive marketAt present , the pharmaceuti cal i n
ratio has decreased below that of the S&P 500 Index and has remained below this ratio

for the past 7yrs (Congressional Budget Offidd)e reasons for the drop in the price per

earnings ratio is mathematically described as a relative decrease in revenues for the

industry compared to its costs. A cause of this is the fact that many drug patents held by

large pharmaceutical companies haeen expiring over the past 10yrs, and will

continue to do so in the upcoming years as well. This leads to competition between the

large pharmaceutical companies who develop these drugs, and smaller generic brands

that are able to take over part of therkea (Kola and Landis, 2010). The problem with

this scenario is that the revenue | ost from
necessarily go into the research and development of new drugs. Instead, the generic firms

take this money as pure pripfor to fund other sectors of their businesses causing a

disincentive for large drug developing companies to continue in their research. The only

solution to this dilemma would be to extend the length of time that drug patents can be

held before genericrdg firms can copy the drugs and market them, or to increase the
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productivity and decrease the costs of the research and development sectors of the

pharmaceutical industry.

Estimates made in March of 2010 indicate that each novel drug entity that isddunc
comes at a cost of $1.8billion to the pharmaceutical companies in R&D alone
(Congressional Budget Office). This is a result of the overwhelming failure rates of
newly developed drugs during clinical testing, and the large amount of time that is spent
developing these drugs. At present, only 8% of novel therapeutic molecular entities
adopted at the preclinical stages of drug development ever make it to launch, and each
new launch only comes after an average of 13.5yrs of research, testing, and regulatory
reviews for new drugs(Congressional Budget Office). This drastic attrition rate and
lengthy timeline begs for a new procedure for testing the quality and toxicological effects
of new drug molecular entities earlier in the drug discovery process. A solatibis

problem can be found in the advances made in the biomedical sciences.

Large pharmaceutical companies are in need of a way to improve the efficiency of their
R&D departments by both increasing the output of FDA approved drugs and decreasing
the msts of development. If a novel method for improving efficiency of the current drug
development process could be engineered in such a way that it would decrease the time
and money required to develop drugs by improving the methods by which drugs are
testedduring preclinical stages, then these large companies would be able to remain
competitive in the drug market in spite of the competition coming from generic drug
companies, providing more incentives to the larger drug developing companies to

continue the research and development into discovering new and helpful drugs.
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NOVELTY AND INNOVATION

The combination of a perfusion bioreactor, long term sustainable adipose tissue, with
nondestructive metabolic, biochemical, and morphological analysis makesstieis sy
innovative. Each of the components has been previously demonstrated in part by us as
well as others; however, integration into a real time metabolic monitoring platform with
perfusion and media sampling capabilities has not been accomplished previbiss|

type of system will provide a new option for real time metabolic monitoring as an attempt
to improve current practices in the arenas of pharmaceutical drug discovery and

biological research by providing the following capabilities:

1 The ability to nminvasively monitor cell metabolism, as well as-ce#trix

structure and function
1 Screening of both short (acute) and long term (chronic) drug therapies.
1 Monitoring different types of engineered or excised tissues.

1 Integrate complex multiple tissue systeto metabolically profile in a dynamic,

real time setting.

The ability to generate functional complex human tissues in a 3D format provides a new
generation of options towards drug screeningiandtro biological research. As

described earlier, this innovative in that both noninvasive imagining and sustainability
over long time frames can be integrated into one system. The ability to generate
functional human tissues that can be grown from weeks to months is also a new direction

in the field. Withthe scaffold designs and systems planned, we have shown that

16



functional tissues can be maintained for weeks to months and the goal is to expand on
this feature. By integrating optical imaging interfaces to the system, real time continuous
monitoring is grmitted, offering the capability to noninvasively assess cell and tissue
responses to growth and clinical treatments. Observations include but are not limited to
metabolic activity, fat depot resorption, and ECM remodeling, offering a multifaceted
approab to gather insight into multiple modes of drug impact on the cells and tissues

using one system.

Little work has been done to test the effects of new drugs and topical applications on
engineered human tissirevitro outside of the cosmetics industryn¢awhat has been

done is constrained to mostly epidermal tissue) (Netzlaff et al., 2005). As mentioned
earlier, the primary methods for testing new drugs are cell assays in static systems (e.g.,
usually tissue culture plates), and animal testing in roddénigther, human white

adipose tissue has not been extensively studied as a model for testing the effects of drugs
in vitro. However, the proposed system is not limited to adipose tissue, and the
mentioned techniques to be demonstrated should provideeaig blueprint for virtually

anyin vitro tissue.

As these studies mature, we can anticipate that multiple tissue types will be integrated
into one system, most likely by linking bioreactors or zones of connection within single
bioreactors, allowingross talk between different cell/tissue cultures. This would be a
step forward in relevance related to drug kinetics and biological development that would
expand the utility of the proposed aims. Since we have already shown that complex
bioreactors canddesigned to concurrently grow bone and cartilage tissues (Grayson et

al., 2011), these future goals are realistic. Further, as the multitude of tissue types

17



successfully growin vitro continues to expand, more diverse options will be presented

for thetypes of drugs to be screened and tissues to be analyzed.

Background I nformation

An abundance of capital and labor has been invested into the research and development
of more physiologically representative bioreactor technologies with improved mogitorin
capabilities (Figure 1A). Improved bioreactor systems allow for more clinically relevant
research by engaging in less costlyitro testing (relative tan vivo), while also

providing a greater degree of control over the experimental environment.

| | __,
-4 = - -2 =
B.
A. C.

Figure 1. A) Bioreactorimaging objective configuration to allow for both perfusion and
imaging analysis of human tissuassitu.B) 3D confocal microscopy image of stained
hASCs (red) and HUVECSs (green) capable of being taken from bioreactor/imaging
objective set up in (A) (Kang et al., 2009). C) Redox ratio image taken using TPEF
imaging with a 63x objective that is capable of being taken from the configuration in (A).
Ratio is calculated as [FP]/ ([FP] + [NAD(P)H]), and is inversely proportional to
metabolic activity (blue represents high metabolic activity) (Rice et al., 2010).

18



To help in the aim of creating more physiologically relevanitro platforms through

which to study cell and tissue behavior, the field of tissue engineering has expanded t
include a more comprehensive and physiologically representative array of engineered
human tissue protocols (Figure 1B). These tissues can serve as models for developmental

biology, drug screening, and disease models.

Media Flow

Media
Collector
I Adipose
o - Tissue
Sterile
Air Vent

IHeight ()

—t

Adipose Tissue
Media Flow Sample

A. C.

Peristaltic
Pump

Sterile An Vent

L-Ie:li{iu]lectur :(}: /

Media Flow

Media Flow

Media

Cover Glass /‘ T

B Adipose Tissue

Figure 2. A) and B)Top and side views, respectively, of a possible bioreactor design to
accommodate perfusion flow through an 8x8x8mm dimensioned adipose tissue construct,
fitted with a cover glass imaging interface and media extraction capabilities. C)
Schematic of an exisig perfusion bioreactor within our lab that offers another direction

for accommodating perfusion flow through a tissue construct.
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To improve the means by which tissues are analyreiro (and in vivoas well),

research into advanced optical spectopsctechniques and subsequent image processing
methods have afforded researchers more tools with which to noninvasively monitor the
morphology and metabolism of cells and tissneatro andin vivo (Figure 1C). The use

of only endogenous fluorophoressasirces of contrast improves the ease by which these
analyses are done, and provide real time dynamic information on the metabolism and
structure of the experimental tissue populations from within a bioreactor system. By
combining all the elements des@&tbin Figure 1, its feasible to design and buikhovel
bioreactor system to accommodate perfusion flow, media extraction, and noninvasive

metabolic profiling through a cover glass imaging interface (Figure 2)

BIOREACTOR DESIGN

An inverted Leica confad microscope with &3x objective with avorking distance of

0.57 mm will be used for the planned experiméttiached to the same microscope will

also be a 20x objective, where these magnifications are boththlwsgme orders of
magnitude as what héagen previously used in adipose tissue imaging (Dicker et al.,
2010). To achieve images throughout the tissue, the objective must be positioned within

0.2mm of the bottom of the sample.

To achieve this requirement, another recent system was desigalkaitdor continuous
imaging of engineered human tissues and biomaterials from within a bioreactor at this
working distance (Kluge et al., 2011A Corning Cover Glass, 1680 micron thick

molded to a rectangular void on the bottom of the chamber wdssuseessfully to
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image cells, tissues and matrices in this prior system (Figure 3). The glass was press fit to

a polydimethylsiloxane (PDMS) ring.
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Figure 3. Previously designed bioreactor that utilized a cover glass in PDMS mold to
continuously imge human tissues and biomaterials from within a bioreactor (Kluge et
al., 2011). A) Isometric view showing where cover glass is located with respect to rest of
chamber. B) Side view showing how the objective of an inverted microscope will
approach the coveaylass and image the clamped biomaterial.

Previous bioreactor systems (Grayson et al., 2010; Kluge et al., 2011) have used PDMS
gaskets to prevent leakage when tightening two hard, flat, machined surfaces to one
another. The bulk materials used in thpseviously described bioreactors have been
Polycarbonate and ULTEM because of their hardness, machinabilitgusodave

ability.

Perfusion bioreactor systems have also been described that were capable of achieving
very controllable and constant floates using peristaltic pumping mechanisms made by
MasterFlex (Grayson et al., 2010). No work has yet been done on optimal flow rates of

engineered adipose tissimevitro, but research has been published on the experimentally
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derived optimum flow rates ithe process of tissue engineering for human bone grafts
from human adipose derived stem cells (Grayson et al., 2011). Lateral flow rates ranging
from 801,800 pm/s were experimented with to determine which flow rates yielded
optimal cell proliferation as gasured through RPCR of bone specifimarkers. Flow

rates of 40800 pn/s were found to be optimal in promoting engineered bone tissue

growth.

Other studies have shown different flow rates that have worked for their particular
applications and tissue€ardiac tissue has been grown by seeding myocytes and
endothelial cells on channeled elastomeric scaffolds at a flow rate of 1 mm/s (Maidhoff et
al., 2010). Another study has shown that adipose tissues from rats can be sustained in
vertical flow bioreactos for ten days (Paaske 1973).These previous studies support the
use of perfusion bioreactor systems, and provide some useful initial guidelines on flow

rates.

IMAGING

The array of optical spectroscopic techniques that continues to be developediwirtgs a
the potential to noninvasively monitor the metabolic activity of cells using purely
endogenous target molecules. A better understanding of the metabolism of cells within
any particular tissue or organ system can provide insight into development, aging
pathogenesis, and drug response. By utilizing noninvasive techniques to metabolically
profile intracellular activity, changes in metabolism can be monitored in real time. This

provides more relevant information by allowing the metabolic progressioe shthe
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tissue(s) to be monitored as a function of time. Through the use of purely endogenous
targets in these imaging methods, metabolic profiling for the purposes of diagnosis and
research can be expedited, and any variability involved in fluorescenémsaecificity

and the complications of exogenous fluorophores can be averted. A list of techniques
commonly used to noninvasively monitor biological metabolism using entirely

endogenous sources of contrast is shown in Table 2.

Mechanism Information Output Type of

Acquired on Target
Target Molecule(s)
Molecule(s)

Fluorescence | Fluorescence Presence False Fluorophore

Lifetime Color Map

Imaging

Redox Ratio | Fluorescence Presence/ False Fluorophore
Concentration Color Map

Electron Magnetic Presence/ EPR Free

Paramagnetic | Electron Spin Concentration Spectrum | Radical

Resonance | Resonance

Table 2. Summary of the most commonly used imaging methods capable of
noninvasively detecting changes in metabolism.

Currently, the metabolism of human tissues is most camynsdudied through

destructive and invasive techniques including but not limited to histology and assays. In
these measurements metabolism itself is not often being measured directly. Instead,
metabolism is being indirectly measured through stainingribdugpts and intermediates

of metabolic processes, or by extracting biofluids from the system and performing assays
or blot analysis. For the purposes of diagnosis, this is burdensome and invasive. For

research purposes, this compromises the quality afateeobtained because no inter
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sample variability is accounted for (each sample being analyzed and providing data is
immediately destroyed thereafter, and all data obtained from future time points have no

direct relation to the previously obtained data).

Imaging has primarily served as a technique for understanding structural and
morphological changes in human tissues. To understand how an in vivo or in vitro system
is responding to a particular treatment, information on microenvironment changes with
respet to both the bioenergetics and biochemical activity is essential. Imaging techniques

offer the advantage of monitoring these dynamic changes as they occur in real time.

Understanding the level of activity and type of metabolic behavior occurring innrhuma
cells and tissues is paramount to both the diagnostic and engineering fields.
Diagnostically, metabolism can indicate whether a particular pathology is developing, has
developed, and the current stage. From an engineering perspective, understanding
intracellular metabolism can help understand how a particular tissue is responding to a
biomaterial, whether or not a sample of engineered human tissue sufficiently resembles
its native counterpart, or whether a particular drug is having the desired effast or h

become toxic.

When it comes to the possibility of using imaging modalities as a means for monitoring
the metabolic behavior of a living cell/tissue system, the possibilities are only limited by
the endogenous target molecules that can be detectedhihmoninvasive methods. On a
molecular level, the most successful methods by which metabolic intermediates and end
products have been detected is through their characteristic electron orbital energy states

(which reflect absorption and emission spectral) gwin orientations (reflecting
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resonance).The two most successful molecular mechanisms by which noninvasive
metabolic profiling has been efficacious are fluorescence and resonance spectroscopic

methods.

Fluorescence Spectroscopy

The fundamental princle of fluorescence spectroscopy is the emission of light from a
molecule after the absorption of light at a specific wavelerfgjtbdg et al., 2007).
Fluorescence spectroscopy takes advantage of specific excitation/emission wavelength
characteristics of elogenous molecules within biological cells and tissues to detect the
presence and concentration of these molecules based on the wavelength and intensity of
light emitted.Light of a chosen wavelength (excitation wavelengtishisneonto a

biological samp# which will absorb the light, then respond by emitting light at different
intensities across certain wavelengths (emission wavelengths). Different endogenous
molecules exist within organelles, cells, aisdues thaare known to fluoresce at

particular enission wavelengths when excited at specific excitation wavelengths. These
molecules are known as fluorophores, and can be measured noninvasively using the
principles of autofluorescence. A list of endogenous fluorophores is shown in Table 3

listing charateristic ex/em wavelengths and fluorescent lifetimes.

Through fluorescence spectroscopy, the key metrics that can be measured are the
intensity of emitted light and the fluorescence lifetime of the sample. The intensity is
simply proportional to the conn&ation of the particular fluorophore with excitation and

emission wavelengths similar to the wavelength being used to excite the sample and
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emission bandwidth being detected. The lifetime measurements however do not reflect
concentation, but instead onlrevealinformation on theemporaldifference between

excitation and emission of light energy from target molecules (Conklin et al., 2008). This
value is dependent on the moleculebs microen
also be used to detedtiptemperature, oxygen concentration, and protein binding

(Provenzano et al, 2008).

Excitation Emission Fluorescence Lifetime
Wavelength (nm) | Wavelength (nm) (ns)

NAD(P)H 340 450470 0.3 (2 bound proteins)
Flavins 370, 450 530 5.2 (<1 bound protein)
Elastin 300-340 420460 0.20.4/0.42.5
Collagen 300-340 420460 0.220.4/0.42.5
Melanin UV / Visible 440, 520, 575 0.2/19/7.9
Lipofuscin UV / Visible 570590 Multiexponential

Table 3.Endogenous fluorophores with their characteristic exoié&imission
wavelengths, and microenvironment dependent fluorescence lifetimes (Koenig and
Riemann, 2003). Notice the microenvironment dependence shown in the fluorescent
lifetime measurements that in the cases of NAD(P)H and Flavins include proteirgbindin

Fluorescence Redox Ratio Analysis

Theory

Whenlight of a particular wavelengtis shoneon a target fluorophore, the energy of the
photons will be absorbed by the molecule, causing an electron of the target molecule to
become excited to a higher enesggte (Figure 4A). The electron will then slowly relax
down to the lowest energy state of the orbital it was excited to brefaseng and

emitting a photorback down to its former energy level at its ground state (lowest energy)
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Figure 4. A) Linear fluorescence. B) Nonlinear fluorescence (TPEF). C) Principle of
confocal microscopy using a pinhole to remove out of focus light. D) Linear fluorescence

showing fluorescence (green arrows) occurring throughout cell betweenfoatsf
(red) and in focus (blue) light. E) Nonlinear fluorescence where fluorescence only occurs

at the sight of in focus light on the focal plane (green arrows) but not elsewhere (blue
arrows). Georgakoudi, et al 2008
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(Georgakoudi et al., 2008). In thesesof linear fluorescence microscopy, one emitted
photon from the light source will be enough to excite the electron to its excited state and
result in fluorescent events at a frequency that is proportional to the intensity of the laser
light. In the casef nonlinear fluorescence microscopy (i.e., two photon excited
fluorescence), multiple photons of a lower energy state (longer wavelength) will combine
energies to cause the excitation of an electron to an excited state that otherwise could not
have occurd with just one photon of the laser light (Figure 4B). In the case of nonlinear
fluorescence, the fluorescent light which is emitted from the fluorophore is of a higher
energy (shorter wavelength) than the absorbed light. This is the principle ophaatin

fluorescence

The detection of this light at different penetration depths to acquire image stacks within a
tissue varies from linear to nonlinear microscopy. In the case of linear microscopy, depth
resolved images are acquired at differdgpths byfocusing the focal plane at the

specific depth within the tissue and removing out of focus light through a pin hole at the
detector (Figure 4C). The removal of out of focus light (red line) is necessary in linear
microscopy because the excitation lightlwave sufficient energy to cause

autofluorescent events throughout the cell (both out of focus and in focus light) and not
just at the focal plane (Figure 4D). The resulting out of focus fluorescent events must
therefore be removed through the pinhatethle case of nonlinear fluorescence, the
likelihood of the simultaneous absorption of two photons is significantly less than in the
case of linear fluorescence (Georgakoudi et al., 2008). This is a result of the significantly

smaller cross section valuks two-photon excitation of endogenous chromophores
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relative to the complimentary singtoton cross sections. Because of this lower

probability, only the volume within the focal plane of the excitation light will have

sufficient energy to allow for mtilphoton fluorescence to occur at a high enough
frequency to be detectable (Figure 4E). As a result, no pinhole is necessary to achieve

depth resolved images when using multi photon microscopy.

The laser light used to excite the sample and the emitteck8cent light gathered

through a detector can be filtered to allow for control over what fluorophores are being
excited and what emission spectra are being measured. In the case of redox ratio analysis,
the emitted fluorescent light gathered within atipatar bandwidth can be analyzed

using image processing to assign numerical values for the intensity of light gathered
throughout the image (Rice et al., 2007; Quinn et al., 2011). By making sure the image is
not saturated, information on the relative cemtration of each fluorophore at each

position within the image can be gathered. Using image processing, concentrations of
fluorophores such as FAD and NAD(P)H can be gathered using the excitation and
emission spectra shown in Figure 5. After assignalges to each pixel within the

acquired image that reflects the intensity of each fluorophore at their respective emission
spectra, the redox ratio per each pixel in the image can be calculated according to the

formula:

Redox Ratio=FAD/(FAD+NAD(P)H)

Thisredox ratio is widely used throughout the literature, and is known to be inversely
proportional tcarabolic activity(Rice et al., 2007; Skala and Nirmala 2010). FAD and

NAD(P)H are both common intermediates in many energy consuming/releasing
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metabolic pdiways. Their expression is in primarily within the mitochondria of the cell
during the processes ofygblysis, citric acid cycle, and oxidative phosphorylation. In
anabolic situations where NAD(P)H is being produced in high quantities as a result of
glycadysis and the citric acid cycle operating, then the redox ratio will decrease (i.e.,
lipogenesis). However, in anabolic situations in which NAD(P)H is being rapidly
consumed along the electron transport chain (even if glycolysis and the citric acid cycle
are running), then the concentration of NAD(P)H will decrease, causing an increase in

the redox ratio (i.e., high energy demand cells like cardiomyocytes).

Figure 5. Excitation (755/869)

EX/Em (belowlright) 525nm 400nm and emission (525/400) spectra
of the fluorophores NAD(P)H
755nm NAD(P)H/FAD | NAD(P)H and EAD.
860nm FAD Lipofuscin
Applications

Changes in the redox ratio can represent changes in the metabolic activity in a cell, which
is known to elevate during differentiation, cell division, canaed catabolism (Zhuo et

al., 2010). Being able to observe changes in the redox ratio through imaging has
applications in being able to characterize different environments, treatments, and ongoing
conditions within cells of different tissues noninvasivéallis work has been used to

track cellular differentiation status (Figure 5) and 3D adipose tissue growitho (Rice

et al., 2007; Quinn et al., 2011).
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Figure 5. A) Top three images are two photon excited fluorescence images collected at
455m for human mesenchymal stem cells differentiating into adipocytes. Bottom three
images are false color redox ratio maps of the corresponding upper images (Rice et al.,
2007). B) Redox ratio images comparing normal mammary epithelial cells to different
breast cancer cell lines (Ostrander et al., 2010).

As a noninvasive means for monitoring human tissues, redox ratio analysis thmoltigh
photonimaging has also been researched as a technique for diagnosing skinidisease
vivo (Zhuo, et al 2010). Cancer known to increase metabolic activity, and so a decrease
in the calculated redox ratio can be used to diagnose skin cancer. As seen in Figure 5B,
other research has built on this possibility and shown the potential of using redox ratio
analysis to diffegntiate between breast cancer and normal cell imeisro (Ostrander, et

al 2010).

31



Fluorescence Lifetime Imaging

Fluorescence lifetime imaging (FLIM) is a noninvasive imaging technique that measures

the time required for an excited fluorophore toxddack down to its stable stafighis is

helpful when redox ratio analysis gathered through two photon excited fluorescence

i maging doesnét sufficiently differentiate ©b
moleculesin these cases, FLIM can be usedneasure the time required for excited

molecules to relax, which is often different for different fluorophores, and dependent on

microenvironment, pH, and temperature (Provenzano et al., 2008).

Theory

The key measurement behind FLIM analysis is thesoregnent of the time difference
between the absorption and emission of light from fluorescing molecules. In order to
target specific relevant fluorophores while not photo damaging the tissues, TPEF imaging
is often used for FLIM (Provenzano, et al 2008k da a target fluorophore, light at a

specific wavelength ishone oto a tissue where it is absorbed by a target fluorophore,
exciting it to an excited state energy level. The excited electron within the target
fluorophore will theremit fluorescent lights it returns to its ground state level (Figure

6A). The time between the absorption of the excited light and emission of the
fluorescence light is known as the fluorescence lifetime of the sample (Conklin et al.,

2009).

The behavior of the fluorescenlifetime of a population of fluorophores is that of a

decay. A laser pulse width of 100fs can pulse on a sample at a frequency on the order of
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100MHz, exciting a fluorophore which then leads to a considerably longer fluorescence
lifetime decay (Figure 6B)lhis data can be represented in either frequency or time

domains depending on the analysis.
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Figure 6. A) Schematic definition of fluorescence lifetime with respect to absorption and
emission of light (Lleres and Swift 2007) B) Graphical repnesgt@n of the fluorescence
decay lifetime after initial excitation.

The fluorescence lifetime of a particular fluorophore is usually measured using a time
correlated single photon counting (TCSPC) module operating at picoseconds resolution
capable of clhecting data at either singular or multiple emission wavelengths. This
equipment can be commercially bought by vendors including but not limited to Beckr &
Hickl. The TCSPC module is then connected to a photomultiplier tube (PMT) in order to
amplify thesignal gathered by the TCSPC module. The output data is then specifically a
reflection of the fluorescence lifetime of the sample being imaged at the excitation

wavelength being used and emission bandwidth being detected. Unlike traditional
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fluorescence masurements, FLIM measurements are independent of fluorophore
concentration, allowing for improved differentiation between different fluorophores

which may have similar emission spectra at the same excitation wavelength, but differing
fluorescence lifetime@Provenzano et al., 2008). However, in some cases there will be
fluorophores with similar fluorescence lifetimes at particular excitation, and so in these
cases it is always useful to supplement FLIM with traditional fluorescence imaging to get

an idea 6fluorophore concentrations at different emission wavelengths.

Applications

FLIM is particularly useful when used alongside traditional fluorescence imaging

because FLIM takes advantage of the same excitation/emission characteristics of target
fluorophaes, and is simply just a different means by which to analyze and interpret the

information gathered by the emission spectra. This is helpful when redox ratio analysis
gathered through TPEF i maging doesndt suffic
sour@s of fluorescence from different molecules. In these cases, FLIM can be used to

measure the time required for excited molecules to relax, which is often different for

separate fluorophores, and dependent on microenvironment, pH, and temperature.

Becausef this, the fluorescence lifetimes of common fluorophores measured in

fluorescence microscopy can be mapped out in the same way as the fluorophore

excitation and emission wavelengths, as shown in Figure 7 (Koenig and Riemann 2003).

This is especially usel for fluorophores that have overlapping emission spectra at

similar excitation spectra (i.e., Melanin and Lipofuscin, from Table 3). With FLIM, it is
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now possibleto distinguish the presence of melanin in diseased verses non diseased
tissues while in th presence of fluorophores with similar fluorescence spectra

(lipofuscin), and has been used to image for the presence of malignant melanoma through
FLIM-sensitive sources of contrast within the same focal plane (Koenig and Riemann

2003).

Because collageim many environments is considered ffworescent (second harmonic
generation is not necessarily fluorescence), it can be assumed in most cases that collagen
has a fluorescent lifetime of zero. This has been used in the study of breast cancer to
analyzetumor/stromal interactions because collagen can then be separated out from the
tumor when imaging using the differences in their fluorescent lifetimes (Provenzano et

al., 2008).

Two of the most common fluorophores used as a metric for metabolic acteifyea
metabolic intermediates NAD(P)H and FAD, both of which play integral roles in the
electron transport chain of glycolysis and the citric acid cycle. Because both of these
cycles occur primarily within the mitochondria of cells, FLIM has been used to
distinguish mitochondria from within the cytosol and differentiate it from other
organelles by targeting biochemical cues (NAD(P)H and FADY because FLIM can
also be used to detect structural features, it can therefore be used to differentiate differen
features as a function of their different structural and biochemical attriftigese 7B)
(Koenig and Riemann 2003). FLIM analysis of NADH fluorescence has shown that the
fluorescent lifetime of NADH will change as a function of pathogenesis, matanitly,

cell density (Ghukgasyan et al., 2009). The fact that the fluorescent lifetime of NADH

changes as a function of cell density suggests thatekinteractions are likely another
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microenvironment factor that affects the fluorescent lifetimes of blecnles. Because

the molecule of NADH has not changed, this data implies that the microenvironment in
which the NADH is present has changed as a result of the aforementioned metabolic
changes, representing an example of how FLIM analysis can be usacktmtraellular

changes noninvasively.

Utilizing FLIM with TPEF on a confocal microscope also provides the ability to acquire
fluorescence lifetime images at varying depths within a tissue. This is more relevant for
layered tissues, like skin, where flgrescence lifetime measurements coupled with
fluorescence intensity imaging have been used to detect the presence or absence of
different fluorophores at varying dermal and sub dermal layers in diseased vs. non
diseased tissues (Lee et al., 2009). Tihigue fluorescent lifetime data acquired for
fluorophores at the distinct layers within skin tissue allows for a very precise noninvasive
technique for assessing the metabolic activity and overall health of skin tissue. The
fluorophores most common withgkin that contribute to the FLIM measurements are
keratin, NAD(P)H, melanin, elastin, and collagen provides SHG (Breunig et al., 2010).
Each of these endogenous molecules has characteristic ex/em spectra and is found at
varying concentrations in differemicroenvironments within each layer of the skin
dependent on the metabolic and structural state of the skin. Gataidge FLIM
measurements normal to healthy skin could be used for either diagnostic purposes or
tissue engineering applications wherdMlanalysis could be used to determine if a

tissue engineered skin sample is alike to its natural counterpart, and in what layers it fails

to match up.

36



litetime

125 (7nsec) 24

lifetime

100 ps Fast Component 500 ps
C_ 7aa 125 (rnsec) 24 D k. —_——

Figure 7. A) Live mammary tumor tissue with separated with fluorescence/second
harnonic generation (SHG) signals separated by FLIM measurements taken at an
excitation wavelength of 890nm. Green is false colored collagen (SHG). Red is false
colored tumor tissue (FLIM). B) Isolation of different intracellular organelles based on
the princples of FLIM. The dark spots within these cells are-floorescent nuclei

(Koenig and Riemann 2003). C) FLIM measurements showing the differences between
the bound and unbound forms of GFP and mCherry proteins (Lleres and Swift 2007). D)
False color showig advertised capabilities of BecKdickl SPC150 TCSPC module.

As mentioned earlier, protein binding can also result in a change in the fluorescence
lifetime of an endogenous molecule. NADH has shown to express different lifetime
measurements as a reafiprotein binding (Ghukgasyan et al., 2009), and a proof of
concept has been further demonstrated using an exogenous mCherry molecule binding to
GFP (Figure 7C) (Lleres and Swift 2007). Through this, FLIM measurements can also

provide for information omproteinprotein bindingn vitro andin vivo. The output can
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then be displayed as a false color mapped image representing the fluorescence lifetimes

determined per each pixel in the acquired image (Figure 7D).

However, as mentioned before, the fluoresedifetimes of various fluorophores is not
constant, and does change as a function of
oxygen content, temperature, the presence of binding molecules, and fluorescence
resonance energy transfer) (Roberts et al., 2Q1sihg this principle, FLIM can also be

used to analyze the biochemical environmentictv a specific fluorophore.ihe

fluorescence lifetime of a fluorophore has been shown to change as a result of binding to
another protein, and this analysis hdsvaéd for the detection of proteprotein

interaction using FLIM (Lleres and Swift 2007).

Resonance Spectroscopy

Resonance spectroscopic methods can be subdivided into two groups, nuclear magnetic
resonance (commonly NMR) and electron paramagnetic aesenEPR). Both of these
approaches have shown promise with bothitro andin vivo applications for

understanding the presence and concentrations of particular molecules to understand
morphology, pathology, and most importantly metabolism (Vanea, 0418). NMR
spectroscopy takes advantage of the magnetic properties of molecular nuclei and obtains
a signal proportional to the free concentration of particular compounds across a range of
radiofrequencies and magnetic field strengths (McCully 1999% ddm be used to

determine the presence of certain isotopes in aitro or in vivo setting. However,

varying levels of interference caused by endogenous metabolites that obscure the signal
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of target metabolites often results in a need for extractispedific biofluids or
biosolids from theiin vivoenvironment to effectively analyze them (Lenz 2011).
Because of this, NMR spectroscopy is not the most effective means by which to
noninvasively profile the metabolic activity of anvivoenvironment, ath so will not be

a large focus of this paper.

Electron Paramagnetic Resonance Spectroscopy

Theory

Electron Paramagnetic Resonance (EPR) spectroscopy exploits the intrinsic magnetic
moment of unpaired electrons that arise from their different spin dimmgSpasojevic

et al., 2011). An exogenous magnetic field is applied to the population containing
unpaired electrons, and the electrons will then either align with or in the opposite
direction of the magnetic field (Figure 8A). An EPR spectrometer messhanges in
energy absorption in a particular sample as a function of the presence of different
paramagnetic species. The output signal reflects the presence of and information about
the paramagnetic species present within the sample as a resultgo$bigected to an
exogenous magnetic field (Figure 8B) (Kadantsev and Ziegler 2010). Electrons can be
coupled to one or multiple nuclei. This information will be reflected in the output EPR
signal which is dependent <todswithyhemudei t he

around it and its characteristic spin.
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Figure 8. A) After an exogenous magnetic field is applied to a cellular microenvironment
with molecules containing unpaired electrons the spins of the electrons will then either
alignwith or in the opposite direction of the magnetic field. B) Dependent on whether or
not the unpaired electrons align with or opposite of the magnetic field direction will be
reflected in the output of the EPR spectrum signal.

Two methods are often empky for the use of EPR spectroscopy; spin trapping of short
lived radicals, and EPR spectroscopy of more stable paramagnetic endogenous molecules
(Spasojevic 2011). Both utilize the same EPR spectroscopic theory described above, but
spin trapping instead éoises on short lived radicals whose unpaired electron is more

easily noticed when the molecule is bound to another endogenous molecule resulting in
what is known as a spin adduct. The spin adduct is considerably more stable and still
exhibits free radicdbehavior and detection with a unique signal during EPR

spectroscopy.
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Applications

The spin trapping method has been used to detect as an EPR spectroscopic method to
detect and characterize free organic radicals for the detection of nitric oxide (Wiktox a
Smith 1995; Fujii and Yoshimura 2000). Hemoglobin (Hb) has commonly been used as
the compound that reacts with the free nitric oxide radical (NO) to form the stable spin

adducts which has a well characterized b EPR spectra.

Reactive oxygen speci€ROS) are free oxygen radicals that contain an unpaired
electron. They arise naturally during the process of oxidative metabolism where free
electrons are often leaked out of the electron transport chain onto molecular oxygen in the
mitochondria. ROS haveeen shown to regulate enzyme activity through a series of
pathways known as redox signaling (Rhee 1999; Spasojevic 2011). Because EPR
spectroscopy only detects molecules with unpaired electrons and the output signal is
entirely dependent on the presentempaired electrons and their reactions with
surrounding nuclei, EPR spectroscopy can be used to detect and differentiate between
ROS, NO, NADH dehydrogenase, ascorbyl radical, tocopheroxyl, melanin, and others
(Fujii and Yoshimura 2000; Spasojevic 20Alhracht 2010). Each of these radicals has
been shown to produce unique EPR signals allowing for both their presence and
concentrations to be measured noninvasiirelyivo, in vitro, andex vivo(Fujii and

Yoshimura 2000).

Application of high resolutiopulsed EPR techniques have been shown capable of
providing highly detailed structural information on transient paramagnetic molybdenum
centers of different organisms (Hanson et al., 2010). This resolution has not yet been
shown to, but could be used tofdientiate between different antioxidant buffers at the
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interface between different intracellular organelles to gain a better insight of the behavior

(or potential) of redox signaling as a function of intracellular location.

RedoxSignaling

The redox sigaling that EPR spectroscopy enables the user to observe is an indicator of
redox activity and what is occurring metabolically within a particular compartment of a
cell. Superoxide anions have been shown to be directly linked to oxidative
phosphorylation dring mitochondrial respiration (Leloup et al., 2011). And although the
mitochondrion are known to be the primary source of redox signaling detection, redox
signaling also exists and can be detected across different intracellular compartments like

the endplasmic reticulum and cytosol (Leloup et al., 2011).

The growth and development of many aerobic organisms relies heavily on the presence
of ROS. ROS react strongly with redox compounds such as NAD, NADP, glutathione,

and ascorbate (plants), all of whisignal an increase in metabolic activity and are
paramount to understanding bioenergetics processes (Noctor 2006). The redox reactions
which can be measured through EPR as a function of ROS concentration are fundamental
to the development and maintenan€eails, and provide information on how energy is

allocated throughout the different compartments of the cell.

Further analysis has shown redox signaling to be indicative of gene expression by
measuring NAD+/NADH ratios, where exogenous interferenceeofdlox compound
ratio has been shown to inhibit the gene expression (Yu et al., 2009; Noctor 2006). The

presence of antioxidants within a cellular microenvironment have also been shown to
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have an effect on redox signaling, influencing growth, developroelhglongation,
mitosis, senescence, and apoptosis (Pavet 2005). Antioxidants therefore exist at varying
concentrations within separate organisms and in the interstitial intracellular space

between them to act as a buffer to accommodate the optimal sigghaling.

Conclusion

Because of interference amongst molecular nuclei in any biological sample, the most
exploited methods used to noninvasively detect metabolic intermediates and byproducts
to assess metabolic activity in biological samples takerddge of the electronic energy

levels and spin orientations of the molecular targets. Fluorescence spectroscopy and
resonance spectroscopy utilize these electronic states of metabolic compounds to measure
metabolic activity in living human tissue sampleshan vivoandin vitro. Fluorescence
spectroscopy allows for both fluorescent lifetime imaging and fluorescence redox ratio
analysis. Fluorescence lifetime imaging provides information on the presence of

particular fluorophores and is known to vary wetranges in the microenvironment of

the focal plane. This way, FLIM can offer information not only on the presence of a
particular fluorophore, but also the environment it is in. Redox ratio analysis provides
information on the presence and concentratigmaoficular fluorophores within a certain

focal plane, and uses image processing techniques to compare the relative concentrations
of particular metabolic intermediates to assess the magnitude of metabolic activity

present which can be increased or de@@as a function of differentiation, cell division,

drug treatment, and pathology. Resonance spectroscopy is most useful in profiling
biological tissue metabolism when used to measure the resonance of different electron
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spin states rather than nuclear reswce. Electron Paramagnetic Resonance imaging
provides information on the presence and concentration of different free radicals that

exist during specific metabolic processes (i.e. oxidative metabolism).

The improvement of these noninvasive methods biglwmetabolic activity can be

analyzed through purely endogenous sources of contrast provides a more convenient and
scientifically efficacious method to characterize metabolic behavidtro andin vivo.

The applications for this research exist botdiagnostics and research. The ease by

which human tissues is studied is not only improved by being both noninvasive and
relying on endogenous molecular targets, but the real time dynamic data that can be

gathered improves the relevance of any data obtamids way.

DRUG RESEARCH

The noninvasive tools used to profile metabolism via endogenous fluorophores outlined
above have the ability to be turned towards pathological metabolic research, with
particular applications in the field of drug development sereening. As mentioned

before, the metabolic state of any particular cell is often affected by different pathologies,

and then again by subsequent drug treatments.

In the case of adipose tissue, the two most heavily researched ailments are diabetes and
obesity. Withinthese two conditions there is an eclewtciety of FDA approved drugs

on the market with highly characterized and documented pharmacodynamic and
pharmacokinetic effects with respect to cell and tissue metabolism and morphology.

However,with the exception of a rare few, the majority of astiesity drugs tend to
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focus eitheon stifling appetite, hindering absorption of certain fatsincreasing the

pati ent.®wce the manngd/adipose tiseuedelwill not include a digestive

tract, drugs that speed up the breakdown of human fat tissue would need to directly act on
adipose tissue, such as Methotrexate, a known tumor necrosisaahibpitor which

works by alleviating inflammation in adipocytes by decreasing leptin secegtibn
increasing adiponectin secretion (Gambero et al., 26ldyever, itis still easier to

consider antidiabetic drugs such as Thiazolidinediones, Sulfonylureas, Meglitinides and
SulfonylureasThe latter twaare both known to act on, among other thirige,K-ATP
channels of cell membranes and have been associated with significant and sometimes
dangerous increases in intracellular calcium ions (Kumar et al., 2008). These anti
diabetic drugsreeasier to experiment with in the proposed model becausé¢attuysy
adipose tissue directly unlike most aobiesity drugs. A list of two Aiazolidinediones
(Rosiglitazone and Troglitazone) plus insulin &odepinephrinavith their

corresponding écts (up or dowsregulation) orsignificant adipose tissue bioneaules

is shown in Table 4.

Thiazolidinediones (TZDs) are a class of insulin sensitizing drugs used primarily in the

treatment of type 2 diabetes. Patients with type 2 diabetes are resistant to the effects of

insulin, a hormone which is responsible foruleging the metabolism of glucose in the

body. Without enough insulin, or in the case where a body is naturally resistant to insulin,
glucose | evels wildl rise in the blood becaus
the body will begin to burn fastorages as a replacement by breaking down triglycerides

in white adipose tissue.
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Hormone Sensitive [Insulin]

Lipase (Lipolysis ¢ Dependent ¢

Marker)

Lipoprotein Lipase
(Lipogenesis Marker) ¢ $

TNF-a Secretion Not Significant

Glycerol Release ¢
Plasma [FFA] /]\
Acyl CoA ¢

Dehydrogenase Protein

Adiponectin ¢

160-200umTable 4. Up and dowrregulation of various adipose tissue markers ani
biomolecules as a function of the delivery of Rosiglitagoiroglitazone, Insulin, and
Norepinephrine. Adiponectin is shown in bold because its upregulation by
Rosiglitazone was shown vivoonly, whereas the other biomolecules have had the
regulation characterizad vitro (Kim, 2004; Boden, 2005; Chao 200@¢Ternan,
2002; Kahn, et al 2005)

For any particular drug to be considered an appropriate candidate for research with
regards to profiling iteffectson adipose tissue through noninvasive analysshatild be

a clinically relevant, FDA approved drug (with known biochemical mechanisms of action
that are well understood and have been previously mapped out), and must have its actions
shown to work directly and specifically on adipose tissue itself. ely, can its

mechanism of action be correlated to and validated by noninvasive metabolic profiling.

Drug Mechanisms and Functions

TZDs are known to be ligand agonists of peroxisome prolifewatort i vat ed recept o
(PPAR2) and it is generally accepted that th
via their strong affinity towardss PPAROD (Bod
biochemical pathway that describes the mechanisms by which TZDs specifically affect

adipose tissue has never been fully mapped out, the effects TZDs have on free fatty acids

(FFAs), leptin, tumor necrosis factor  ( TUN)F, gl ucose, indheblood nsul in

46



plasma have been carefully researched for their applications as-dimbetic
(schematic shown in Figure 9). TZDs effects on lipolysis/lipogenesis also provide insight

into the metabolic effects TZDs have on adipose tissue.
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Figure 9. Left: Schematic describing relationship between adipocytes, organs, and
insulin in the case of type 2 diabetes. Right: Similar schematic of type 2 diabetic system,
only with the introduction of TZDs (Kahn et al., 2000XDs will decrease cell size,
increasecellular proliferation, increase insulin sensitivity, and down regulate leptin,

FFAs, and TNFU .

In obese rats, it has been shown that the controlled delivery of rosiglitazone and

darglitazone (two different types of TZDs) can decrease the triglycergldin, and

glucose content in the ratés blood plasma si
in glucose shows an increase in the bodyds a
into energyThe TZD, rosiglitazone, was shown in another gtiecddecrease the amount

of FFAs in wild type mice after 5 weeks of controlled delivery (Chao et al., 2000). It has

also been shown that TZDs, in restoring normal insulin sensitivity levels to adipocytes,
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will as a result cause a simultaneous decreasgifloeyte size, providing a

morphological cue for the effects of TZD administration (Kahn et al., 2000).

In another study, human white adipose tissue was removed from healthy patients during a
biopsy, and experimented on in response to the delivery &fdbiglitazone (RSG, a

type of TZD) to the tissuas vitro. The administration of RSG to the tissue samples

showed marked increases in lipoprotein lipase (LPL), a marker for lipolysis (Kirkpatrick

et al., 2005). Delivery of RSGs also showed a net massrgtie tissues, due to a

concurrent increase in the rate of lipogenesis that surpassed the increase in lipolysis,
implying a significant increase in adipocyte lipid metabolic functions. RSGs were also
shown to increase the rate&-adipocytedifferentiation into mature adipocytes during

testing (Mcternan et al., 2002; Olefsky 2000).

Specificity Toward Adipose Tissue

However, for any of these reactions to TZD administration to be useful for a 3D tissue

engineered model, it must be shown that theseteftdcl ZDs are due to their direct

interaction with adipose tissue. There is no use in testing with TZDS on engineered

adipose tissue if their effects on adipose tissue are a result of watered down side effects

caused by other changes and reactions TZ8g ielsewhere in the body that just happen

to indirectly affect adipose tissue as well. As mentioned before, it is known that TZDs
function as a |igand agonist for PPARD. PPAF
present not only in adipose tissue, dabakeletal muscle. However, it has been shown

through the use of transgenic mice models, genetically modified at the adippeygtéc
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aP2 promoter gene so that no subcutaneous orabhttaminal adipose tissue could be
observed, that the effects of TZ@re overwhelmingly mediated via direct interactions

with adipose tissue (Kahn et al., 2000). At maturation, the mice in this model all

exhibited hyperglycemia, hyperlipidemia, and hyperinsulinemia. Normal levels of TZD
administration (those that would gazen to normal, fatty mice) showed no improvement

on these ailments. It required an immensely larger administration of TZDs to the mice to
cause lipid, insulin, and glucose levels in the nbiceeach healthy levels. This is
expected, si entiaskéldaAnRiscle ang othertissaes besides just adipose
tissue However the considerable increase in TZD dosage reguicadingthe same

response in the absence of adipose tissue lends itself to the conclusion that the effects of

TZDs are primary realized by their interactions directly with adipose tissue.

In summary, the netffectsof TZDs on FFAs, insulin, glucose, and lipid content in

pl asma can be directly accredited to the dru
tissue (Oakes et aRP01; Chao et al., 200@QRosiglitazonehas been shown to cause a

significant incease in the metabolic activity aflipose tissue viiss direct interactions

with adipocyte and adi pose ECM. The metabol i
interactiors with adipose tissue has both anabolic and catabolic components. The rates of

both adipocyte lipogenesand lipolysisincrease with rosiglitazone administration

(resulting in a net increase in adipose maiskiglitazone also increases thge of

differentiation of preadipocytes into mature adipocytes (Mcternan et al., 2002; Olefsky
2000).TZDswill also affect cell morphology, as the increased insulin sensitivity that

TZDs i mpose on adipocytes has shown to decre

These morphological, biochemical, and physiological effiaslr ZDs have been
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reportedto have on adipose tissue make them a strong candidate for drug scusamgng

a 3D vascularized human adipose tissue model.

Correlate Drug Effects with Imaging

In order to continuously monitor the changes in adipose tissue in-dastructive and
norinvasive manner, the morphological and biochemical changes in the cells/ECM of
the engineered adipose tissues must be correlated properly with the changes observed
us ng advanced i maging techniqgues that are ab
effects as a function of the varying dosage volumes of the drugs being delivered (or no
drug delivery). The challenge faced by the imaging tasks proposed here is follo@seg t
changes in a 3D environment. Most drug screens analyzed via imaging methods are
conducted in 2D cultures. Just viewing the adipocytes and ECM in 3D for qualitative
analysis alone will require depth resolved images taken using confocal microscopy. In
order to gain quantitative insight into the metabolic activities, lipid accumulagion,
occurring in the engineered white adipose tissues will require even more sophisticated

imaging techniques.

As mentioned before, the deliveryrokiglitazoneto adippse tissue will cause an increase
in bothadipocyte lipid metabolismandtherate at which stem cells are able to
differentiate into mature adipocyt@dcternan et al., 2002)t has been shown in

previous experiments that metabolic activity and diffeegiatn status can be assessed in
hMSCs subjected to adipogenic differentiation medium by use of two photon excitation

fluorescence (TPEF) (Rice et al., 2007; Rice et al., 2010). During high le\aislodlic
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activity, including lipogenesi$\\ADPH will be generated through both glycolysis and the
citric acid cycles in order to generate citrate, which is exported from the mitochondria
and used to create FFAs (which serve as precursors to lipid droplessincrease in
NAD(P)H will cause a decrease in tleglox ratio By being able to gauge the relative
concentration and activity in cells, insight can be gained to the levels of metabolic
activity going on in a particular cell culture using the redox ratio techniques described

before.

Further image procesgj can provide insight into the morphologieffiectsof RSG on
adipocytes by calculating relative cell sizes and volume metrics between tissues subjected
to RSG and control samples. This imaging technique gives biochemical and
morphological cues as to wiia going on in the cells, and can give insight into the

growth and differentiation status of the cells in medium.

Rosiglitazone

Because RSG is known to elevate rates of metabolic activity, the redox ratios can be used
to gauge the effects of differendshges of RSG and how they will affect the tissue

samples (pharmacodynamics). Different methods of drug delivery to the tissues including
but not limited to a single bulk delivery of one dose of RSG (simulating single

intravenous bolus delivery), or prolged delivery of smaller dosages of RSG to the

tissues over time (could simulate multiple injections, or repeated oral deliveries) can then
be compared and studied with respect to one another by visually monitoring the

metabolic activity of the tissue viad aforementioned redox ratio. By varying the

51



dosage sizes, the toxic and therapeutic thresholds can also be determined so as to better
understand at what concentrations the drug should be supplied to adipose tissue. And

although the proposed 3D tissuetgyn will consist of only adipose tissue and no renal or
hepatic system to filter out the drugs, i nsi
of the drugs are in the local adipose tissue system before the drug is degraded and its

effects discontine.

By experimentally determining both the local degradation rates of the drug in the tissue
and the toxic/therapeutic thresholds, an administration scheme can be formulated to
describe how best to deliver the drug (either through a single delivery method,

repetitive dosing, which will slowly level out in such a way that the average delivery over

time matches the local degradation rate at the desired concentration in the tissue).

Bi oreactor Design

SPECIFICATIONS

The bioreactor system designed must agoodate perfusion flow at a constant flow

rate, continuous media extraction/replenishment, no leakage, have an optical imaging
interface compatible with an inverted confocal microscope with a working distance of
less than 0.4 mm, and be capable of longptexsting without contamination. The

chamber should be capable of holding an engineered sample of human tissue flush and

secure with the imaging interface to allow for easy imaging. These specifications are
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highlighted in Table 5, along with some prelinmpdesign features intended to meet

these needs.

Required Need Design Feature Purpose

Sterility -2 scaffolds/chamber design| -Prevents spread of contamination

-Careful choice of materials | -Autoclaveable cormosion resistant,

with desired properties capable of being machined to a smo
finish
Imaging -Cover glass molded using | -Allows for secured viewing using

Compatibility | PDMS to bottom of chamber| inverted microscope

Functionality | -Bioreactor chamber designeg -Allows slow, laminar, controlled flow
over weeks/ | to be compatible with a rates over extended periods of time

months Peristaltic Pump
-Low chance of leakage

-Bioreactor system held in | -Tissues remain im vivo-like
sterile incubator at 37°C temperature range

Table 5.Bioreactor system specifications along with the design features to be
implemented to meet those specifications, and a description of each design features
purpose and how they will satisfy the required need.

The bioreactor design will be considered sucegssit is shown that the system can
maintain a steady flow rate over weeks to months with minimal to no contamination or
leakage. The most likely causes of a chamber failing to last throughout an experiment
would be either contamination or leakage, whigduld be most likely to occur through a
broken cover glass, loose connections with the tubing, or during media exchange. The
goal is to have as many chambers survive the entire tggtiogss without

contamination.
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CHAMBER

The design of a custom biortar began must include features allowing it to meet all the
specifications labeled above, namely; sterility, cover glass imaging interface, perfusion

inflow/outflow ports, and the ability of holding the tissue flush to the imaging interface.

Custom Deigin

The material to be used would need tab&claveable machineable corrosion

resistant, notkeaching, and mechanically rigid. It would also be ideal to use a transparent
material for visual inspection throughout testing. To meet these goals, thageate

would be an ideal material because of its material properties meeting these specifications.
If polycarbonate were found to be too difficult to machine, or was prone to cracking, then
316 Stainless steel would also meet all these specificationsheigxception of

transparency.

A prototype design for the custom built bioreactor chamber is shown in Figure 10. The
chamber was designed to accommodate an 8x8x8mm cubic tissue held within 8x8mm
square machined 7 mm into the center of the chamber. @kerréor only a 7 mm depth

in the mold to hold an 8 mm cubic is to hold the tissue face flush with the imaging

interface for continuous monitoring throughout testing.
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Inflow Port

Adipose
Tissue

A Outflow Port

End Clamp

PDMS Mold

J/ PDMS Chamber
. Cover i}
] [] Glass [; :
) A | | H H
; 2x 10-32
/ Through

@ A Hole L H e e
Imaging | |
Interface 28mm
/ //X
2x10-32
1 | Tapped
__ | |JHole
No. 1.5 Cover Glass 12mm
C L D (not exploded)

Figure 10.Preliminary design of a custom bioreactor chamber. A) Biiog chamber
holding an 8x8x8mm cube of adipose tissue within a mold. B) Total configuration
showing an opening through the polycarbonate end clamp with a cover glass imaging
interface open to an objective. C) PDMS mold within which an 18x18mm square cove
glass is set. The cover glass has a mold for it within the PDMS, but it will be fastened
tight within the mold and polycarbonate chamber by tightening-821l€crews at each
corner. D) Exploded side view of chamber system showing its assembly. Notkeenow t
8x8x8mm tissue protrudes from its mold (1mm). This is because the mold it is held in is
only 7mm deep to keep the tissue slightly compressed in that dimension to hold it
consistently flush with the imaging interface throughout testing.
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The chamber wdd accommodate in/outflow ports to provide perfusion through the

adipose tissue. These ports would be fastened with a polypropyl&2UNRF thread

classic series barb connector (ValuePlastics). Between the tissue and the in/outflow ports

is a machined émsition space that ensures that the perfusing medium spreads throughout

the entirety of the tissue and is8dt | ocaliz
inflow port. This design optimization was implemented to ensure that perfusion occurs

througlout the tissue, particularly at the imaging interface (Figure 10A).

The cover glass is held flush with the bioreactor chamber and tissue construct from its
position in a PDMS mold (Figure 10C). This has been shown to be a successful technique
for holdinga cover glass stationery and flush with a tissue, while also serving as a gasket
between two rigid surfaces to prevent contamination and leakage (Kluge et al., 2011).
The PDMS mold accommodates the 18x18mm dimensions of a square No. 1.5 cover

glass with @.20 mm depression to accommodate the cover glass thickness.

The bioreactor chamber/tissue/cover glass/PDMS mold system will be held enclosed by
fastening an end clamp through each construct via-82libreaded fasteners (Figure

10D). This should be suéient to not only secure all pieces of the system together, but
also ensure that the tissue/media system remains a closed system with respect to its
environment. The thickness of the PDMS mold and clamping mechanism can be altered
to accommodate the dim&ons of the objective being used to ensure that the objective
can come within close enough contact with the cover glass imaging interface to

accommodate optimal penetration depth when imaging the tissite.
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Commercial System

A bioreactor chamber siml a r

released by Kiyatec, 2011. The chamber accommodates a segregated culture of two

samples and is compatible with unidirectional perfusion flow with imaging interface

(Figure

capable ofn situ histological embedding, determining cell viabilitysitu via

bioluminescence, and low magnification confocal microscopy (Figure 11B) (White, et al

2011).
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imaging interface are inappropriate for the high magnification multi photon imaging

modalities desired for this project (outlinedspecifications).

To accommodate TPEF i maging at a 63x objecti
interface would need to be bored out of the
drill bit on a milling machine. To replace the polystyrene plastic, 4 .Hahickness

Fischer Scientific cover glass would be adhered over the new hole in the chamber as a
replacement imaging interface (Figure 12B). This thickness allows for a 200pum

penetration deptbsing the 63x objective available. This cover glass am#tribss has

been used in previous work for the same multi photon analyses looking to be performed

here(Quinn et al., 2011).

= | amemp [ j [ \ ‘m_ | j

No. 1.5 cover glass
A - 5 -

Figure12.A. ) Scaf fol d/ 3DKUBEE di mensions as boug
polystyrene imaging window for any objectii&.) After boring out the polystyrene

plastic a larger scaffold can be input to the chamber to hold the tissue flush with a No. 1.5
(200um) thick cover glass affording a 200pm penetration depth into the tissue using a

63X objective.

After experimentingvith multiple adhesive strategies, Loctite 4541 was found to be an
appropriate adhesive to bond the cover gl ass
was based on its adhesive capabilities, biocompatibility, and ability to withstand various
sterilizationtechniques. Loctite 4541 is ISO 10993 compliant, which is an evaluation

standard used for chemicals coming in contact with biological tissues in medical devices.
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It is also capable of maintaining its adhesive properties through both EtO and autoclave
sterlization cycles. It was designed specifically for materials that are difficult for other

glues to adhere to (i.e. plastics and metals).

CUSTOM VS. 3DKUBEE

The strengths and weaknesses of the 3DKUBEE
shown in Table 6. Aftereviewing and comparing the two optioasdbecause of the

preliminary nature of thisworkhec o st advant age of esing the
was the deciding factor in choosing which de
comes with proven functionalignd provides a great ease of use with regards to the

system setup. Therefore, thesearch outlined in this thesis was continued using the

commercially bought Kiyate8 D K U B Rvith the aforementioned modifications.

MEDIA RESERVOIR

Considering the smallvl ume wi t hin the 3DKUBEE chamber (
external media reservoir is required to sustain the 3D tissue. For this purpose, the barrel

of a 30mL syringe with the plunger removed was used (Figure 13A). The open top of the

syringe was then pluggeti using a Size 3 VWR Black Rubber Stopper. The inner

diameter of a 30mL syringe is roughly 21.7 mm. A Size 3 rubber stopper is 25 mm long

with an upper diameter of 24 mm and a lower diameter of 18mm, allowing it to be press

fit into the top of the syring, providing an air tight seal.
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Specification| 3SDKUBE Custom Design
Sterility One experienced All autoclaveable parts
contamination
Setup Easy construction and one | Many different pieces and machined pa
piece design saves time complicate setup
Imaging Demonstrated to not Site of tissue surface flush with imaging
Interface break/fracture during interface is more representative of tissu
imaging when contacted by| section subjected to perfusion flow
objective
Functionality| Up to Swks perfusion Proven gasket design poevent leaks
over weeks/ | observed while maintaining cover glass flush with
months Vulnerable to leaks at system
custom imaging interface | Option to use adhesive in supplement tg
gasket
Tissue Tissues housed in opposite| All tissues oriented on one side of
Orientation | oriertation chamber for improved assurance media
flows through tissue at site of imaging
interface
Cost Considerably cheaper Higher PDMS/Polycarbonate/Machining
($220/box) costs

Table 6. Side by side comparison oftheestn gt hs and weaknesses of the 3
and custom designed chamber.

GAS EXCHANGE

In order to supply oxygen and remove carbon dioxide from the tissue/chamber system, an

outlet for gas exchange must be present. For this purpose, a-M3le®.22um,

hydrophobic PTFE, 25 mm diameter, EtO sterilized air filter was used. The gas exchange

port was put at the site of the black rubber stopper at the top of the media reservoir

(Figure 13A). To reach through t hectuet opper,
through the 25mm long rubber stopper. A male luer lock to barb connection was
connected to the needleds complimentary f ema
120 strand of Silicon Platinum cured tubing

barb connection to the female luer lock connector of the air filter through another barb to
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male luer lock connection. This provided for a source of sterile gas exchange above the

surface of the media within the media reservoir.

Figure 13.A. Configuration of media reservoir made up of a 30mL syringe barrel with a

rubber stopper plugging up its open two. The two syringes piercing through the rubber

stopper are connected to two male luer lock to barb connections which connect to tubes

that leadout to a gas exchange and media flow in port. The female barb on the bottom of

the syringe leads to the bioreactor chamber (Note; during testing/imaging phenol red free

medi a was used). B. 3DKUBEE chamber with pol
glued onusing Loctite adhesive (gray ring around imaging interface). C. Perfusion flow

circuit showing entire configuration from chamber to pump to media reservoir plus

connections.

FLOW CIRCUIT

The three main components of this perfusion bioreactor systetine chamber,

peristaltic pump, and media reservoir/gas exchange. These three components are all
connected in series as shown in Figure 13C via platinum cured silicoifharded

tubing (Cole Parmer, Vernon Hills, IL) and luer lock to barb connections vt

orientation shown in Figure 13C, the media flows in the clockwise direction so that
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media drops into the 30mL syringe media reservoir (rather than being sucked up through
the top). This keeps the gas exchange (shown adjacent to media inflow pguren F

13A) dry and prevents contamination.

FLOW RATE

The flow rate of the perfusion pumping mechanism could be controlled by two
parameters; the rotations per minute of the peristaltic pump and the inner diameter of the
PharMed tubing that the pump wagseoating onThe practice of tissue engineering is
delicate during the early stages of tissue growth because of the low density of cells that
often adhere to the scaffold material. There is also no ECM growth at the start of tissue
culture and so the celtaust begin by generating their own within the pores of the

scaffold. Given thislelicate natureslower flow rates were preferred, and as mentioned
earlier, optimal flow rates for other tissue engineering applications have been found to be
on the order ofi00-800 um/s (Grayson et al., 2011).

The minimumrotations per minute permitted by the pumping mechanism used were
10rpm. From there, the inner diameter of BrMediubing could be controlled to tailor

the flow rates to the desired levels. MasterfisarMed tubing size #13 has an inner

di ameter of O0.030. After measuringtthe fl ow
measurements, average flow rate of 0.0056813L/s was measured. By taking into
account the cross sectional area of the biooea@ttamber in/outflow ports, the lateral

flow rate perfusing through the adipose tissue samples within the bioreactor chambers

was calculated to be 412umn/s. This is the flow rate that was used throughout the
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experimentso bedescribed. It can be alteléor future experiments by eithelnanging

the speed of the motor, or by using tubimith a different inner diameter.

STERILITY

As mentioned in the specifications, each and every part of the perfusion bioreactor

system that encloses or comes in digggttact with the internal tissue/media reservoir

system must be sterilized. The tissue/media reservoir system should also be completely

closed off from any sources of contamination from the bioreactor surroundings.

The two modes of sterilization utilizexl the design of this perfusion bioreactor system

are autoclave and EtO sterilization. Autoclave was considered the preferred method, and

SO as many bioreactor components as possible were choseaufit@citaveable

materials. All of the connectors (barbliarb, male/female luer lock to barb) were made

of autoclaveablepropylene. Both types of tubing (PharMed, platinum cured silicone)
wereautoclaveable along with the Loctite adhesive after being allowed to dry. The

syringe used for the mediareservoirda t he 3 DKUBEE chambers howev
out of nonautoclaveableplastics. Because of this, they were both sterilized through EtO
sterilization. All syringe needles and air filters used here were purchased after having

already been EtO sterilized.

To ersure that the tissue/media reservoir system remained closed to the outside

environment throughout testing, the same Loctite adhesive used to connect the cover

glass to the 3DKUBEE chamber was generously
tube, tubechambeytubesyringe, tubeneedle, tubdilter, needlerubber stopper, and

rubber stoppesyringe connection in the perfusion flow circuit. Each of these

63



connections as is are already supposed to be air tight and unlikely sources of
contamination as advertisdaljt considering the number of connections (and possible
sources of contamination), it was considered worthwhile to alleviate any unnecessary risk
and generously apply the highly viscous Loctite adhesive to each of these connections for

added security froraources of contamination.

PERFORMANCE MEASURED

The goal of this design was to build a perfusion bioreactor system that would allow for
noninvasive, continuous analysis of adipose tissue samples via confocal multi photon
microscopy, media extraction, aedentual destructive histological analysis (Figure 14).

The focus of the results displayed in the perfusion bioreactor experimental section was on
a three week experiment where the adipose tissue samples were held in perfusion flow
within the outlined biogactor system for the last two weeks of the experiment. Eleven
tissues in total were placed within the perfusion bioreactor system where multiple
samples were imaged and sacrificed for histological analysis at the Owk, 1wk, and 2wk
time points. The measuof how the bioreactor system performed throughout this

experiment is shown below in Table 6, and also described here.

Of the eleven samples introduced to the system, only three failed to last until their
scheduled sacrificial time point. Two of those péas failed as a result of a leak at the
site of the imaging interface where the

The other was a result of contamination.
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Figure 14.Schematic showing the path of the tissue from static culture into thesjoerf
environment of the bioreactonamber, and then the three modes of analysis afforded
through this bioreactor system. The confocal image shows the silk and cells false colored
red and green, respectively, with two cross sectional imagewing the dpth resolved

40 um image stack, displayed the left and bottom of the image (cross sections taken
through the center of the imggelistology shows an H&E stained adipose tissue sample.
Media extraction allows for analysis of the perfusing medium agdbiemmolecules

excreted from the cells into it through assays or western blot analysis (Hughes, et al
2003)

In the two cases where testing was ended as a result of a leak, extra media was added to
the media reservoir to test to see if the bioreactor isyat@s capable of sterile media

exchange and replenishment. In both these cases, the bioreactor systems were allowed to
continue to run on replenished media reserves, and in both cases, the samples were able

to run with media for another day (and then agfina second day after another media
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