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Optical molecular sensing in complex biological environments
ABSTRACT

Although techniques in molecular imaging have advanced considerably over the past several
decades, there remain numerous categories of biological molecular targets that are refractory to
straightforward imaging. Among these is molecular oxygen, which is vital to a host of physiologi-
cal as well as pathological processes, as well as the amorphous pigment pheomelanin, which may
play a formerly unappreciated role in melanoma carcinogenesis.

This thesis describes two related bodies of work that advance techniques in oxygen and pheome-
lanin imaging, respectively. First, inspired by a desire to understand how hypoxia affects cancer
chemotherapy on a cellular level, we designed and synthesized a novel oxygen-sensitive, dendritic
nanoconstruct that is capable of spontaneously penetrating through hundreds of microns of multi-
ple cellular layers. After demonstrating our nanoconjugate’s oxygen sensitivity using time-domain
phosphorescence lifetime measurements, we demonstrate that it retains its oxygen sensitivity in
a 3D spheroid in vitro model of ovarian cancer through the use of a custom-made, near infrared-
optimized confocal phosphorescence imaging system. Drawing from this approach, we then de-
scribe the fabrication and calibration of a separate oxygen-sensing bandage platform for use in
wound-healing applications, and demonstrate its use in ex vivo and in vivo animal systems.

The second body of work describes the use of non-linear four-wave mixing techniques to fa-
cilitate straightforward imaging of the molecular pigment pheomelanin. Recent findings suggest
that pheomelanin may play a previously unappreciated role in melanoma carcinogenesis, even in
the complete absence of an ultraviolet light insult. However, due to its pale color, pheomelanin
is difficult to visualize against a skin background, making its study challenging. After constructing
a femtosecond-pulsed coherent anti-Stokes Raman scatter (CARS) microscopy imaging system,
we use imaging and spectroscopy to provide proof-of-concept that pheomelanin can be imaged

through a combination of CARS microscopy and electronically-enhanced four-wave mixing. We
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then use our non-linear imaging system to specifically observe pheomelanin in isolated “redhead”
mouse melanocytes, and show through an siRNA gene knock-down strategy that our system can be
used to observe changes in pheomelanin signal upon modification of biological pathways known

to affect pheomelanin synthesis.
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Believe half of what you see.

-Marvin Gaye

Introducion

Over the past several decades, breakthroughs in biomedical imaging technology have created a host
of new tools through which to study the most challenging biological problems. Indeed, it is difficult
to imagine the practice of modern biology without such techniques as confocal microscopy, first
described in 1957, or, more recently, two photon microscopy, which has enabled in vivo studies
to be conducted in deeper and deeper tissue environments. When combined with the impressive
array of fluorescent dyes now available as well as the development of genetically engineered flu-
orescent proteins such as GFP (for which the Nobel prize in Chemistry was awarded in 2008),

these workhorse techniques become powerful and indispensable interrogators of biological form



and function.

But what if the structure or process you seek to image doesn’t contain a fluorophore, or can’t
be tagged with one? What if you need to see a small molecule that is refractory to known tech-
niques? Although these scenarios typically call for more complex tactics, all is not lost. So-called
“contrast-free” imaging techniques such as coherent Raman vibrational imaging and photoacoustic
tomography have made remarkable progress over the past decade and can facilitate imaging based
on the target’s electronic and vibrational properties, respectively. [1, 2] Similarly, small molecules
with no distinctive electronic or vibrational features such as metal ions or gases can often be im-
aged indirectly though the use of exogenous chemical sensors, although this introduces further
complications such as the need for tissue and/or cellular delivery.

This thesis describes distinct but related efforts to advance molecular imaging on two challeng-
ing and biomedically relevant targets. The first, which has comprised the majority of my disserta-
tion research effort, describes some of our lab’s recent work in the development of novel biocom-
patible optical oxygen sensors as well as optical sensing platforms for biomedical use. We demon-
strate the total synthesis of an oxygen-sensitive, phosphorescent dendritic nanoconjugate as well as
the construction of a single-photon counting confocal phosphorescence microscope that can im-
age its near-infrared emission. This conjugate, which we nickname “CAOS” for Click Assembled
Oxygen Sensor, is capable of spontaneously penetrating through avascular, multicellular structures
as well as 3D in vitro cancer models. We go on to discuss potential applications of this work in per-
sonalized medicine and cancer therapeutic screenings.

Beyond cancer, the presence of hypoxia in recovering burn sites, surgical grafts, and chronic
wounds adversely affects healing and has negative prognostic implications. A technology capable
of identifying hypoxia in its early stages could facilitate better short-term and long-term wound
care. Leveraging aspects of technology developed through the CAOS project described above, we
demonstrate an oxygen-sensitive skin bandage that can be painted on to wound beds and demon-

strate its application in ex vivo and in vivo models of ischemia and burns.



The second effort encompasses the development and early spectroscopic studies of a non-linear
optical imaging approach to visualizing the skin pigment pheomelanin, a heterogeneous molecu-
lar aggregate responsible for the characteristic reddish/orange color in “redhead” hair. This work,
inspired by recent findings in melanoma biology that suggest a new, causative role for pheome-
lanin in melanoma carcinogenesis, employs a combination of coherent Raman imaging and other
non-linear four-wave mixing processes to provide proof-of-concept that pheomelanin can be im-
aged in situ using microscopy techniques and without processing or addition of exogenous contrast
agents. Itis our hope that these techniques or variants thereof may soon be used to study and better
understand melanoma carcinogenesis, both in vivo and perhaps even in the clinic.

Although these two bodies of work are focused on the imaging and analysis of different molec-
ular systems, they are unified not only through the chemical/physical approach used throughout
their study, but also by the complex biological environments in which their target analytes reside.
Oxygen is ubiquitous throughout all respiring cells of the human body, and as such is present in so-
lutions of every conceivable biological pH and protein microenvironment; similarly, pheomelanin
is an amorphous aggregate that is believed to be physiological present in cytoplasm, subcellular
organelles, and the extracellular space alike. Both oxygen and pheomelanin are refractory to “tra-
ditional” imaging techniques, and both are important in a multitude of disease-related processes.
Thus, the targets are united through the challenges and rewards of imaging them in their respective
complex native biological environments.

Given the different techniques used in each project and the different literature from which our
inspirations were drawn, as a courtesy to the reader each body of work will be formally introduced
and addressed in a separate chapter or chapter series, and the appropriate literature will be re-
viewed on a per-chapter basis. Chapters 2 and 3 describe the CAOS and bandage work, respec-
tively, whereas Chapter 4 describes the pheomelanin work.

Finally, while much of this dissertation discusses technical advances intended to facilitate a par-

ticular imaging application, the overarching questions driving this work are clinical, and all of our



studies are geared towards a particular biomedically relevant end goal. We were inspired not sim-
ply to drive new methods of oxygen detection in complex environments, but rather to understand
how the absence of hypoxia can lead to therapeutic resistance in cancer patients. Because the ap-
propriate tools did not exist, we decided to build them. Likewise, we seek to image pheomelanin in
order to better understand why patients of a particularly skin type (i.e., redheads) are statistically
more vulnerable to the devastating but preventable disease of melanoma. Thus, these techniques
are meant to be a means to an end rather than as an end in their own right.

It has been my pleasure to conduct this work and it is my sincere hope that you, the reader, enjoy

the descriptions and discussions contained in this thesis.



I accept chaos. I'm not sure whether it accepts me.

-Bob Dylan

Optical sensing of hypoxia

As the third most abundant element in the known universe and one of the primary constituents of
Earth’s atmosphere, molecular oxygen is ubiquitous in living systems and essential to the existence
of all known higher organisms. Mammals have evolved complex and adaptive circulatory systems
that deliver oxygen throughout the body, while simultaneously engaging biological fail-safe mech-
anisms to prevent its toxic derivatives from escaping and causing cellular damage. Impaired oxygen
delivery to tissue regions is etiologically significant in a wide range of pathological conditions rang-
ing from cancer therapeutic resistance to diabetic ulcers.

In spite of its profound biological and clinical importance, few effective tools exist for non-



disruptively quantifying oxygen in its physiological milieu. Oxygen’s absorption peaks and emis-
sion spectrum are poorly specific and difficult to assess in a biological context, and its most abun-
dant isotopic form is not active for magnetic resonance studies. Even the so-called “gold standard”
metric of electrochemical, needle-based point measurements suffers from severe drawbacks, in-
cluding the difficulty of probing large surface areas and the inherently disruptive nature of the in-
strument and measurement process. Furthermore, large oxygen consumption gradients are be-
lieved to exist within even a single organ or glandular structure, making the ability to quantify
molecular oxygen at the tissue, cellular, and subcellular level necessary in order to impactfully study
this simple molecule’s profound profound impact on physiology and disease.

This chapter addresses a new chemical approach to satisfy this unmet need. We demonstrate the
total synthesis of phosphorescent oxygen-sensitive molecules that penetrate multicellular struc-
tures and describe the construction and application of specialized analytical and imaging systems
necessary to use these molecules. In order to contextualize the importance of oxygen measurement
in both normal physiology as well as pathological states, we begin with a brief review of physiologi-
cal oxygen tensions throughout the body and a discussion of oxygen’s involvement in disease states
such as cancer. Following this, we describe our unique approach to intracellular oxygen reporting

and follow with a detailed description of our methods and future applications.

2.1 OVERVIEW: CELLULAR MECHANISMS OF OXYGEN CONSUMPTION, UTILIZATION,

AND METABOLIC REGULATION

2.1.1 A VERY BRIEF HISTORY

The discovery of oxygen was a landmark in the chemical sciences and represented in its era a de-
parture from prevailing scientific theories. Early understandings of oxygen propagated by the Ger-

man alchemist J.J. Becher attempted to explain combustion using the “phlogiston” model, which



posited that all combustible bodies comprised a flammable element known as phlogiston that was
released to the environment upon combustion, leaving behind a dephlogistonated calx. This incor-
rect model was shaken in the late eighteenth century through a series of experiments that demon-
strated that in many cases combustible materials can actually gain weight during combustion, thereby
calling into question the model’s central tenant (i.e., loss of mass vis-a-vis phlogiston). Although
numerous scientists could arguably be credited with the discovery of oxygen per se, the British cler-
gyman Joseph Preistly was the first to publish his findings, which demonstrated that oxygen liber-
ated through addition of heat to mercuric oxide (HgO) would produce a “physiologic enhance-
ment” both in laboratory mice and in himself. The name “oxygen” stems from work conducted by
the French chemist Antoine Lavoisier, whose findings laid the groundwork for our modern under-
standing of combustion and who named the gaseous element required oxygéne, based on the Greek
word for “sharp” (Lavoisier incorrectly believed oxygen to be an essential component of all acids,

which elicit a characteristic sharp and sour taste.) [3, 4]

2.1.2  OXYGEN TRANSPORT AND CONSUMPTION IN TISSUE

Although smaller organisms such as insects can support metabolism on the organismal scale through
passive diffusion, higher organisms such as mammals have evolved complex respiratory and circu-
latory systems to transport oxygen to throughout bodily tissues. On its own, oxygen’s solubility
in blood is poor (0.03 mL Lyjeed™ mmHgOz'l), thereby making the presence of an oxygen car-
rier molecule essential to meet the respiratory needs of metabolically active tissues. In humans,
this carrier protein is hemoglobin, a remarkable tetrameric heme protein densely packaged in red
blood cells that additionally serves crucial roles in carbon dioxide homeostasis and nitric oxide
transport. [ 5] Each hemoglobin molecule can bind four oxygen molecules, thereby increasing the
oxygen carrying capacity of blood 65- to 70-fold. [5]

To understand the effects in tissues of reduced or otherwise impaired oxygen delivery, it is first

necessary to define basal levels of oxygenation and appreciate the heterogeneity that exists in oxy-



genation throughout healthy human organs. Under normal atmospheric conditions (i.e., room air),
oxygen constitutes roughly 21% of air by volume, corresponding to a partial pressure of 158 mmHg.
(Under standard cell culture conditions, this number is often reduced to 150 mmHg due to the ad-
dition of 5% CO, for pH control.) During inspiration in a healthy individual, the oxygen partial
pressure (pO, ) drops to approximately 100-110 mmHg in the alveolus, the functional unit of air
exchange within the lung. [6] After diffusing across the lung epithelium, oxygen encounters de-
oxygenated venous blood and reoxygenates it. In a healthy adult, the pO, s of arterial and venous
blood (approximately 9o mmHg and 40 mmHg, respectively) are generally considered proxies for
the pO, s of blood on either side of the pulmonary vasculature and are thus important and well-
known clinical parameters. [6]

Downstream of arterial circulation, there exists substantial variability within the literature on
physiological oxygen tensions in solid organs. For example, the brain’s dense neuronal parenchyma
is extraordinarily metabolically active, such that its oxygen consumption rates are high; oxygen ten-
sions in the frontal white matter typically average 40 mmHg, but results ranging from 33-48 mmHg
and beyond have been reported. [7, 8] Likewise, muscle tissues exhibit pO,s of 25-32 mmHg, de-
pending on depth, muscle type, and muscle location. [7] In contrast, reported pO,s from livers
exhibit a wider range and dependence on physiologic state. Whereas transplant recipients exhibit
liver pO, s of upwards of 60 mmHg 48 hours after transplant, intraoperative pO, s recorded using a
different method showed a median pO, of 31 mmHg. [7, 9] Thus, physiological oxygen tensions
can be highly heterogeneous and dependent on tissue function.

In considering these data, it is important to note that many were generated using the point-based
electrochemical methods, which are inherently limited and of debatable utility in the solid organ
environment; the advantages and drawbacks of these systems will be discussed in Section 2.3.1. It
is also important to note that these numbers reflect solid tissue pO, s, as opposed to arterial pO, s

measured in the organ-associated vasculature.



2.2 CELLULAR AND TISSUE RESPONSES TO HYPOXIA

2.2.1  ORGAN-LEVEL EFFECTS OF HYPOXIA

Broadly speaking, hypoxia is biologically defined as a physiological state wherein the equilibrium
pO, within a tissue or cell is insufficient to meet the oxygen demands of that tissue. In order to
appreciate the need for tissue-based oxygen sensors and the sensing range over which they must
operate, it is essential to both define hypoxia quantitatively and physiologically, as well as to un-
derstand how and when insufficient oxygen can be damaging to tissues. We will therefore proceed
by first describing the organ-level effects of hypoxia through two illustrative examples, followed by
a brief discussion of hypoxia’s effects at the cellular and molecular level.

As described above, oxygen homeostasis in tissues is fundamentally a function of two param-
eters: oxygen supply and oxygen demand. In the heart, for example, myocardial oxygen demand
is determined through a number of factors including heart rate and the contractility or the inten-
sity of each heart beat. [10] On the supply-side, vital physiological properties can be altered to
dynamically adjust the blood supply to respiring myocardium, including modulation of vascular
resistance and therefore coronary blood flow, modulation of coronoary vascular properties by ac-
cumulated metabolites such as adenosine, and the mechanical forces exerted on the coronary arter-
ies through the heart’s contraction. [ 10] When one or more regulatory element in this system be-
comes compromised (for example, reduced coronary blood flow secondary to atherosclerosis and
vessel stenosis), the heart exhibits changes on both the cellular and organ level; cardiac myocytes
may switch from aerobic to anaerobic respiration, resulting in an altered paracrine excretion pro-
file as well as altered contractility and impaired ability to meet overall physiological blood delivery
needs throughout the body. [ 10] Although the pO, at which this process occurs remains unclear,
in part due to the lack of reliable measurement techniques, studies suggest the ischemic threshold

may be near 22 mmHg, with myocardial oxygen tensions falling to 6 mmHg or lower during severe



hypoxic/ischemic episodes.[ 11-13]

Another example of oxygen’s pathophysiological relevance is hypoxic-ischemic retinal disease.
Asthe tissue responsible for the energy-intensive process of vision transduction, the retinais among
the most metabolically active tissues in the body. [ 14] Retinal ischemia/hypoxia is a sequela of nu-
merous disease states including diabetes, chronic obstructive pulmonary disease, trauma, and ob-
structive vascular diseases, and is itself among the causative factors of diseases such as glaucoma and
macular degeneration. [ 14]. Beyond inducing retinal ganglion cell death, however, retinal hypoxia
can lead to debilitating consequences through a variety of biochemical mechanisms, many of which
will be discussed in greater depth below. In the eye, hypoxia leads to downstream synthesis of vas-
cular endothelial growth factor (VEGF), a protein that stimulates new blood vessel growth, which
in turn leads to angiogenesis, elevated intraocular pressure, fluid accumulation, and the induction
of cytotoxic inflammation. [14] Hypoxia has also been demonstrated to induce increased produc-
tion of nitric oxide (NO), a gaseous hormone that has been associated with both enhanced vascular
permiability and neurotoxicity, as well as increase neuronal excitotoxicity through hypoxia-related
accumulation of excitatory neurotransmitters such as glutamine. Various hypoxia-related paths to

retinal ganglion cell death are outlined in Figure 2.2.1.[14]
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Figure 2.2.1: A depiction of possible factors contributing to Retinal Ganglion Cell (RGC) death
in retinal hypoxia-ischemia. Reproduced from [ 14].

Finally, it is important to note that hypoxia is not always indicative of pathology per se, and can be
normal in certain tissue types. Bone marrow, for example, has been measured to be physiologically

hypoxic, and hypoxia is believed by some to be essential for normal hematopoiesis. [15-17]

2.2.2 CELLULAR AND MOLECULAR EFFECTS OF HYPOXIA

Although hypoxia’s effects on the cellular level are myriad and often dependent on the function
of the affected cell type, only well-described mechanisms common to multiple cell types will be
discussed here. [18, 19] The most studied molecular effectors for hypoxia are the family of tran-
scription factors called hypoxia-inducible factors (HIFs), among which the best characterized is
HIF-1. HIF-1 is a heterodimeric protein comprised of a constitutively expressed subunit HIF-1f
and an additional oxygen-dependent subunit HIF-1a. Under normal conditions, HIF-1a is rapidly
degraded through the ubiquitin-proteasome system. Under hypoxic conditions, however, the rate
of HIF-1a degradation is reduced, facilitating its accumulation and increased interaction with HIF-

1B and enabling the HIF-1a/f complex to act as a transcription factor.! The result is transcriptional

"This also occurs in the presence of reduced iron concentration.
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activation of genes including VEGF, lactate dehydrogenase A (LDH-A), the pyruvate dehydroge-
nase family enzymes (PDKs) including PDK1, and a host of glycolytic enzymes. [14, 20]

The hypoxia-induced increase in HIF-1 activity is additionally coupled to a metabolic shift from
aerobic to anaerobic metabolism that reduces cellular demand for oxygen. While much remains un-
known about the manner through which this shift takes place, it is known to occur through a combi-
nation of cellular mechanisms including a reduction in mitochondrial oxygen use through reduced
uptake of glycolytic intermediates, activation of key metabolism-controlling genes such as PPARa
and PDK4, and HIF-1 mediated upregulation of glycolysis-associated genes as described above.
[21, 22] In addition to helping to balance oxygen supply with oxygen demand, this metabolic shift
is cytoprotective on a number of levels. One result of inadequate cellular oxygenation is the gener-
ation of reactive oxygen species (ROS) such as superoxide along the mitochondrial electron trans-
port chain; HIF-1 pathway induction acts in a negative feedbackloop to reduce oxidative phospho-
rylation, resulting in a decreased rate of both ROS creation and mitochondrial damage.[22, 23]

Ininstances of acute or otherwise unmanageable mismatch between oxygen supply and demand,
cellular death can occur through multiple pathways including apoptosis, necrosis, or autophagy.

[24-28].

2.2.3 HYPOXIA AND CANCER

In addition to its role in diseases of ischemic etiology, hypoxia is known to occur in tumors and is an
important clinical factor in cancer treatment planning and efficacy. Primary solid tumors become
hypoxic as they grow beyond the diffusion distance of oxygen from nearby vasculature (up to 200
um). [29] As described above, the presence of hypoxia contributes to HIF-1 activation and leads
to the transcription of genes including VEGF, which in turn stimulates the growth of new blood
vessels in the vicinity of the tumor. The resulting tumor-associated neovasculature is morpholog-
ically chaotic and leaky and often fails to deliver oxygen uniformly throughout the entirety of the

tumor, thereby contributing to the formation of heterogeneous regions of hypoxia. [30-33] Once
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present, hypoxic conditions exert a plethora of tumor-promoting effects, including suppression of
apoptosis, elevated genomic instability secondary to hypoxia-induced ROS generation, enhanced
invasiveness, altered lipid metabolism, and selection of somatic mutations favorable to survival in
the hypoxic environment.[29, 34]. Clinically, hypoxia contributes to resistance to numerous can-
cer therapies including the chemotherapeutics etoposide, s-fluorouracil, paclitaxel, and doxoru-
bicin, as well as to radiation therapy. [20, 29, 35-37] In some cases, the therapeutic resistance can
be dramatic; for example, up to 100-fold decreases in paclitaxel cytotoxicity have been reported
under hypoxic conditions. [38]

It is important to emphasize that heterogeneities in tumor oxygenation occur on the microenvi-
ronmental level, and can vary across clusters of cells or even individual cells. To the extent that the
presence of hypoxia affects therapeutic response, this highlights the importance of understanding
tumor oxygenation on a cell-by-cell level, as even single cells that survive therapy can seed recur-

rence or therapy—resistant disease. [ 35,394 1]

2.3 CHEMICAL APPROACHES TO OXYGEN SENSING

2.3.1 ELECTROCHEMICAL METHODS

For many years the “gold standard” for oxygen sensing has been the so-called Clark electrode. [42]

This electrode relies on platinum surface catalysis to perform the following net reaction:

o,t4e +2HO0— 40H" (2.1)

The electrode itself resides in an aqueous electrolyte solution that is embedded in a fine glass
tip; the electrode assembly is then attached to a sensitive ammeter (e.g,, a picoammeter) that mea-
sures the current generated, which upon proper calibration is proportional to the oxygen at the tip.

Although this system has been used to make innumerable measurements in physiological settings,
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it does suffer from several important drawbacks. First, as an electrode-based system, it is capable
of providing only a scalar value proportional to oxygen concentration at a single location; thus ,2D
surface measurements as well as measurements of areas smaller than the needle tip (<o.5-1mm)
become tedious and problematic. Second, the reaction consumes both oxygen and water, such that
the probe actively and constitutively consumes oxygen throughout its operation; this leads to an
additional requirement of stirring or agitation to maintain an equilibrium distribution of oxygen
at the site of measurement to avoid errors, a challenging task in biological tissue. Third, insertion
of a Clark electrode into a sample site is often mechanically and chemically disruptive. Fourth, the
probes are temperature and pH sensitive, such that precision measurements require careful cali-
bration across temperature ranges as well as knowledge of the temperature of the analyte solution
or tissue. Fifth, Clark electrodes suitable for use in tissue have small tip diameters (often <1 mm)
and are thus fragile and easy to break. Thus, although Clark electrodes find frequent use in a vari-
ety of oxygen-sensing contexts (e.g., calibration of other oxygen sensors), they are not ideally suited
for biological oxygen measurements on 2D surfaces or complex 3D tissue environments. Readers
interested in further discussion of advances in Clark electrodes as well as their pros and cons are

referred to a recent, comprehensive review on the subject. [42]

2.3.2 INTRODUCTION TO THE PHOSPHORESCENCE LIFETIME METHOD OF MEASURING OXYGEN

TENSION

A powerful alternative methodology for determining oxygen tension in tissue is oxygen-dependent
quenching of phosphorescence, also known as “phosphorescence quenching.” First proposed by
Vanderkooi et al. in 1987 as a means of measuring oxygen tension in vitro, phosphorescence quench-
ing is an optical technique that exploits the ability of the triplet ground state of molecular oxy-
gen to collisionally interact and exchange energy with the exited state of luminescent molecules,
thereby non-radiatively quenching their excited state and shortening the ensemble-averaged ex-

cited state lifetime. [43] While this process is possible for excited singlet states (i.e., fluorophores),
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the microsecond- to millisecond excited state lifetime of triplet emitters (i.e,, phosphors) makes
them statistically more sensitive to oxygen-mediated quenching than singlet emitters, which have
excited state lifetimes on the order of nanoseconds. [44] Additionally, the triplet-triplet interaction
that occurs in phosphor-oxygen collisional interaction is more favorable to non-radiative collisional
energy transfer than the singlet-triplet interactions that occur between fluorophores and oxygen,
as the triplet-triplet interaction is not spin-forbidden.

While a variety of molecules and heavy metal complexes such as iridium and ruthenium com-
plexes are know to phosphoresce, the phosphorescence quenching research community has largely
favored the use of porphyrins and porphine analogues due to a number of factors including their
stability, their ability to interact with biomolecules such as albumin, their typically red-shifted
emission, and the fact that they are ubiquitous in biology.[ 42, 43, 45, 46] Palladium and platinum-
containing porphyrins have been particularly popular, owing in part to the fact that their relatively
long lifetimes (40-100 ps and 400-1000 ys for Pt- and Pd-porphyrins, respectively) provide a broad
temporal quenching window and therefore a large dynamic range of sensing. In addition, their
phosphorescence emissions are bright relative to other porphyrins, and their absorption spectra
exhibit large molar extinction coefficients in both the UV and the visible regions (370-450 nm and

500-650 nm, respectively).

THEORY OF OXYGEN-DEPENDENT QUENCHING OF PHOSPHORESCENCE

Consider a phosphorescent molecule PM that emits from an excited triplet state PM™. The two
competing pathways through which the excited phosphor decays are phosphorescence (with rate
constant k,) and non-radiative energy transfer to a quenching molecule Q (at rate constant k,).

Thus, the rate of change of PM™ is:

d[PM"]

T —k [PMT] — k,[PM"][Q] (2.2)
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Separating the variables in Eq. 2.2 and integrating gives:

[PM"] = [PM] e~ kIt (2.3)

Here, PMT is the concentration of triplet emitters immediately following an excitation pulse.>
Because the phosphorescence intensity is proportional to the concentration of emitters present,

Eq. 2.3 can be re-written as:

I= Ioe_f (2.4)

Eq. 2.4 states that a homogeneous population of excited phosphors in the presence of a quench-
ing agent decays according to a negative exponential function. Thus, substituting in the exponential

argument from Eq. 2.3, we arrive at:

=24 k[Q (2.5)

T T,

Where .- = k, is the intrinsic decay of the phosphor in the complete absence of a quencher, and
k, is a second-order rate constant that describes the frequency of collision between the phosphor
and the quencher. This important result is known as the Stern-Volmer equation, which describes
the inverse lifetime as a function of the molecularly intrinsic quantity 7, and the concentration of
a quencher Q. [47] Importantly, note that Eq. 2.5 is independent of the concentration of the emit-
ter; practically speaking, this means that this approach can be used to quantify quenchers across
arbitrary concentrations of emitters, a useful result in tissues where the concentration of phosphor

may vary from point to point.

*Implicit in this derivation is the assumption that the excitation pulse is treated as a § function; in the more realistic
case that the excitation pulse has a finite width, the decay function will be a convolution of the excitation pulse shape
and the decay function. This scenario arises in this work and is discussed in Section 2.5, as well as in Chapter 3. Note
that for cases where the excitation pulse is short relative to the decay time (i.e., femtosecond pulses vs. microsecond
decays), the effects of the convolution are minimal and can be ignored.
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For the scenarios discussed herein in which the quenching molecule is dissolved oxygen, it is
often more convenient to discuss the quencher in terms of partial pressure (pO, ) rather then mo-
larity. Assuming that Henry’s law holds, the oxygen concentration can be re-written as [O,] =
apO,, where pO, is the partial pressure of oxygen and a is oxygen’s solubility coefficient in units of

M/mmHg. [44]

r_ + ak,(pO,) = Ti + k,(pO,) (2.6)

T T,

Where k, = ak, with units of mmHg's™.?

2.3.3 IMAGING METHODOLOGIES AND APPLICATIONS BASED ON PHOSPHORESCENCE LIFETIME

Shortly after its initial description, oxygen quenching of phosphorescence lifetime was adapted as
an imaging modality by Rumsey et al., who used it to perform 2D planar imaging of oxygen ten-
sion in anoxic and normoxic Sprague-Dawley rat livers. [43, 48] In this early experiment, Rumsey
and colleagues used a xenon arc lamp/camera system to provide a brief excitation pulse to an ex
vivo liver perfused through the portal vein with a Pd-coproporphyrin-containing buffered mixture
maintained at 95% O,/5% CO,; the liver was then imaged with a camera to acquire the phos-
phorescence intensity. Upon perfusion with an anoxic buffered mixture, the phosphorescence in-
tensity was observed to increase four-fold, consistent with the decreased rate of oxygen-mediated
phosphorescence quenching over the imaging period as predicted by Vanderkooi et al. [43, 48].
Notably, this early technique imaged phosphorescence intensity, not lifetime, but was still ground-
breaking in its ability to non-perturbatively capture course-grain changes in oxygenation across an
entire imaging plane as opposed to a single point, as was the previous state-of-the-art. Further-

more, unlike methods relying on Clark electrodes, the resolution for this experiment was limited

*Nomenclature for the quenching constant k; can vary throughout the literature; for example, k, can be used in-
terchangeably with k, when partial pressures are not involved. Generally, this does not affect any practical aspect of
the Stern-Volmer equation or its application.
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by the camera’s pixel density and resolution and not the diameter of a Clark electrode tip.

In the decades that followed, this rudimentary approach underwent substantial development
and was transformed into a sophisticated and precise technique suitable for a wide variety of oxygen
measurement applications. [44] Modern planar phosphorescence imaging methodologies typ-
ically involve either a time-domain or Fourier-domain approach in which the phosphorescence
lifetime is measured per-pixel across an imaging sample, usually while the imaging target or animal
is immersed in or perfused with a phosphorescent mixture. In the former approach, the sample is
illuminated by a brief, widefield pulse, as above. However, rather than collect a simple intensity-
based image that is time-averaged over the entire millisecond phosphorescence decay period, time-
domain phosphorescence lifetime imaging approaches employ fast, time-gated CCD cameras to
collect phosphorescence in a limited temporal window during the sample’s decay; the lifetime 7 is
then recovered through curve-fitting (and deconvolution if necessary; see Figure 2.3.1, the foot-
note in Section 2.3.2, and Chapter 3). For ideal samples that exhibit a single-exponential phospho-
rescence decayj, it is in principle possible to determine the phosphorescence lifetime per-pixel in
as few as two excitation pulses (Figure 2.3.1). In many situations, however, multiple pulses and a
statistical averaging approach are used to determine the lifetime 7. [42, 44, 49-52]

The Fourier-domain based approach takes advantage of the fact that phosphorescence from a
long-lived phosphor (as well as photoluminescence more generally) will appear phase-shifted with
respect to a frequency-modulated illumination source due to the delay between excitation and
emission. [42, 53, 54] In this approach, pioneered for use in oxygen-sensitive phosphors by Vino-
gradov et al,, a light source modulated at frequency f is delivered to the sample, often by means
of an optical fiber. The Stokes- and phase-shifted emission is then waveguided to a fast photode-

tector such as an avalanche photodiode, where it is digitized for analysis and the phase shift ¢ is
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Figure 2.3.1: A typical two-point time-domain lifetime imaging experiment, performed with a
time-resolved camera. A, and A, describe the two signal collection windows, each recorded over a
separate flash/imaging cycle. Reproduced from [42].

determined.* [42, 53] This is related to the lifetime 7 as follows:

tan ¢ = a7fr (2.7)

Once determined through Eq. 2.7, 7 can be related to pO, through the Stern-Volmer equation
as described in Section 2.3.2. Systems operating on this principle have been successfully commer-
cialized and are sold by Oxygen Enterprises, Inc. [53,55]

Although the Fourier domain-based method described above enjoys several benefits over its
time-domain competitor, it also has its drawbacks. Historically, Fourier-domains systems have
been prone to interference by endogenous tissue autoflourescence, although this limitation can
be overcome through the use of multi-phase modulation techniques, which allow for separation

of signals through determination of the differential ¢s corresponding to each signal. [42, 56] Fur-

*For the sake of brevity, only one exemplary detection method is described here; many other phase-sensitive de-
tection techniques exist and could be adapted for this purpose.
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thermore, the fiber-based, commercially available system most frequently employed for Fourier-
domain oxygen measurements is by nature capable only of point measurements. While phase-
sensitive cameras can be used in imaging applications to perform lifetime imaging, such applica-
tions are technically complex and infrequently described throughout the literature. [42, 57-59]
The techniques described above or variations thereof have enabled a host of studies involving
measurement of intravascular pO, in a variety of tissue types including tumor, brain, retina, and
heart. 55, 58, 60, 61] It is important to note, however, that with the notable exception of recent
two-photon studies based on the chemical development of highly specialized phosphors, most of
the studies described herein have utilized 2D planar imaging techniques and/or point measure-
ments of oxygenation and are therefore subject to the inherent limits of such techniques, such as
the inability to perform depth-resolved, tomographic measurements.[ 17, 61, 62 ] Furthermore, due
to the tendency of most phosphorescent oxygen-sensitive probes to remain in the bloodstream
and not cross cellular membranes, these studies mostly describe intravascular imaging, saying little

about oxygen tension in avascular regions or on the cellular level.

2.3.4 MOLECULAR SENSOR DESIGN

As described in the preceding paragraph, most phosphorescence imaging studies in biological sys-
tems involve intravenous injection of oxygen-sensitive phosphors to enable oxygen tension mea-
surement within the bloodstream. From a chemical and biophysical perspective, this poses a num-
ber of subtle challenges in terms of molecular probe design. First and foremost, blood contains a
multitude of large soluble proteins such as albumin; to the extent that porphyrin sensors can in-
teract with different proteins or even different microdomains within a single protein, this leads to
an equilibrium scenario wherein at any given time the molecules of the molecular oxygen sensor
may be experiencing a number of distinct chemical microenvironments. Because each of these mi-
croenvironments may vary in its exposure to dissolved oxygen, this in turn leads to a variation in

the quenching constant k,, and through it the observed phosphorescence lifetime 7 (See Egs. 2.5
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and 2.6). [44] Problematically, this can result in a profoundly multi-exponential phosphorescence
decay curve that is difficult to interpret. However, these interactions can also be beneficial, in that
they can reduce the rate of quenching via kg, thereby increasing the sensor’s dynamic range and
usefulness as a biological sensor. [44] Thus, protein interactions provide both pros and cons.

Inspired by both the beneficial aspects of protein interactions as well as a desire to overcome
the problems they create, extensive effort has gone into development of synthetic modifications
that tune a porphyrin’s photophysical, kinetic, and chemical properties. [44] These efforts have
largely involved advances in the synthesis of porphyrin dendrimers, structures in which an oxygen-
sensitive porphyrin core is surrounded by homogeneous dendritic branches, also known as “den-
drons” (Figure 2.3.2). These dendrons, the chemical structure of which can be modified to suit
a particular imaging application, serve to solubilize the central porphyrin, alter the kinetics of its
interaction with nearby proteins, and increase its dynamic range of oxygen sensitivity through mod-
ification of the quenching constant. [44]

An oxygen-sensitive porphyrin dendrimer that is frequently utilized and illustrates many of the
above principles is Pd-meso-tetra-(4-carboxyphenyl)tetrabenzoporphyrin,
a second-generation glutamate dendrimer also known as “Oxyphor G2” (Figure 2.3.2). [63]. The
core of Oxyphor G2 is a meso-substituted, Pd-tetracarboxytetrabenzoporphyrin (PdATCTBP) with
desirable absorption and emission properties. When dissolved in water and pumped at its absorp-
tion maxima of either 442 or 632 nm, second-generation PATCTBP dendrimers phosphoresce at
790 nm with 7, = 267 & 5 ps at 28 °C and pH = 7.4. [63] Without the second generation glu-
tamate residues, however, the same central porphyrin is only sparingly soluble in water, prone to
aggregation, and its phosphorescence is rapidly quenched such that the molecule is effectively non-
emissive. [64] With the addition of a single glutamate generation (i.e, a single glutamate per car-
boxylic acid residue), the molecule becomes highly soluble as well as emissive, demonstrating a
phosphorescence quantum yield of 11.5 % in deoxygenated H, O as well as a quenching constant

of 3054 =7 mmHg 's™". [64] Upon addition of a second generation of glutamate residues, (i.e.,
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completing the synthesis of Oxyphor G2), the quenching constant drops to 2821 +5 mmHg s ™
due to the increased barrier layer provided for oxygen diffusion, a still-high number that gives the
molecule a low dynamic range that is of questionable utility in biological sensing applications.
Upon addition of saturating levels of bovine serum albumin (BSA), however, this number drops
dramatically to 182 +2 mmHg 's™, reflective of the additional shielding from oxygen provided
by the protein.® [64] While this interaction with albumin does introduce some degree of bind-
ing microenvironment heterogeneity and therefore introduce multiexponential components into
the phosphorescence decay curve, for the purposes of oxygen measurements there is literature con-
sensus that approaches such as averaging or single-exponential force-fitting (as performed herein in
Section 2.4) are appropriate and robust. [44] Notably, as of the authorship of this thesis, Oxyphor
G2 is commercially available.

The synthesis of oxygen-sensing porphyrin dendrimers is a fascinating topic with a rich litera-
ture; for further review, interested readers are encouraged to consult the excellent book chapter by

Vinogradov and Wilson. [44]

2.4 CLICK-ASSEMBLED OXYGEN SENSORS (CAQOS) FOR USE IN MULTICELLULAR

STRUCTURES

As described above in Section 2.2.3, individual lesions are host to heterogeneous tumor microen-
vironments that vary in their properties and response to drugs. [33, 40] In many cancers, including
ovarian cancer (OvCa), drug resistance has been linked to the presence of hypoxia, which has been
shown to reduce therapeutic efficacy through a variety of mechanisms. [33]

Overcoming this hypoxia-induced treatment resistance requires model systems capable of reca-

pitulating the complex tumor environment observed in human disease. In vitro tumor models, such

*As described by Vinogradov et al., dendrimer generations higher than 2 provide diminishing returns and introduce
additional synthetic complexity. Second-generation glutamate dendrimers are therefore favored for most applications.

[64]
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Figure 2.3.2: The chemical structure of Oxyphor G2. [63]

as OvCa 3D spheroid cultures, exhibit many of the features of in vivo metastatic lesions, such as the
presence of a hypoxic cellular core, while also providing an environment that allows for consistent
imaging at the same location before, during, and after therapy. [39, 40, 65] In principle, this ap-
proach enables a cell-by-cell correlation between microenvironmental factors such as hypoxia and
therapeutic response. The ability to incorporate hypoxia imaging into this platform, however, has
been hampered by the absence of cellular-resolution oxygen sensing methods capable of perform-
ing depth-resolved imaging studies in in vitro model systems. Although phosphorescence lifetime
imaging has been used to quantify in vivo oxygenation in a variety of tissue types as discussed in
Section 2.3.3, non-perturbative measurements of intracellular oxygen tension deep in tissue and
methods for delivering oxygen sensors through hundreds of microns of avascular cellular layers to
hypoxic tumor regions have not yet been achieved. While multiple groups report the delivery of

oxygen sensors across cellular membranes in in vitro monolayer culture systems, these approaches
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collectively suffer from toxicity, poor cellular uptake or the the mandatory use of perturbative deliv-
ery techniques, and/or blue shifted emissions that render them unsuitable for use in tissue imaging
due to optical scattering. [46, 6672 ]

Moreover, the molecular oxygen probe Oxyphor G2 (Figure 2.3.2), while well-characterized
and commercially available, is incapable of spontaneously penetrating into cells or multicellular
structures (Figure A.1). We conducted experiments demonstrating that conjugates created using
high molecular weight polycationic polyethylene imine (MW = 25,000), known for its ability to
traverse cellular membranes, could not deliver Oxyphor G2 throughout OvCa without significant
toxicity. [46, 73, 74] Similarly, surface modification of Oxyphor G2’s glutamate dendrimers with
cationic ethylenediamine did not result in a construct capable of penetrating cells, and screening
of other similar polycationic carrier compounds was additionally unsuccessful.

This section describes the development of oxygen-sensitive, click-assembled oxygen sensing
(CAOS) nanoconjugates comprising novel poly(amidoamine)-like dendrons and demonstrates
their spheroid-penetrating abilities. [39, 65] Our nanoconjugate’s combination of NIR emissiv-
ity, lack of toxicity at functional doses, and ability to spontaneously penetrate hundreds of microns
into 3D tumor models within hours renders it unique among oxygen sensors, enabling oxygen-
sensitive imaging at >100 ym depths using NIR-optimized confocal microscopy. Furthermore,
the modular synthetic approach described herein enables the synthesis of higher generation den-
drons in days, whereas traditional syntheses of dendrimers with similar chemical properties and
generation can take weeks, months, or longer and result in very low yields. [75, 76] The CAOS
nanoconjugate’s ability to spontaneously penetrate multiple cellular layers overcomes a key barrier
to the use of in vitro tumor models as a hypoxia model system, while also enabling a host of other
applications such as oxygen-sensitive imaging in poorly- or non-vascularized tissue regions.

As described in Section 2.3.4, many oxygen sensors are dendrimeric structures, in which an
oxygen-sensitive porphyrin core is surrounded by dendritic branches, or dendrons. In protein-free

solutions, these dendrons serve to both solubilize the central porphyrin and modulate its dynamic
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range of oxygen sensitivity. In protein-rich environments such as the bloodstream, non-PEGylated
dendrimers have been shown to interact extensively with endogenous proteins; this interaction can
decrease the rate of oxygen quenching by an order of magnitude or more. [44] We have observed
that fourth generation, dye-tagged poly(amido) amine (G4 PAMAM) “starburst” dendrimers were
taken up by monolayer OvCa cultures after 40 minutes (Figure 2.4.1); the same molecule pene-
trated throughout >250 ym diameter OvCa 3D spheroids after 3.5 hours at low concentrations
(500 nM) with no observable toxicity (Figure 2.4.2). PAMAM dendrimers, first synthesized in
1979 by Tomalia ef al., are hyperbranched, highly stable, ordered molecules incorporating a large
number of tertiary and primary amine groups (pKas of 6.85 and 3.86, respectively); at biological
pH, these amine groups retain a positive charge, rendering the overall structure highly polycationic
(Figures 2.4.3 and 2.4.4). [76-78] PAMAMs and structural derivatives thereof have been investi-

gated for use in a variety of applications, including transepithelial and oral drug delivery.[77]

Figure 2.4.1: AlexaFluor 488-PAMAM G4 conjugates readily penetrate monolayer OVCARg
cells. A: OVCARs cells treated with 500 nM AlexaFluor 488-PAMAM G4 conjugate for 45 min-
utes exhibit a punctuate localization pattern consistent with lysosomal uptake. (Purple = Alex-
aFluor 488-PAMAM G4 conjugate). B: Monolayer OVCARs cells, no treatment control.
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Figure 2.4.2: AlexaFluor 488-PAMAM G4 penetrates large OvCa 3D spheroids, but AlexaFluor
488 carboxylic acid does not. A: OvCa 3D spheroids treated with 500 nM AlexaFluor 488-G4
PAMAM conjugate for 3.5 hours. Imaged using multiphoton excitation for enhanced depth pen-
etration. (Purple = AlexaFluor 488-PAMAM G4 conjugate). B: AlexaFluor 488 carboxylate does
not penetrate OvCa 3D spheroids. Spheroids treated with 500 nM AlexaFluor 488 carboxylate for
3.5 hours.

Much of the interest and excitement regarding PAMAM:s stems from their chemical stability,
the low polydispersity of synthetic products achieved during their synthesis, and the ease with

which PAMAMs and their synthetic intermediates can be isloated.[ 77, 79] While desirable from a
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process engineering, manufacturing, and applications perspective, the aforementioned properties
were achieved through the development of a synthetic methodology that relies on “gentle” chemi-
cal reactions that take place in the absence of a catalyst, additional reagents, or extreme conditions;
although this serves to simplify the purification of the final product and synthetic intermediaries
thereof, it also makes synthesis of PAMAM dendrimers extremely slow and requires a divergent
scheme in which additional structural units, or “generations,” are added to a monofunctionalized,
bifunctionalized, or multifunctionalized core. [76, 80] Thus, a single reaction in the synthesis of
higher generation PAMAM structures can take weeks, months, or even longer. A typical PAMAM
synthesis scheme and a schematic illustrating the structure and nomenclature of higher generation

dendrimers are shown in Figures 2.4.3 and 2.4.4, respectively. [79]
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Figure 2.4.3: A representative synthesis of a first-generation (G1) PAMAM. Synthesis of higher
generations is required to achieve low toxicity and cellular permeability and can take months or
more. Reproduced from [79].
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Figure 2.4.4: Illustrative structure and nomenclature of a generalized “starburst” dendrimer. Re-
produced from [79].

In addition to being readily endocytosed, PAMAM dendrimers are known to form complexes
with proteins such as bovine serum albumin (BSA), analogously to Oxyphor G2. [77, 81] We
therefore reasoned that a phosphorescent porphyrin coupled to one or more higher-generation
(>G2) PAMAM dendrons would benefit from the cell- and spheroid-penetrating properties of PA-
MAM while also interacting with cellular proteins, thereby creating an oxygen sensor with a useful
dynamic range for biological experiments. [77, 81] For this work, we selected
Pd-tetracarboxytetrabenzoporphyrin (PdTCTBP) as our phosphorescent porphyrin core because
its lifetime properties have been characterized in the literature, its synthesis is well-known, and its
near-infrared emission (810 nm) lies in the “optical window” ideal for tissue imaging. Addition-
ally, its spectral profile minimizes overlap with known regions of intense autofluorescence, and it
can be excited by readily available laser lines (445 nm and 635 nm). [44]

Disappointingly, initial attempts to modify and/or couple commercially available PAMAM den-
drons to PATCTBP resulted in unusably low yields despite the use of a number of synthetic strate-

gies, most likely due to steric hindrance. To create a spheroid-permeable oxygen sensor, we there-
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fore developed a “click™based strategy to rapidly assemble PAMAM-like subunits and couple them
to an oxygen-sensitive porphyrin core. “Click” chemistry, a term popularized by Nobel laureate
Barry Sharpless in the early 2000s, describes a synthetic chemical approach that satisfies a num-
ber of challenging yet desirable criteria. In one of the earliest papers using the term, Sharpless and

colleagues describe click chemistry as follows:

Following nature’s lead, we endeavor to generate substances by joining small units
together with heteroatom links (C-X-C). The goal is to develop an expanding set of
powerful, selective, and modular “blocks” that work reliably in both small- and large-
scale applications. We have termed the foundation of this approach “click chemistry,”
and have defined a set of stringent criteria that a process must meet to be useful in
this context. The reaction must be modular, wide in scope, give very high yields, gener-
ate only inoffensive byproducts that can be removed by nonchromatographic methods,
and be stereospecific (but not necessarily enantioselective). The required process char-
acteristics include simple reaction conditions (ideally, the process should be insensitive
to oxygen and water), readily available starting materials and reagents, the use of no sol-
vent or a solvent that is benign (such as water) or easily removed, and simple product
isolation. Purification- if required- must be by nonchromatographic methods, such
as crystallization or distillation, and the product must be stable under physiological
conditions. [82 ]

Although in principle the term “click chemistry” can be used to describe any reaction that meets
this criteria, it is most often used to describe the Cu(I)-catalyzed Huisgen 1,3-dipolar cycload-
dition. This reaction occurs at room temperature with exquisite specificity between an alkyne
group and an aliphatic azide, yields no synthetic byproducts, and the reactants are orthogonal to
most known biomolecules under physiological conditions. [83] Although further review of “click”
chemistry developments and applications are beyond the scope of this thesis, the proposed mech-
anism of the Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition used throughout this paper is de-

scribed in Figure 2.4.5 as a courtesy to the interested reader.
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Figure 2.4.5: A proposed mechanism for the Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition.
Reproduced from [83].

PAMAM dendrons with azide/alkyne functionality have been reported in the literature, but like
other PAMAM dendrons/dendrimers they problematically make use of extremely slow reactions
and require months or longer to synthesize. [84] To overcome this practical limitation, we devel-
oped a scheme that enables rapid assembly of PAMAM-like dendrons from three branched subunits
that can be synthesized in parallel (Figures2.4.6 and 2.5.1). Briefly, it relies on the differing lability
of triethylsilyl (TES) and triisopropylsilyl (TIPS) alkyne protecting groups, allowing for sequen-
tial subunit ligations while avoiding indiscriminate polymerization (Figures 2.4.6, 2.5.2): first, the
TIPS-protected “starting” subunit 1d is reacted with 2 equivalents of the “intermediate” subunit 2¢
and catalytic quantities of sodium ascorbate and CuSO, . Following isolation of the reaction prod-
uct 4a, the TES protecting groups are removed using mild conditions that leave the focal-point
TIPS protecting group intact, yielding 4b and preparing the growing dendron for another ligation
round. Primary amine functionality can then be added by ligation of “final” subunit 3b to create 4c,
the focal group alkyne of which is then deprotected using tetrabutylammonium fluoride to yield
4d. [85] Each dendron growth phase can be conducted overnight, and the product can be isolated

without the use of chromatography. This allows higher-generation, triazole-bridged, PAMAM:-like
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dendrons to be synthesized in a matter of days as opposed to months.® Once complete, the den-
drons can be conjugated to any azido-functionalized central moiety in a single convergent step. In
this study, we coupled the dendrons to Pd-tetraazidotetrabenzoporphyrin, an azido-functionalized

PATCTBP derivative (Figure 2.5.3).

®Although in principle this approach can be used to synthesize PAMAM-like dendrons of an arbitrary generation,
for the purposes of this project we stopped at the second generation. Note that ligating this second generation den-
dron to the tetraazido- phosphorescent core (Figure 2.4.6) creates a third-generation dendrimer nanoconjugate, as the
overall structure contains three sets of dendron subunit layers.
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Figure 2.4.6: Generalized overview of the synthetic scheme used in the synthesis of CAOS
nanoconjugates. A: Dendron subunits used in the assembly of the PAMAM-like dendron. Num-
bering refers to the labeling scheme used in the supplemental information; importantly, the TES
and TIPS protecting groups differ in their lability. B: Synthesis of G3 PAMAM:-like dendrons
through sequential click ligation of subunits. i) 1 eq. 1d, 2 eq. 2¢, 0.2 eq. CuSO o 0-4 q. sodium
ascorbate, DMF/H O, r.t.; ii) s0eq K,CO,, MeOH, 36h, rt; iii) 1 eq. 4b, 4eq. 3b, 0.2 eq. CuSO,,
0.4 eq. sodium ascorbate, DMF/H, O, r.t.; iv) 5 eq. TBAF, THF, r.t.. C: Overview of the conver-
gent nanoconjugate assembly step. v) 1 eq. 7b, s eq 4d, 12 eq. CuSO,, 24 eq. sodium ascorbate,
DMF/H, O, r.t,; vi) TFA, DCM, r... D, inset: Normalized absorption and emission spectra of the
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Using this sequential click method, we synthesized third-generation (G3) CAOS nanoconju-
gates from G2 PAMAM:-like dendrons. As can be seen in Figure 2.4.6, the penultimate step in our
synthetic scheme involves ligating the dendron 4d to the Pd-tetraazidotetrabenzoporphyrin core
(sb), which is capable of reacting with up to four equivalents of dendrons. In practice, a distribu-
tion of adducts was observed. These G3 CAOS nanoconjugates were characterized via NMR and
MALDI-TOF MS as being composed of mono-, di- and tri-dendron adducts; NMR integration
suggests that, on average, between two and three dendrons are attached to each nanoconjugate
(Figures 2.5.4,B.21-B.23).

G3 CAOS nanoconjugates were studied in a dense, protein-rich environment and were found
to exhibit uniform oxygen sensitivity. To evaluate the photophysical properties of G3 CAOS, we
dissolved the nanoconjugate in 2% bovine serum albumin (BSA) and monitored its phosphores-
cence lifetime as a function of pO,. [44] Recall that oxygen quenching of phosphorescence lifetime
is traditionally described using the Stern-Volmer relationship (Eq. 2.6), where 7 is the exponential
lifetime of the phosphor, k, is the quenching coefficient, pO, is the partial pressure of dissolved
oxygen, and 7, is the exponential lifetime of the phosphor in the absence of oxygen. [44] k, is a
function of the phosphor’s chemical environment and reflects the sensor’s dynamic range; in gen-
eral, a lower k; of <1000 mmHg 's™" is desirable. We compared the k, and 7, of G3 CAOS to
Oxyphor G2 (Figure 2.4.7, 2.4.1), which possesses a PATCTBP core surrounded by second gener-
ation glutamate dendrons. Given that both molecules possess the same phosphorescent core but
have different dendron functionalities, G3 CAOS should therefore exhibit a similar 7, but a dif-
ferent k, relative to Oxyphor G2. As expected, we observed that the order of magnitude of the k,
observed for G3 CAOS is consistent with that of Oxyphor Gz, the calibration is linear, and the

dynamic range is sufficient for oxygen measurement across physiological ranges. [44, 63 ]
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Figure 2.4.7: Calibration data for G3 CAOS and the commercially available Oxyphor G2. 7 =

phosphorescence lifetime (s).

T, (ys) kq (mmHg'ls'l)
G3 CAOS 173 377
Oxyphor G2 | 178 283

Table 2.4.1: Calibration constants for G3 CAOS and Oxyphor G2. 7, = phosphorescence lifetime
in zero oxygen, k, = phosphorescence quenching constant.

Having verified that G3 CAOS nanoconjugates exhibit the desired calibration properties, we

next tested their uptake in cells. Given the low quantum yield (< 1%) of PATCTBPs in ambient

oxygen conditions and the low NIR throughput and sensitivity of commercially available micro-

scopes, we first tagged G3 CAOS with AlexaFluor 488 to enable straightforward visualization of

the G3 CAOS’s subcellular localization using confocal fluorescence microscopy.” Confocal imag-

"The ever-attentive reader will note that the quantum yield of the same porphyrin in deoxygenated solution was
earlier cited to be greater than 11%; this demonstrates the strong oxygen-dependence of quantum yield, as oxygen
quenching offers a competitive and non-emissive energetic relaxation.
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ing of OvCa cells treated for 40 minutes with soo nM AlexaFluor 488-G3 CAOS confirmed uptake
and a punctate subcellular localization pattern consistent with lysosomal uptake (Figure 2.4.8), as
described by previous reports. [77] An MTT viability assay confirmed the lack of toxicity at all

doses used (1 M - 10 uM, Figure A.2).
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Figure 2.4.8: Confocal fluorescence and NIR phosphorescence microscopy verifies the sponta-
neous uptake of G3 CAOS probes and their response to oxygen changes. A: Monolayer OVCARg
cells treated for 40 minutes with 500 nM AlexaFluor 488-G3 CAOS (false color, purple) exhibit
a punctate subcellular localization pattern consistent with lysosomal uptake. B: Monolayer OV-
CARs cells, no treatment control. Note that the difference in background between A and B is
attributable to small amounts of binding of the positively-charged G3 CAOS to the culture dish.
C: False color image of monolayer OVCARg cells treated for one hour with 1.5 ym G3 CAOS, im-
aged under room air. Legend bar: phosphorescence photon count. D: Monolayer OVCARGg cells
treated for one hour with 1.5 ym G3 CAOS, imaged after a nitrogen purge. Note that A and B were
acquired in a separate experiment using the Olympus FV1000 confocal microscope, whereas C and
D were acquired using the custom confocal phosphorescence microscope described in 2.5.12.
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To image the weak, oxygen-dependent phosphorescence of the G3 CAOS nanoconjugates, we
built a single-photon counting confocal microscope and optimized its performance for imaging in
the 800-900 nm NIR wavelength range corresponding to G3 CAOS’s emission (Figure 2.5.6). We
used this system to confocally image the phosphorescence of non-labeled G3 CAOS in monolayer-
plated OvCa cells, thereby demonstrating our successful creation of a cell-penetrating oxygen-
sensitive nanoconjugate (Figure 2.4.8).> We also observed the phosphorescence intensity’s inverse
dependence on pO,, noting a two- to four-fold increase in signal following a purge of the cell culture
dish with nitrogen, consistent with the increase observed in other early phosphorescence imaging
experiments. [48]

Using this photon-counting NIR confocal microscope, we confirmed that G3 CAOS nanocon-
jugates penetrate 3D OvCa spheroids. Prior to imaging, spheroids were incubated with 2 yM
G3 CAOS for four hours. 3D volume acquisition with confocal optical sectioning revealed that
phosphorescence signal could be observed throughout each spheroid at depths exceeding 100 ym,
whereas signal was not observed in untreated spheroids (Figure 2.4.9). Finally, to confirm that the
probe is sensitive to oxygen levels, we purged the culture dish with nitrogen, and observed that
spheroids exhibited an approximate doubling of phosphorescence signal. To avoid the influence of

photobleaching, different spheroids were imaged before and after the nitrogen purge.

8The wonderfully attentive reader will note the apparent difference in staining pattern between Figures 2.4.8a-b
and 2.4.8¢c-d. This imaging artifact is due to the reduced spatial resolving power of the custom-built NIR phospho-
rescence imaging system used in c-d relative to the commercial fluorescence system used in a-b, a phenomenon for
which there are two independent explanations. First, the use of an 850 nm NIR-emissive probe reduces the maximum
diffraction-limiting resolution relative to A488 (approximately 354 nm vs. 203 nm, respectively). Second, more subtly,
and most importantly, is that the pixel densities used for each image differ, a conscious design choice made to facilitate
more rapid phosphorescence imaging. The images of cells treated with G3 CAOS-488 were acquired on an Olympus
FV1o00 with a 60x objective set to a zoom of 3.5x, whereas the images of G3 CAOS alone were acquired on a custom-
built microscope with an effective 6ox objective set to a zoom of 1x (see Sections 2.5.12 vs. 2.5.9); both images were
acquired using approximately the same number of total pixels (512 x 512 for the Olympus, 500 x 500 for the custom
phosphorescence microscope). Thus, ceteris paribus, a given area imaged using the phosphorescence microscope will
be sampled by fewer pixels than the same area imaged using the FV1o00o0. In the context of imaging weakly emissive
phosphors, this is beneficial as it results in more phosphor molecules per pixel, generation of more intense phospho-
rescence, and shorter required imaging/dwell time per pixel. However, this also leads to spatial under-sampling of the
lysosomes in each cell relative to the FV1000, leading to the microscope’s inability to resolve finer structures and the
observed loss of punctate appearance. This balance between imaging speed and resolving power is a common trade-off
made when imaging weakly emitting species such as oxygen-sensing phosphors.
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Figure 2.4.9: NIR Phosphorescence confocal microscopy imaging reveals that G3 CAOS probes
spontaneously penetrate 3D OvCa spheroids. A: 3D OvCa spheroids, no treatment control (bot-
tom/grey: transmission channel). B: False-color image of spheroids treated for 4 hours with 2
uM G3 CAOS, imaged under room air. Legend bar: phosphorescence photon count C: Spheroids
treated for 4 hours and imaged after a nitrogen purge. All images were acquired at the approximate
midpoint along the z-axis of each spheroid, corresponding to an approximate depth of 100 ym.

Taken together, these data show that we have developed a novel approach for the synthesis of
oxygen-sensitive nanoconjugates and provided proof-of-concept that click-assembled nanoconju-
gates can be used as deep tissue imaging agents for 3D oxygen-sensitive imaging. Our novel as-
sembly strategy does not require the long reaction times typically necessary to achieve higher gen-
eration dendrons. Future work in this area will involve the synthesis and testing of a ratiometric
CAOS nanoconjugate, which would facilitate more straightforward calibration and quantitative
oxygen mapping in the complex cellular environment. Additionally, we chose PdATCTBP for an ini-

tial demonstration of the CAOS approach due to the extensive body of work describing its use for
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quantitative oxygen measurements in biological systems;[44] future work will make use of phos-
phorescent porphyrins with a higher quantum yield, thereby enabling imaging on less specialized
microscopes and reducing the barrier to the use of CAOS-type nanoconjugates in biological ex-

periments.

2.4.1 FUTURE DIRECTIONS AND WORK

The above project demonstrates proof-of-concept that NIR-emissive phosphorescent
oxygen-sensing porphyrins can be delivered to depths of hundreds of microns through multicel-
lular, avascular structures; it additionally shows that these porphyrins retain their oxygen sensitiv-
ity and that their emission can be imaged using confocal microscopy techniques and modest pixel
dwell times (approximately 10 ys; see Section 2.5). Although these are crucial milestones in the de-
velopment of a useful, quantitative system capable of optically measuring oxygen in solid tumors
and other tissues, many hurdles remain to be crossed before this goal becomes reality. First and
foremost, a protocol must be developed that enables effective and reliable calibration of such sen-
sors in the intracellular environment. This task is challenging for a number of reasons: as discussed
in Section 2.3.4, the phosphorescence lifetime/intensity of phosphorescent dendrimers is highly
dependent on the chemical environment surrounding each probe molecule and the proteins with
which the molecule is interacting. If the average protein distribution within a single sample differs
from cell to cell, or even across subcelluar organelles within a single cell (e.g,, lysosomes), this might
cause equivalent oxygen tensions to yield different lifetimes or intensities as a function of spatial
location, thereby making it challenging to generate a universal calibration valid in all spatial loca-
tions. One potential solution to this problem would be to employ chemical means to better insulate
the dendrimer core from protein interaction, thereby reducing the effects of heterogeneity in the
biochemical microenvironment. Rozhkov et al. demonstrate that phosphorescent oxygen-sensing
dendrimers coated in short-chain poly(ethylene glycol) (PEG) demonstrate identical calibration

curves in PBS and dense albumin solution, a fact putatively attributable to the outer PEG layer’s
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ability to chemically block heterogeneous protein interactions. [44, 86]

While effective for blood-borne oxygen sensing dendrimers that can simply be injected into the
blood stream intravenously, PEGylation could be problematic for CAOS-style molecular probes
intended for intracellular use, in that the presence of PEG dendrimers could alter the probe’s uptake
properties. A potential solution involves ligation of uptake-enhancing targeting moieties such as
RGD or folate to the dendrimer surface. Cyclic RGD peptide has been demonstrated to enhance
cellular uptake of ligated molecular cargos such as PAMAMSs and upconverting nanophosphors.
[87-93] In a 2012 publication, Guo et al. demonstrate that ligation of multiple (> 3) 5 kDa PEG
moieties to a CyALs.s fluorophore serves to both enhance the fluorophore’s quantum yield as well
to protect it from “troublesome interactions” with endogenous biomolecules. The authors addi-
tionally show that this approach can be combined with molecular targeting through additional lig-
ation of an RGD targeting moiety to the PEGylated conjugate to achieve targeted uptake. [93 ] This
method, which the authors term “PEG-fluorochrome shielding,” could be applied to both facilitate
uptake of phosphorescent dendrimers as well as to homogenize their phosphorescence lifetime in
a variety of biological contexts. Alternatively, folate has been observed to achieve both molecular
specificity of binding as well as targeted uptake, in particular for folate receptor expressing variants
of tumors such as many ovarian cancers; folate targeting could therefore be considered a supple-
ment to or replacement for RGD-based approaches. [94-101]

It is important to note that the calibration of phosphorescent pH sensors such as Oxyphor G2 is
pH sensitive; thus, the presence of intracellular pH variation (i.e., cytoplasm vs. lysosomes) could
itself affect the accuracy of oxygen measurements. [63] However, for the illustrative example of
Oxyphor G2, this effect is small (1-2% of 7,,, within error for kg ). If dendrimer pH sensitivity were
indeed to prove problematic during calibration, modification to the dendrimer surface groups (e.g,
PEGylation of carboxylic acid groups) could be performed to reduce the molecule’s overall pH
sensitivity.

At present, our evidence suggests CAOS sensors exhibit a lysosomal uptake pattern, although
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this has been difficult to definitely confirm using phosphorescence imaging in part due to the
resolution-related reasons described in a footnote above. Importantly, from the calibration per-
spective, the tendency of CAOS sensors to localize to subcellular organelles has the potential to
create challenges, as there exists no “gold standard” comparator method capable of achieving sub-
cellular resolution against which to compare and verify our results. It will nonetheless be important
to rigorously demonstrate that the probe’s performance at a given oxygen level is independent of
its subcellular environment. One approach would be to perform a series of point lifetime mea-
surements across all subcellular environments to which CAOS sensors localize and show that the
response is similar across all tested points. This could be performed by fluorescently tagging the
CAOS sensor to facilitate visualization of subcellular probe localization via confocal microscopy,
allowing cells to take up the probe, then varying the partial pressure of oxygen present in the media
and collecting separate point phosphorescence lifetime traces from all cellular organelles to which
the sensor localizes. In principle, this experiment could also be conducted in a wide-field geometry
with a time-resolved camera, although the focal blurring resulting from the absence of a confocal
pinhole might make resolution of subcellular compartments difficult. Note that in both experi-
ments, great care would have to be taken to avoid photodamage and/or photolysis of subcellular
organelles.

In reality, the experiments described above could be complicated by the presence oflocal oxygen
gradients within the cell, for example, in regions proximal to the mitochondria; this would create a
scenario wherein it would be impossible to differentiate “real” changes in pO, from changes related
to differential subcellular microenvironments. One possible means by which to overcome this chal-
lenge would be to arrest primary oxygen-consuming cellular processes (i.e., oxidative phosphoryla-
tion) using mitochondrial poisons such as cyanide and acquire phosphorescence lifetime data be-
fore and after at each datapoint. An alternative protocol could involve allowing monolayer cells to
take up CAOS sensors, then fixing and permeabilizing the cells to eliminate oxygen consumption;

this would preserve local biochemical environments while arresting all active cellular processes,
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thereby rendering cells as passive biochemical spectators throughout the calibration process.

Although this work demonstrates oxygen-sensitive intensity imaging, it does not report quanti-
tative oxygen imaging, as the pixel intensities represent photon counts/intensities and not oxygen
lifetimes per se. Although widefield, non-time-resolved images reporting phosphorescence inten-
sity can be used for quantitative oxygen sensing in certain situations (see Chapter 3), quantita-
tive confocal microscopy of phosphoresce intensity is challenging for a number of reasons, includ-
ing but not limited to impractical imaging times, phosphor photobleaching, and cellular damage
through generation of singlet oxygen. Confocal phosphorescence lifetime imaging suffers from
similar drawbacks, as the dwell time and per-pixel imaging parameters required are similar. To over-
come this barrier, our group is currently exploring numerous alternatives. One such approach in-
volves conjugation of an oxygen-insensitive fluorophore to the oxygen sensitive phosphor, thereby
creating a self-referencing, ratiometric sensor that can be read using hyperspectral or dual-channel
imaging instead of lifetime imaging. Calibrations achieved using this approach have been demon-
strated by our group and others to be linear and effective.[42, 44, 66-68, 70-72, 102, 103 ]

While this approach is in principle straightforward, its implementation in the tissue environ-
ment poses subtle challenges. First, optical imaging in tissue is ideally conducted in the NIR “op-
tical window” due to reduced tissue scattering and absorption; therefore, both members of the
oxygen sensitive/insensitive ratiometric dye pair would ideally be emissive in the NIR range, as
differential emission across a broader range would introduce variable depth dependence of scatter
as an additional experimental variable. However, the range of commercially available NIR dyes is
limited, and those that are available often overlap at least partially with the emission profile of the
porphyrins used in the CAOS study. While in principle substantial dye overlap can be unmixed
using hyperspectral imaging approaches, the problem is compounded by the fact that all commer-
cially available fluorophores have significantly higher quantum yields relative to the phosphor used
in G3 CAOS, such that even seemingly minute regions of spectral overlap can in fact result in the

phosphor’s signal being completely overwhelmed and effectively obliterated by the tail end of a
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fluorphore’s emission band. To overcome this problem, we are considering stoichoimetric inte-
gration of a fluorescent reference dye, such that the dye is only conjugated to a fraction of the total
CAOS sensors present (e.g, one out of twenty). However, early experiments performed within our
lab indicate that such stoichiometric approaches need to be carefully controlled to ensure that the
presence of a fluorescent reference dye will not affect the localization of the CAOS sensors relative
to untagged molecules.

Finally, it is intriguing and often inspiring to briefly think several steps down the road regarding
potential end applications this work might enable. The ability to quantitatively measure oxygen in
individual cells could provide the basis for a powerful ex vivo therapy screening platform, wherein
patient tissue/cell samples derived from biopsies, smears, or fine needle aspirates are grown into 3D
spheroids and their degree of hypoxia assessed. These cultures could then be exposed to a panel of
cytotoxic agents such as chemotherapeutics and radiation to determine their specific sensitivity. In
principle, this information could also be combined with “next generation” high-throughput whole-
exome or whole-genome sequencing technologies to provide a comprehensive susceptibility panel
for each patient, as well as the means to experimentally validate any results generated through this
approach. [104-106] Beyond providing patient caregivers with potentially life-extending infor-
mation, this information could be pooled to generate a database of both genotype/susceptibility
phenotype correlates. Additionally, physiological findings such as hypoxia could then be associ-
ated with a particular genotype, enabling a more detailed molecular inquiry as to the genetic un-
derpinnings of hypoxia in tumors.

Another potential end application involves incorporation of oxygen-sensing materials into med-
ical materials such as bandages, enabling measurements of important physiological parameters
such as dermal oxygenation. This is an area of active investigation in our lab and will be discussed

in Chapter 3.

Note: Aspects of the work described above have been published in Angewandte Chemie, Interna-
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tional Edition. [107]

2.5 MATERIALS AND METHODS

2.5.1 GENERAL INFORMATION

Unless otherwise stated, all chemical compounds and solvents were purchased from Sigma or Fisher
Scientific and wused without further purification. 3-(triethylsilyl) prop-2-yn-1-amine
(TES-propargylamine) and 3-(triisopropylsilyl)prop-2-yn-1-amine (TIPS-propargylamine, 1a)
were synthesized as previously reported. [85] Thin Layer Chromatography (TLC) was performed
on 20x20 cm, glass-supported silica gel plates with fluorescent indicator (Sigma). The plates were
visualized either under UV light or by staining with a potassium permanganate solution in water.
Column Chromatography was performed on silica gel 60 (Alfa Aesar). NMR spectra were col-
lected on a Bruker 300 MHz Ultrashield magnet using Topspin software and referenced as previ-
ously described; [ 108] MALDI-TOF mass spectra were acquired on a Bruker Microflex MALDI-
TOF mass spectrometer using a-cyano-4-hydroxycinnamic acid as matrix, unless otherwise indi-
cated. UV-Vis spectra of porphyrins and porphyrin products were acquired using either a Varian
Cary 100 or a Nanodrop ND-1000; emission spectra were acquired using a Horiba FluoroMax flu-
orimeter, exciting at 632nm. For optimization of the analysis of higher generation PAMAM-like
dendrons as well as the G3 CAOS sensor with MALDI-TOF MS, protocols that exist in the Na-
tional Institute of Standards and Technology (NIST) database for analyzing poly(amidoamine)
dendrimers were followed for sample preparations, using 7-hydroxycoumarin as matrix
(http://polymers.msel.nist.gov/maldirecipes/ and [109]). All NMR and MALDI-TOF spectra

are displayed in Section B.

Chemical Abbreviations used in the following sections: MeOH: methanol; EtOAc: ethyl ac-

etate; DMF:  N,N-Dimethylformamide; DCC:  N,N™-Dicyclohexylcarbodiimide;
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HOBt: 1-Hydroxybenzotriazole; THF: tetrahydrofuran; DCM: dichloromethane; NaOH: sodium

hydroxide; HCI: hydrochloricacid; Na, SO, : sodium sulfate; H, O: water; CuSO, : copper sulfate.

2.5.2 DENDRON SUBUNIT SYNTHESES

Synthesis of dendron subunits proceeded according to scheme described in Figure 2.5.1.
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Figure 2.5.1: Synthetic scheme for CAOS dendron subunits.

SYNTHESIS OF TIPS-ALKYNE SUBUNIT 1D

1a: 1a was synthesized as previously reported. [85]

1b: A magnetically stirred solution of methyl acrylate (3.26 g, 4 eq.) in 6 ml MeOH was cooled
with an ice bath, and a solution of 1a (2 g, 1 eq) was added dropwise over a period of 1 h. The
resulting solution was allowed to warm to room temperature and stirred for 48 hours. The volatiles
were removed by rotary evaporation, and the residual methyl acrylate was further removed using
a 1:1 azeotropic mixture with MeOH. The product was easily purified by column chromatography

usinga 1:1 hexanes/EtOAc solvent system. The solvent was removed by rotary evaporation to yield
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3.5 g of pure product as a flaky powder (96% yield). The product was characterized by NMR and
MALDI-TOF MS. '"H NMR (CDCI3): §3.66 (s, 6H), 3.46 (s, 2H), 2.84 (t, 4H, J=7.2Hz), 2.46 (t,

4H,J=7.2 Hz), 1.06 (s, 3H), 1.05 (s, 18H); MALDI-TOF MS: m/z 384.33 (M+H)+, calc. 383.60.

1c: In a 5o ml round bottom flask, 500 mg 1b were dissolved in soo yl MeOH, soo ul H,O,
and 4.5 ml THE. 1.5 g NaOH were added and the solution was stirred for 2 hours. The solution
was acidified (pH = 2) by addition of 1M HC], and the organic component was removed by rotary
evaporation. The remaining aqueous slurry was diluted with a small volume of H, O, transferred
to a 30 mL separatory funnel, and extracted s times with n-butanol. The butanol fractions were
combined, dried over Na,SO,, and the butanol removed by rotary evaporation. Residual butanol
was removed by azeotropic rotary evaporation with hexanes and the flask dried overnight, yielding
1c as a pure, flaky powder in quantitative yield. The product was confirmed by NMR. "H NMR

(methanol-d4): § 4.33 (s, 2H), 3.59 (t, 4H, J=6.9Hz), 2.93 (t, 4H, J=6.9 Hz), 1.13 (br.s, 21H).

1d: To a solution of 51 mg 1c (1 eq.) in DMF were added 88.79 mg DCC (3 eq.), 69.78 mg
HOBt (3 eq. of 20% hydrate), and 23.7 mg propargylamine (3 eq). The reaction was stirred
overnight at room temperature. Reaction completion was monitored using TLC (3:1 THF:DCM)
and via MALDI-TOF MS. The solvent was removed via rotary evaporation. The product was puri-
fied on assilica column using 3:1 THF:DCM to give 1d as flaky white powder in 76% yield. Purity
was confirmed by NMR and MALDI-TOF MS. 'HNMR (CDCL, ): § 6.96 (t, 2H, J=4.5Hz), 4.06-
4.07 (m, 4H), 3.49 (s, 2H), 2.86 (t, 4H, J=6Hz), 2.38 (t, 4H, J=6 Hz), 2.22 (t, 2H, J=2.7 Hz), 1.06

(s,3H), 1.05 (s, 18H); MALDI-TOF MS: m/z 430.45 (M+H)+, 452.46 (M+Na)+, calc. 429.67.
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2.5.3 SYNTHESIS OF AZIDO-TES SUBUNIT 2C

2a: 2a was synthesized as previously reported. [110]

2b: 2b was synthesized identically to 1c as described above, yielding 2b as a thick oil in quantita-
tive yield. The product was confirmed by NMR.’H NMR (methanol-d4): § 3.35 (t, 2H, J=6.6Hz),

3.21 (t, 4H,J=6.6 Hz),3.11 (t, 2H,]=7.8Hz), 2.50 (t, 4H,_]=6.6Hz), 1.92-1.83 (m, 2H).

2¢: To a solution of 40 mg 2b (1 eq., 0.143 mmol, MW = 280) in DMF was added 101 mg DCC
(3.4 eq.), 89 mg HOBt (20% hydrate, 3.4 eq.), and 83 mg of TES-propargylamine (3.4 eq.) The
reaction was stirred overnight at room temperature. The following day, product formation was con-
firmed via TLC (3:1 THF:DCM) and MALDI-TOF MS. The product was purified using column
chromatography in a 3:1 THF:DCM system, and the solvent was removed via rotary evaporation.
The product was characterized by MALDI-TOF MS and NMR. The product was isolated as a waxy
solidin 75% yield. 'HNMR (CDCls): §6.68 (t,2H,J=4.2Hz), 4.08 (d, 4H, J=5.1Hz), 3.27 (t, 2H,
]=6Hz), 2.67 (t, 4H,J=6 Hz), 2.45 (t, zH,J=6.6Hz), 2.31 (t, 4H,J=6Hz), 1.73-1.65 (m, 2H), 0.98

(t, 18H,J=7.8Hz), 0.59 (q, 12H, J=7.8Hz); MALDI-TOF MS: m/z 547.54 (M+H)+, calc. 546.90.

SYNTHESIS OF AZIDO-NBOC SUBUNIT 3B

3a: 3a was synthesized as previously reported [111].

3b: 10 mg of 3a were dissolved in 200 yl methanol, to which 16 mg di-tert-butyl bicarbonate
were slowly added. The reaction was sealed and allowed to stir overnight. After confirming prod-
uct formation via MALDI-TOF MS, the solvent was removed and the filmy plaque redissolved in

a s0:50 THF/EtOAc mixture and extracted 3x with brine. The organic layer was dried dried over
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Na,SO,, filtered, and dried again overnight under vacuum, yielding the product as a waxy plaque
in 96% yield. The product was confirmed by NMR and MALDI-TOF MS. 'H NMR (CDCl,): §
7.24 (brs, 2H), 5.44 (br.s, 2H), 3.30-3.18 (m, 10H), 2.64 (t, 4H,_]=6Hz), 2.43 (t, 2H, J=6.6 Hz),
2.30 (t, 4H, J=5.7Hz), 1.70-1.61 (m, 2H), 1.39 (s, 18H); MALDI-TOF MS: m/z 529.63 (M+H)+,

calc. 528.65.

2.5.4 G2 DENDRON SYNTHESIS

Synthesis of the G2 dendron proceeded according to the scheme described in Figure 2.5.2.
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Figure 2.5.2: Synthetic scheme for the G2 dendron.

4a: 25 mg 1d (1 eq.) and 63.7 mg 2¢ (2 eq.) were dissolved in s00 yl DMF. 1.86 CuSO, in

20 yl H,O (0.2 eq.) and 4.61 mg sodium ascorbate in 30 ul H,O (0.4 eq.) were added sequen-
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tially, and the solution was allowed to stir overnight at room temperature. Product formation was
confirmed by MALDI-TOF MS. The solvent was removed via rotary evaporation and the product
was dissolved in 10 ml diethyl ether. The product was washed three times with water (1 ml) and
once with brine (2 ml), dried for 15 minutes over Na,SO,, and the solvent was removed via rotary
evaporation; excess solvent was removed overnight under high vacuum to yield 86 mg of product
(97% yield). 'HNMR (CDCls): §9.17 (t,2H,J=5.7Hz), 7.73 (t, 4H,J=5.1 Hz), 7.61 (s, 2H), 4.49
(d, 4H,J=5.7), 4.28 (brs, 4H), 4.17 (d, 8H, J=5.1Hz), 3.30 (s, 2H), 2.67-2.57 (m, 12H), 2.27 (m,
12H), 2.04 (m, 8H), 1.01-1.00 (m, 21H), 0.94 (t, 36H, J=7.8H), 0.54 (q, 24H, J=7.8H); MALDI-

TOF MS: m/z 1524.93 (M+H)+, 1546.98 (M+Na)+, calc. 1523.46.

4b: Removal of the triethylsilyl protecting groups from 4a was carried out using a modified
version of a previously described protocol [85]. To a solution of 79.3 mg 4a in 5 ml MeOH was
added 360 mg K, CO, (50 eq.); the reaction was allowed to stir for 36 hours. MeOH was removed
via rotary evaporation to form a dense salty slurry, and the remaining powder was dried using ar-
gon flow. The thick powder product was dissolved in a 1:1 EtOAc:THF solution and washed 3x
using brine. The product was dried over Na,SO, and the solvent was removed via rotary evapo-
ration. The product was then redissolved in DCM and extracted a second time using H, O, dried
over Na,SO,, and the solvent removed via rotary evaporation. Reaction completeness was ver-
ified by MALDI-TOF MS and the product characterized by NMR. Notably, NMR showed the
presence of trace residual triethylsilyl chloride; because this salt would not interfere with the re-
maining conjugation reactions, the solution was deemed sufficiently pure. Overall reaction yield
was determined by integration of the relative product peaks and determined to be 87%. Any resid-
ual triethylsilyl chloride was removed in the purification steps that followed additional reactions.
'H NMR (CDC13): § 9.29 (brs, 2H), 7.92 (t, 4H, J=5.1 Hz), 7.66 (s, 2H), 4.50 (d, 4H, J=5.7),
4.33 (br.s, 4H), 4.13-4.11 (m, 8H), 3.32 (s, 2H), 2.72-2.63 (m, 12H), 2.33-2.32 (m, 12H), 2.09

(m, 8H), 1.03-1.02 (m, 21H); MALDI-TOF MS: m/z 1067.49 (M+H)+, 1089.48 (M+Na)+, calc.
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1066.42.

4c: 10 mg 4b (1 eq.) were dissolved in 200 yl DMF, to which 19.8 mg 3b (4 eq.) were added.
0.3 mg CuSO, inH,0 (38.4 mg/ml, 0.2 equivalents) and 0.74 mg sodium ascorbate in H, O (63.5
mg/ml, 0.4 equivalents) were added sequentially, and the mixture was allowed to stir overnight at
room temperature. The solvent was removed via argon flow-assisted evaporation, and the product
was dissolved in 2:1 EtOAc:THF. The product was extracted three times with H, O and dried over
Na,SO,, the solvent was removed via rotary evaporation, and the product was dried overnight un-
der vacuum to give 4c as a waxy product in 87% yield (26 mg). Product purity was confirmed via
NMR. 'H NMR (methanol-d4): § 7.98 (m, 6H), 4.56-4.24 (m, 24H), 3.26 (m, 16H), 3.15 (m,
16H), 2.82-2.63 (m, 24H), 2.42-2.29 (m, 40H), 2.09-1.94 (m, 12H), 1.42 (s, 72H), 1.09-1.08 (m,

21H); MALDI-TOF MS: m/z 3204.83 (M+Na)+, calc. 3181.00.

4d: To a solution of 26 mg of 4c¢ in 100 yl THF were added approximately § equivalents of
“anhydrous” tetrabutylammonium fluoride (TBAF). The solution was allowed to stir overnight at
room temperature. THF was removed by evaporation and the product was redissolved in MeOH.
A modified version of a previously published protocol was used to facilitate straightforward TBAF
removal.[112] An excess of calcium carbonate and DOWEX 50WX8-40 was added to the reaction
solution, and the resulting slurry was allowed to stir for 1-2 hours. The product was filtered through
Celite and dried over Na,SO,. The solvent was removed via rotary evaporation and the product
was dried overnight under vacuum to give 26.16 mg of a waxy product (94% yield). Notably, the
triisopropylsilyl fluoride salt that results from the deprotection is not removed by the reaction with
the DOWEX resin and remains in the product; however, as above, it does not interfere with any
future reaction steps so no further purification was attempted. If desired, it can be removed by
washing the product with ether to obtain pure product. "H NMR (methanol-d4): § 4.72-4.54 (m,

12H), 3.57-3.49 (m, 32H), 3.27-3.18 (m, 38H), 2.86-2.78 (m, 16H), 2.60-2.47 (m, 12H), 1.43 (s,
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72H); MALDI-TOF MS (using 7-hydroxycoumarin as matrix): m/z 3027.02 (M+H)+, 3049.24

(M+Na)+, calc. 3024.66.°

2.5.5 SYNTHESIS OF PD-TETRAAZIDOTETRABENZOPORPHYRIN

Pd-Tetraazidotetrabenzoporphyrin was synthesized according to the scheme outlined in Figure

2.5.3.

Figure 2.5.3: Synthetic scheme for the tetraazidotetrabenzoporphyrin sb.

2-azidoethylamine: 5 g 2-bromoethylamine hydrobromide (1 eq.) were dissolved in 28 ml wa-
ter, to which 8.9 g sodium azide (3.36 eq) in 42 ml H, O were slowly added. The solution was stirred
under reflux overnight and allowed to cool the following morning. Approximately 2/3 of the water
was removed via evaporation, and the remaining volume was diluted with 140 ml diethyl ether.
The solution was cooled to 0 °C and 11.1 g potassium hydroxide pellets (1.75 equivalents) were
added to promote phase separation. The organic phase was collected and the remaining aqueous

layer was extracted three times with 84 ml diethyl ether. The organics were combined, dried over

>«

“Empirical evidence suggests that yields from this step are optimal if Alan Jackson’s “Chasin’ that Neon Rainbow”
is playing in the background during the workup.
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Na,SO,, and concentrated by rotary evaporation to afford 2.72 g of the product as a pure yellow
oil (78% yield). '"H NMR (CDCI3): 8 3.31 (t, J=5.7 Hz, 2H), 2.82 (t, J=5.7 Hz, 2H), 1.40 (brs,

2H).

sa: sa was synthesized as previously described [63, 64].

sb: O-(Benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HBTU; 14
mg, 7.8 eq.) was added to a magnetically stirred solution of Pd-tetracarboxytetrabenzo porphyrin
(sa, s mg, 1 eq.) in N,N-Dimethylformamide (o.s mL), and the mixture was stirred for 5 min
at rt.. N,N-Diisopropylethylamine (12 mg, 19.6 eq.) was added, followed immediately by 2-
azidoethylamine (3 mg, 7.8 eq.), and the resulting solution was stirred overnight at r.t. After
dichloromethane was added to the reaction mixture, it was extracted with water, and the organic
phase was collected, dried over magnesium sulfate, and the solvent was removed by rotary evapo-
ration. The resulting residue was purified by column chromatography (20:1 to 4:1 DCM:MeOH),
to afford the product (4 mg, 64% yield) as a green solid. MALDI-TOF MS: m/z 1366.65 (M)+,

calc. 1366.35.

2.5.6 G3 CAOS NANOCONJUGATE SYNTHESIS

G3 CAOS synthesis was performed according to the scheme described in Figure 2.5.4.
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Figure 2.5.4: The scheme used to synthesize the G3 CAOS nanoconjugate, 6b. Note that the

presence of the tetra-adduct CAOS nanoconjugate was not confirmed, as indicated by the brackets
in the chemical structures.

6a: 565 ug 7b were dissolved in 200 yl freshly distilled DMF, to which were added 6 mg 4d (s

eq). Air was purged from the vessel and the solution was placed under argon. 789 ug CuSO, (12
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eq.) in 8 ul H,O and 1.96 pg (24 eq.) sodium ascorbate in 10 yl H,O were added sequentially
under argon, and the mixture was allowed to stir under argon at room temperature for 48 hours.
The disappearance of unreacted porphyrin was monitored by MALDI-TOF MS. The solvent was
removed by argon-assisted evaporation and the product was dissolved again in MeOH and dried

again to remove any residual DMF.

6b: To cleave the protecting groups on the dendrimer’s primary amine groups and yield 6b,
the product was dissolved in a large excess of neat trifluoroacetic acid and stirred overnight. The
product was dried under argon flow, washed with dichloromethane to remove residual trifluo-
roacetic acid, and dissolved in acidified water. The product was purified overnight via dialysis in
H, O to remove salts and unreacted, low-molecular weight dendrons. The product was lyophilized
and weighed to afford 1.6 g of a green fluffy product (2-step 34% yield). '"H NMR (methanol-dg4,
water suppression pulse sequence): 5 8.22-7.95 (m, 24H), 3.7.82-7.54 (m, 38H), 7.14-7.08 (m,
16H), 6.51 (m, 1oH), 4.34-4.00 (m, 68H), 3.55-3.36 (m, 48H), 3.12-3.03 (m, 122H), 2.72-2.5§

(m, 130H), 2.33-2.16 (m, 154H), 1.93-1.72 (m, 64H). MALDI-TOF MS data are discussed below.

Characterization of 6b: NMR Analysis: Comparison of the integration of the peaks centered
at approximately 7.1 ppm and 4.2 ppm, which correspond to the aromatic protons on sb (integra-
tion of 16) and the methylene protons adjacent to either side of the triazole rings on 4d (theoret-
ical integration of 112; observed integration of 68), respectively, indicates an average of between
two to three dendrons per nanoconjugate (Figures B.21 and B.22). MALDI-TOF MS Analysis: As
indicated in the main body text, MALDI-TOF MS analysis using 7-hydroxycoumarin as matrix
revealed the presence of the mono-, di-, and tri-dendron adducts, as indicated by the presence of
broad bell-shaped peaks at the appropriate mass regions (Figure B.23); however, the peak intensi-
ties observed via MALDI-TOF MS are not quantifiable and can therefore offer no insight into the

relative quantities of each adduct. In figure B.23, the inset shows the specific peaks corresponding
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to the di- and tri-adduct; these spectra were acquired by changing the acquisition parameters to
suppress lower molecular weight peaks, thereby changing the effective dynamic range of the detec-

tor and optimizing it for a particular mass ion region.

2.5.7 DyE/CAOS-PAMAM CONJUGATION PrROTOCOLS

2.32 pl of a 1 mg/ml AlexaFluor-488 NHS stock solution (1.2 equivalents) in dimethyl sulfoxide
were added to 10 pl of a 300 uM G3 CAOS stock solution (1 equivalent) in H, O at the bottom
of an Eppendorf tube. The tube was placed in a rack on a rotary stirrer and stirred for 2 hours in
the dark at room temperature. After 2 hours, the product was dissolved in 100 yl H,O, dialyzed
overnight against water using a 3,500 MWCO dialysis device, then lyophilized. An analogous pro-
tocol was used to conjugate AlexaFluor-488 NHS to G4 PAMAM. The product was verified by

UV-Vis spectrophotometry.

2.5.8 TIME-RESOLVED PHOSPHORESCENCE MEASUREMENTS AND MICROSCOPY
PHOSPHORESCENCE LIFETIME MEASUREMENTS

Phosphorescence lifetime measurements require a time-gated light source, the pulse width of which
is ideally smaller than the lifetime range of the phosphor. To create an economical 632 nm “pulsed”
laser source, we adopted an existing prototype design (Joel A. Spencer, personal communication).
Briefly, a single scanning galvo operating at 200 Hz was centered on a variable width slit positioned
in the focal plane of a beam-expanding telescope; each sweep of the CW laser across the slit creates
an effective laser “pulse”, the duration of which can be varied by adjusting the slit width and/or
the scan rate (Figure 2.5.5). Using this method, pulses with temporal FWHM of approximately
15 us were achieved. The output light was incident upon a NIR, air-spaced doublet lens with a
30 mm working distance (ThorLabs ACA254-030-B), which focused it into a temperature- and

atmosphere-controlled, stirred UV-fused silica cuvette (T = 23 °C). Generated phosphorescence

SS



was propagated back through the system to a dichroic mirror (640nm long-pass), which redirected
the light to a Hamamatsu H7422PA-50 PMT. One lifetime trace was recorded per pass of the laser
across the slit over a period of 1000 ys; 500 traces were averaged to create a single curve. Tempera-
ture control was provided through the use of a ThorLabs TH10K thermistor, HT 1 sW heater, and a
TC200 heater controller. Oxygen measurements were collected using a freshly calibrated Unisense
OX-N microsensor and an OXY-Meter picoammeter. The entire phosphorimeter assembly was
controlled by a custom-made LabView program (available upon request), which made automated
measurements every one to five minutes; an automated shutter protected the cuvette from excess

beam exposure in between measurements.

632 nm

Temp. controller

and Clark electrode PMT

AN

Nitrogen outlet Nitrogen inlet
Y

a»— e Shutter

Adjustable slit

/

Scanning galvo

Cuvette w/ stir bar

Figure 2.5.5: The phosphorimeter used for the calibration of G3 CAOS. DM = dichroic mirror;
ASD = air-spaced doublet lens; PMT = photomultiplier tube.

A typical experiment was conducted as follows: after transferring the CAOS/BSA solution to
the cuvette, installing the required sensors, the system was purged with room air and allowed to
equilibrate. Once the OX-N recorded a level baseline, the system was turned on and lifetime traces

were recorded as described above. The room air flow was turned off and replaced with nitrogen
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flow. Traces were collected until the OXY-N probe read a value close or equal to the calibrated
“zero oxygen” value, indicating all oxygen had been purged from solution. The lifetime curve ac-
quisition rate was varied from one minute to five minutes over the course of the experiment. Upon
reaching “zero oxygen” or attainment of a steady, time-invariant reading at close to zero mmHg,
pO.,, the nitrogen flow was turned off, the air flow was turned back on, and a calibration curve was

collected in the opposite direction.

Data processing and excitation pulse deconvolution were performed using a custom-made Mat-

Lab script (available upon request).

2.5.9 CELL CULTURE AND 3D IN VITRO TUMOR MODEL

OVCARs monolayer cells and in vitro spheroids were grown and maintained as previously de-
scribed. [41]. Spheroids were imaged at day 10 of growth and all monolayer cells were used within

24 hours of plating, unless otherwise described.

CONFOCAL AND TWO-PHOTON FLUORESCENCE MICROSCOPY

Confocal fluorescence imaging of AlexaFluor 488 was performed on an Olympus FV1ooo inverted
confocal microscope using the 488 nm line of an argon ion laser and the manufacturer’s recom-
mended filter settings. Two-photon imaging experiments were performed using an integrated
MaiTai DeepSee tunable Ti:Sapphire laser, tuned to 750 nm. Z-stacks were acquired at intervals

of 1.5 ym/slice.

2.5.10 MONOLAYER UPTAKE EXPERIMENTS

OVCARs cells were plated as previously described. [41] Approximately 12-18 hours after plating,
the culture medium was removed and replaced with 1 ml of a 500 nM AlexaFluor 488-G4 PA-

MAM solution, prepared in serum-free media. Cells were incubated at 37 °C for 45 minutes under
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5% CO,; upon completion of the incubation period, the cultures were gently washed with PBS fol-
lowed by media. Following the washes, the media was replaced and the cells were transported to the
microscope for immediate imaging. AlexaFluor 488-G3 CAOS and G3 CAOS uptake experiments

were performed in an analogous fashion using the concentrations indicated in the manuscript.

2.5.11 SPHEROID IMAGING EXPERIMENTS

OvCa 3D spheroids were grown for ten days as previously described. [41] On day 10, the culture
medium was removed and replaced with 1 ml of a 500 nM solution of AlexaFluor 488-G4 PAMAM
in serum-free media. Controls were incubated with serum-free media. The culture was incubated
for either 3.5h (AlexaFluor-PAMAM) or 4h (G3 CAOS) at 37 °C in a 5% CO, incubator. Upon
completion of the incubation period, the cultures were gently washed with PBS followed by media.
Following the washes, the media was replaced and the cells were transported to the microscope for
immediate imaging. Treatment with Oxyphor G2 and G3 CAOS were performed in an analogous

fashion using the concentrations and incubation times indicated.

2.5.12 CONFOCAL PHOSPHORESCENCE MICROSCOPY

Cellular and spheroid phosphorescence imaging was performed using a custom-made,
single-photon counting, NIR-optimized confocal microscope (Figure 2.5.6). Briefly, a 632 nm
CW laser was passed through a beam-expanding telescope and indecent upon a 640 nm long-pass
dichroic mirror, where it was passed into an XY scan head. The scanhead consists of two galvano-
metric mirrors (Cambridge Technologies) separated by an optical relay providing in total three-
fold beam magnification.[113] The light is directed into a modified Axiovert 200, where it was
relayed to the microscope objective; this microscope also contained the optics necessary for trans
illumination and visualization using a built-in eyepiece. During imaging, samples were maintained

in an atmosphere- and temperature controlled chamber (DH3 5i, Warner Instruments), which was
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set to 37 °C and maintained under either 5% CO, or nitrogen, as appropriate. Cells imaged under
nitrogen were first purged for 45-60 minutes to drive dissolved oxygen from the culture medium.
Phosphorescence images were collected using either a Zeiss IR-Achroplan water objective (40x, 0.8
NA) for 3D OvCa spheroids or an Olympus UPLSAPO water objective (60x, 1.20 NA) for mono-
layer cells. Generated phosphorescence was relayed back down the optical path to the dichroic
mirror, after which it passed through a 100 ym optical pinhole and recollimated using two 50 mm
lenses. The light was focused onto an H7422PA-50 PMT, the output of which was connected to a
C9744 photon counting unit. Images were acquired with a pixel dwell time of 10 ys and an aver-
age power of approximately 5o yW. Z-stacks were acquired using a PIFOC piezo flexure objective

scanner at intervals of 10 ym/slice.
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Figure 2.5.6: The confocal phosphorescence microscope. DM = dichroic mirror; PMT = photo-
multiplier tube.

2.5.1 OvCA VIABILITY STUDIES
5.13

OVCARs cells (P13) were trypsinized as reported previously and seeded as a single-cell suspen-
sion in a clear plastic 48-well plate (BD Falcon) and incubated at 377 °C for 24 hours in a 5% CO,
incubator prior to the experiment. Cells were seeded using soo ul of a 100,000 cell/ml suspen-
sion, with N=4 wells for experimental conditions and N=8 for control conditions. Under subdued

light, working treatment solutions at the appropriate concentrations were made for G3 CAOS in
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complete cell culture media (CellGro) supplemented with 10% HI-FBS (GIBCO) and 1% peni-
cillin/streptomycin mixture. The culture medium was carefully aspirated from individual culture
wells, and the wells were dosed with 200 yl of the appropriate G3 CAOS stock solution. NT con-
trols were treated with culture media. Cells were incubated at 37 °C in a §% CO, incubator for 45
minutes, following which the treatment media was aspirated and the wells were washed with cul-
ture medium to remove residual compound. Fresh media was replaced, and the cells were returned

to the §% incubator for 24 hours at 37 °C.

24 hours after the above treatment, cellular viability was evaluated using an MTT viability as-
say. Briefly, a 1 mg/ml solution of M'TT reagent (thiazolyl blue tetrazolium bromide; Sigma) was
prepared in warmed complete media; the media from all culture wells was removed and replaced
with the freshly prepared MTT reagent mixture (400 pl/well). Cells were incubated at 37 °C for 1
hour in a 5% CO, incubator. After 1 hour, the MTT reagent-containing media solution was care-
fully aspirated to ensure the complete removal of residual extracellular reagent. Cellular formazan
resulting from the hydrolysis of the M'TT reagent by cellular mitochondrial enzymes was then ex-
tracted by the addition of DMSO to sample wells (400 ul per well). Samples were incubated for a
period of 15 minutes at room temperature under subdued light and plates were rocked and swirled
periodically, to allow for complete and uniform solvation of formazan into DMSO. The formazan-
containing DMSO was then aliquoted in triplicate (100 yl volumes) for each sample well into a
clear plastic 96-well plate (BD Falcon) alongside twelve “blank” control wells containing an equal
volume of neat DMSO to be used later for subtraction of background signal from the solvent and

to compensate for any instrument noise.

The absorbance of all DMSO solutions in the 96-well plate(s) was measured at 570 nm using
a SpectraMax M5 plate reader. Measured absorbance values were averaged and the standard de-

viation calculated. Outlier analysis was performed and outlier values were removed, with outliers
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defined as greater than +/- two standard deviations from the mean. The individual absorbance
values from the data set (with outliers removed) were normalized to the average of absorbance
values from untreated control samples to yield the normalized absorbance/viability for each value.
These normalized values were then entered into JMP statistical analysis to generate a data plot and

determine statistical significance using the pairwise student’s t-test.

62



Non-invasive transdermal two-dimensional

mapping of cutaneous oxygenation

3.1 INTRODUCTION

Oxygen is essential for maintaining the viability of skin and its contents. [ 114] The ability to mea-
sure cutaneous oxygen status non-invasively is needed for the treatment of a variety of skin diseases
including chronic and ischemic wounds, burns, and large complex wounds that require skin re-

placement. Measuring tissue oxygen tension helps diagnose, prevent and monitor the therapeutic
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response of ischemic conditions. It also allows for the monitoring of surgical flap/graft perfusion
and aids in the early detection of flap/graft failure. Additionally, measuring the dynamic changes
in pO, on the skin surface can provide information on the oxygen consumption properties of the
underlying tissue, which can in turn help identify tissue that is metabolically deviated from normal.

Chronic wounds, largely resulting from ischemia, account for twenty percent of non-traumatic
wounds, with an estimated $25 billion dollars in treatment cost per year. [115, 116] The preva-
lence of these wounds is linked directly to increased aging demographics, vascular disease, venous
insufficiency, mechanical pressure and diabetic vasculopathy. Chronic wounds that develop due
to tissue hypoxia are not only painful, but are a leading cause of prolonged hospitalization. [117]
If not treated properly, infections and other complications may occur. The presence of tissue hy-
poxia also significantly worsens disease prognosis. [114, 115, 118, 119] Wound healing is highly
oxygen-dependent due to the increased energy demand for tissue reparative processes such as cell
proliferation, response to infections, and collagen synthesis; damaged tissue deprived of adequate
blood flow has a decreased ability to heal. [114, 120]

The surgical treatment of burns is another example where objective measurement of cutaneous
oxygenation may improve outcomes. Currently, the clinical determination of burn depth and there-
fore the intraoperative decision for debridement depends on subjective visual assessments, or rarely,
invasive techniques such as a skin biopsy. Accurate determination of burn depth based on cuta-
neous oxygenation may limit the degree of surgical intervention. The ability to determine tissue
viability would also allow for the monitoring of skin graft and skin substitute integration in patients
who require skin replacement after burn debridement.

Many previous attempts have been made to develop technologies that allow the detection of
tissue oxygenation. Histochemical staining with hypoxia markers such as pimonidazole provides
semi-quantitative detection of tissue hypoxia, and radioactively labeled markers have been devel-
oped that can be imaged by position emission tomography (PET). [ 121-123] However, this method

requires the injection of exogenous markers and either tissue biopsy or use of specialized instru-
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mentation to identify these markers; this method is therefore labor-intensive and also may be lim-
ited by the spatial resolution of PET scanners. The needle-type Clark electrodes, as discussed in
Section 2.3.1, can precisely measure pO, and are the gold standard for assessment of tissue oxy-
genation. [114] However, placing a needle electrode into tissue 1) is necessarily restricted to point
measurements, 2) is invasive and can be painful, and 3) causes tissue injury that can alter micro-
circulation and thus the pO2 levels being measured. [124] Although planar electrodes have been
designed that allow the measurement of transcutaneous oxygen pressure (TcpO,) by attaching
probes on the skin surface, these tools require heating the examined skin to 44-45 °C, beyond the
average physiological temperature. Furthermore, TcpO, devices only allow point measurements,
making multiple measurements necessary for the assessment of the entire area under examination.
[125,126]

Other non-invasive methods, such as pulse oximetry, estimate tissue oxygenation by calculating
the ratio between oxygenated and deoxygenated hemoglobin using its oxygen-dependent spectral
properties. [ 127] However, the results of this indirect approach do not necessarily represent abso-
lute tissue oxygenation, since 1) they only provide the relative amount of oxy/deoxy hemoglobin
(oxygen saturation) but not total oxygen supply, and 2) they provide no information about oxygen
consumption rate. For example, an inflammatory area with normal oxygen saturation as measured
in the blood vessels can still be hypoxic due to rapid oxygen consumption by the highly metabolic
cells surrounding the blood vessel. Due to these crucial limitations, few studies exist on tissue oxy-
genation in acute wounds and fewer still on tissue oxygenation in chronic wounds. [ 114] These and
other factors have created a long-standing need for a technology that allows rapid and non-invasive
tissue oxygenation quantification across a wound site without cumbersome tools, and one that can
be read easily and without extensive training.

As discussed in Chapter 2, a sensitive approach to quantify tissue oxygenation utilizes a pro-
cess known as oxygen-dependent quenching of phosphorescence. [43] Recall that phosphores-

cence of a molecular sensor can be quenched by collision with oxygen resulting in energy transfer
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from the excited triplet state of the phosphor to ground-state triplet oxygen molecules. As a result,
the sensor’s phosphorescence lifetime decreases and is inversely proportional to the concentration
of oxygen present in the molecule’s surroundings (Eq. 2.6). Among the existing oxygen-sensing
phosphors, metalloporphyrins have attracted much attention due to their unique photophysical
properties, such as multiple excitation bands and relatively long-lived, room temperature phos-
phorescence in the red and near-infrared spectral region. Metalloporphyrin-based molecular sen-
sors have been used to measure vascular oxygen tension in organs such as kidney, heart and brain
in various animal models. [63, 128-134] Creating a layer of film containing such phosphors for
the monitoring of tissue oxygenation status has the potential to provide a continuous, quantitative
two-dimensional map of pO, in real time as opposed to the single point measurement obtained by
the TcPO, device, therefore allowing for a more rapid and comprehensive assessment of tissue per-
fusion. Such an approach would not, in principle, require any patient-specific calibration and could
be carried out repeatedly under physiological conditions. Pioneering work in the development of
such sensing films has been reported by Wolfbeis and his colleagues, who have demonstrated their
application in visualizing wounds and infections via both lifetime measurements and measuring
changes in phosphorescence intensity. [42, 135-137]

Thus, there is an unmet clinical need for the development of a breathable, transparent, simple-
to-apply-and-read and easily removable bandage for mapping oxygen across skin, burns and grafts,
that can report oxygen, protect the underlying tissue, and enable visual inspection of tissue through
the bandage itself. [138] Here, we present a novel oxygen-sensing, rapid-drying paint-on ban-
dage that can be applied to the surface of skin for two-dimensional tissue oxygenation mapping,
designed for the monitoring of burns and tissue grafts. By embedding oxygen-sensing molecules
within a transparent, polymeric liquid bandage material, the sensor can be painted on the surface
of the skin as a viscous liquid and allowed to dry against the wound topology to form a solid tight
seal. To ensure facile oxygen sensing a porphyrin-dendrimer was utilized, where a metallated por-

phyrin as phosphorescent core was surrounded by a dendritic structure. The dendrimer not only
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reduced the collisional frequency of oxygen with the porphyrin core by attenuating oxygen diftu-
sion through its branches, but also increased the porphyrin’s chemical compatibility with the lig-
uid bandage components, allowing for homogeneous distribution of the molecule throughout the
bandage setting process. This strategy enabled the bandage to reach an optimum dynamic range
for oxygen sensing throughout physiological pO, values, and minimized porphyrin-porphyrin in-
teractions that could lead to a decrease in porphyrin emissivity caused by self-quenching. Once
the sensor was applied to the skin, a transparent barrier film was placed on top of the sensing ban-
dage to reduce, but not eliminate, ambient oxygen exchange. The phosphorescence emission of
the sensing bandage was captured by a custom camera and used to generate a two-dimensional
oxygen map of the underlying tissue, via either a ratiometric or a lifetime-based approach. To en-
able highly sensitive measurements of skin oxygenation, a delay-trigger mechanism was designed
to suppress tissue autofluorescence. Moreover, by temporally integrating the oxygen consumption
beneath the bandage, tissue viability could be inferred. After use, the bandage was easily removed
without disrupting the underlying tissue. This bandage system was first validated using an in vivo
rat model to sense tissue ischemia. It was then tested on porcine burn models ex vivo and in vivo to
monitor burn progression. Lastly, it was applied to an in vivo porcine graft model to visualize the

integration of full-thickness and partial-thickness skin grafts.

3.2 MATERIALS AND METHODS

3.2.1 OXYGEN-SENSING PAINT-ON BANDAGE AND CAMERA BASED READOUT SYSTEM

The oxygen sensitive phosphor and reference dye used in creating the sensing bandage were Pd-
meso-tetra-(4-carboxyphenyl)porphyrin-dendrimer (Oxyphor R2) (Oxygen Enterprises, Ltd.,
Philadelphia, PA) and Coumarin soo (Exciton, Dayton, OH), respectively. The long-lifetime
Oxyphor Ra was specifically selected so that its long-lived phosphorescence could be distinguished

from tissue autofluorescence using inexpensive timing circuitry. To ensure the solubility of the por-
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phyrin dendrimer as well as its effective mixing with the liquid bandage components in both liquid
and dried form, the terminal carboxy groups of the Oxyphor R2 were reacted with ethanol to form
ethyl esters. The paint-on bandage mixture was formulated by mixing ethanol solutions of the es-
terified Oxyphor R2 (4.2 mM) and Coumarin 500 (10 mM) with the New-Skin®liquid bandage
(Prestige Brands, Tarrytown, NY) at a volumetric ratio of 2:1:10. The breathable transparent film
dressing Tegaderm®(1622W, 3M, Saint Paul, MN) was used as the barrier layer covering the sensing

bandage to reduce the oxygen exchange between the sensing bandage and room air (Figure 3.2.1).
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Figure 3.2.1: A: Schematic diagram showing the application of the pO _-sensing bandage as a lig-
uid, bandage solidification, application of the barrier layer, and bandage removal after pO, mea-
surement. The supply and consumption of oxygen in tissue balance to yield a measurable tissue
oxygenation. B: Balanced O, consumption and replenishment in normal skin. C: Decreased sur-
face pO, during tissue ischemia induced by arterial ligation. D: Elevated surface pO, due to de-
creased O, consumption by necrotic tissue in a full-thickness burn. E: Unaffected or slightly ele-
vated surface pO, in a full-thickness skin graft. F: Elevated surface pO, due to decreased O, con-
sumption at a partial-thickness skin graft, which is composed of non-viable epithelial cells and only
a thin layer (30/1000 inch) of dermal cells.

Two Thyristor®electronic flash units (285-HV, Vivitar, Edison, NJ) equipped with 400/70 nm
bandpass filters were used to provide a brief pulse of blue excitation light for both the oxygen-
sensing phosphor (1,,= 415 nm) and the reference dye (.,= 392 nm). A NIR CMOS camera
(DCC3240N, Thorlabs, Newton, NJ) equipped with a 60 mm macrolens (Nikon, Melville, NY)

was used to collect the emitted light from the sensing bandage. The phosphorescence of Oxyphor
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Rz (A,,,max= 690 nm) was captured as the “red-channel” image by placing a 700/70 nm band-
pass filter at the camera lens front. The reference dye, Coumarin 500 (2,,,,max= 495 nm), was
imaged with a §10/10 nm bandpass filter and served as the “green-channel.” The flash onset and
the opening of the camera shutter were temporally coordinated by a digital delay/pulse generator
(Stanford Research System, Sunnyvale, CA), so that images could be taken at arbitrary time points
after the flash was triggered. Image analysis routines were performed in Matlab to generate the

two-dimensional oxygen maps.

3.2.2 SYSTEM CALIBRATION USING PHOSPHORESCENCE INTENSITY AND LIFETIME

The oxygen-sensing paint-on bandage was calibrated by placing a dried sensing film inside a quartz
cuvette with an oxygen partial pressure controlled by a gas mixing system. The oxygen content was
adjusted step-wise from 160 mmHg to o mmHg, and monitored in real-time using a needle-based
Clark electrode (Unisense, Aarhus, Denmark). The system was allowed to stabilize at each step
for s min before images were taken. Each calibration curve was averaged across three independent
measurements.

For intensity-based calibration, a ratiometric approach was used. One red-channel (800 us de-
lay) and one green-channel (o ys delay) image were taken at each pO, . Reference-controlled phos-
phorescence intensity was calculated as red-to-green intensity ratio between the two channels and
the reciprocal of this ratio was plotted over oxygen tensions to generate the intensity calibration
curve.

For lifetime-based calibration, a series of red-channel/phosphorescence images were taken with
the delay times set between the flash and the camera exposure varying from o to 10 ms. The inten-
sity over delay time plot was obtained at each pO_, and the phosphorescence lifetime 7 was ex-
tracted from the curve. The reciprocal of the lifetime 7 was then plotted over oxygen tensions to

generate the lifetime calibration curve.
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3.2.3 SENSING TISSUE ISCHEMIA IN HINDLIMB USING AN IN VIVO RAT MODEL

Animal housing and maintenance: A total of eight Sprague-Dawley rats, weighing an average of 275
grams, were used. All rat procedures were performed within the Beth Israel Deaconess Medical
Center animal facility. All members of the research team had completed the necessary CITI and
LATA training modules for The Humane Care and Use of the Laboratory Rat, Aseptic Surgery of
Rodents, Anesthesia and Analgesia of Rodents, Laboratory Rabbit, Laboratory Canine, and Lab-
oratory Animals. The animal surgery protocol was reviewed and approved by the Institutional An-
imal Care and Use Committee (IACUC) at the Beth Israel Deaconess Medical Center.

Anesthesia: The rats were placed into an induction chamber with 3% isoflurane in 100% oxygen at
a flow rate of 1L/min. When the rat was unresponsive to external stimuli, it was removed from the
induction chamber and placed on a nose cone for maintenance of anesthesia. General anesthesia
was maintained by administering 2% isoflurane at a 1L./min flow rate.

Vessel exposure and occlusion: After inducing a complete state of anesthesia, the abdomen, thigh
and ventral side of the animal’s hind limb were shaved and aseptically prepared for surgery. Rats
were positioned on their back and fixed in an X-shape using tape. A linear skin incision of 3 cm was
made at the linea alba to expose the abdominal cavity. After cautious retraction of intra-abdominal
organs, the retroperitoneal cavity was opened to ensure an optimal exposure of the descending
aorta. Normal transdermal pO, was first measured on the left hind limb as a control (obtained un-
der normal perfusion). A Clark electrode (Unisense, Aarhus, Denmark) was inserted into the gas-
trocnemius muscles of the hind limb of the rats to monitor the real-time in-tissue oxygen tension.
The sensing bandage was painted onto the shaved skin above region monitored by the electrode.
The bandage was allowed to dry in air for 1 minute, and the barrier layer was applied. Equilibrium
red- and green-channel images were captured after 15 min. After collecting images on the control
leg, hindlimb ischemia was induced by clamping the animal’s descending aorta with surgical micro

vessel clips. The sensing bandage was then applied to the right hind limb and the imaging proce-
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dures were repeated to measure the transdermal pO, under ischemic conditions. Tissue pO, im-
aged were generated by calculating the intensity ratio between the red- and green-channel images
and calibrated to the intensity calibration curve described in Section 3.2.2.

Euthanasia: The rats were euthanized while under anesthesia by opening the diaphragm to elicit
iatrogenic pneumothorax. They were then placed in a euthanasia chamber and 100% CO, was
introduced. A fill rate of 10% to 30% of the chamber volume per minute with carbon dioxide (added
to the existing air in the chamber) was used to achieve a balanced gas mixture and induce rapid

unconsciousness with minimal distress to the animals. Death was confirmed by noting the animal’s

fixed and dilated pupils.

3.2.4 MEASURING BURN WOUND OXYGENATION ON PORCINE SKIN EXPLANTS

Full-thickness burns were created on freshly excised porcine skin ex vivo by bringing a brass rod,
heated to 150°C, in contact with the surface of the skin for 15 seconds. Burn tissue damage was
confirmed by histological analysis using hematoxylin and eosin staining. The oxygen-sensing ban-
dage was applied 1 hour after the burn had been created, and allowed 1 min to dry in air. The
bandage was also applied to an unburned skin sample that served as a control. The barrier layer
was applied, and red- and green-channel images were taken both immediately and after 15 minutes
of equilibration.

Tissue oxygenation in the ex vivo burn models was quantified based on phosphorescence inten-
sity or lifetime. For intensity-based measurements, an 80o ys camera delay time was used while cap-
turing the red-channel image to completely eliminate the skin autofluorescence background. The
intensity of the red-channel image was divided by the intensity of its co-registered green-channel
image and reconstructed into a ratiometric image using Matlab. 2-D tissue oxygenation maps were
then obtained by correlating the intensity of the ratiometric image with pO, values at each image
pixel, using the intensity calibration curve described in Section 3.2.2. For lifetime-based measure-

ments, three points on each decay curve were used for curve fitting to extract the phosphorescence
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lifetime 7. The lifetime at each image pixel was then correlated to pO, using the lifetime calibration

curve described in Section 3.2.2 to construct the 2-D tissue oxygenation map.

3.2.5 MONITORING WOUND PROGRESSION OF IN VIVO PORCINE FULL-THICKNESS BURNS

Animal housing and maintenance: A Yorkshire cross-bred female pig (Midwest Research Swine, Gib-
bon, MN) aged 6 months and weighing 40-50 kg was used. This study was reviewed and approved
by the Institutional Animal Care and Use Committee (IACUC) at the United States Army Insti-
tute of Surgical Research (USAISR, JBSA Fort Sam Houston, TX). All animals received care in
strict compliance with the 2011 Guide for the Care and Use of Laboratory Animals by the National
Research Council and were maintained in a facility accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International (AAALAC, Int.).

Anesthesia, pre- and post-operative care: Pigs were anesthetized with Telazol®(6 mg/kg), intubated
and maintained on isoflurane throughout the procedure. A 100 yg Fentanyl patch was applied to
the right ear for pain management. Prior to completion of the procedure, 4 mg hydromorphone was
given intramuscularly for 6-8 hours of pain management. Following procedures, wound dressings,
consisting of antibiotic-impregnated petrolatum (Xeroform™) and cotton gauze, were secured to
the wound beds for 7 days with Ioban™ The dressing was removed at day 7 post operation. For
follow-up observations, pigs were sedated with ketamine 10 mg/kg and maintained on isoflurane.

Burn creation: Five 6-cm wounds were marked (4 cm from each other and 2 cm from the spine)
on each dorsal side of the animal and edges were tattooed. To create full-thickness burn, a brass
cylinder (6 cm diameter) heated to 100°C was applied to the tattooed circles for 30 seconds. The
total wound area accounted for less than 10% total body surface area. The animal was allowed to
recover for 7 days during which time a burn eschar developed.

For oxygen assessment, the sensing bandage was painted across the boundary of a burn wound.
The camera was positioned so that the field of view spanned across a region that included both

the tissue directly affected by the burn injury and the adjacent unburned skin. The barrier layer
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was applied and the bandage was allowed to equilibrate for 15 min. A green-channel image of the
reference dye was captured with the §10/10 nm filter. The red-channel image was captured using
the 700/70 nm filter with the camera delay time set to 800 ys to eliminate the skin autofluores-
cence background. Ratiometric images were constructed by plotting the intensity ratio between
the red- and green-channel images, and a tissue oxygenation map was obtained by applying inten-
sity calibration to the ratiometric image. A follow-up assessment 7 days post-burn was performed

to monitor the progression of the burn injury.

3.2.6 MONITORING INTEGRATION OF FULL-THICKNESS AND PARTIAL THICKNESS SKIN GRAFTS

USING IN VIVO PORCINE GRAFT MODELS

Animal housing and maintenance: The animal used in this experiment, the housing and maintenance
procedures were the same as described in Section 3.2.5.

Anesthesia, pre- and post-operative care: Pigs were anesthetized with Telazol®(6 mg/kg), intu-
bated and maintained on isoflurane throughout the procedure. The back of the pig was sterilized
by prepping with povidone-iodine solution and sterile surgical field was maintained throughout the
procedure. Following suturing of the skin graft, wound dressings consisting of a bolster containing
antibiotic-impregnated petrolatum (Xeroform™) and cotton gauze were secured to the wound bed
for 7 days. Additional protective dressing consisting of Ioban™and cloth jacket were applied. The
dressing was removed 7 days post operation.

Excision and grafting: Five 6-cm wounds were marked (4 cm from each other and 2 cm from
the spine) on each dorsal side of the animal and edges were tattooed. Total wound area was less
than 10% total body surface area. After full-thickness excision down to muscle fascia, wounds were
covered with split-thickness autologous skin from a hindlimb donor site. Autografts of 30/1000th
of an inch thickness were harvested using a Zimmer pneumatic dermatome (Zimmer Surgical, Inc.,
Dover, OH) and cut to fit the defects. Full-thickness autograft skin was harvested from the original

full-thickness wound creation and defatted surgically.
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Tissue oxygenation in the full-thickness and partial-thickness skin grafts was assessed both im-
mediately post grafting, as well as at 1-month follow up. The sensing bandage was painted across
the boundary of the graft, and the camera was positioned so that the field of view spanned across
a region that included both the graft and the skin immediately surrounding it. The barrier layer
was applied and the bandage was allowed to equilibrate for 15 min. As above, a green-channel
image of the reference dye was captured with the §10/10 nm filter. The red-channel image was
captured using the 700/70 nm filter with the camera delay time set to 800 s to eliminate the skin
auto-fluorescence background. Ratiometric images were constructed by plotting the intensity ratio
between the red- and green-channel images, and tissue oxygenation map was obtained by applying

intensity calibration to the ratiometric image.

3.3 RESULTS AND DISCUSSION

3.3.1 Q_UANTIFYING OXYGEN WITH RATIOMETRIC PHOSPHORESCENCE IMAGING AND TISSUE

AUTO-FLUORESCENCE BACKGROUND REMOVAL

The emission intensity and lifetime of a phosphorescent molecule can be used to quantify the O,
content in the molecule’s environment based on an oxygen-dependent quenching process. Molec-
ular oxygen interacts with the excited triplet state of the phosphor through collisions, leading to the
exchange of energy resulting in the phosphor’s non-radiative decay to its ground state. Therefore,
both the phosphorescence intensity and lifetime decrease as a result of increasing oxygen content in
the environment. Recall from Eq. 2.6 in Chapter 2 that the relationship between phosphorescence

intensity/lifetime and pO is described by the Stern-Volmer equation: [139]

~ =~ +k(p0,) (3-1)

To

where 7 is the phosphorescence lifetime at a given oxygen pO,, 7, is the same measurement in
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the absence of oxygen, and k, is the quenching constant. While constructing the imaging device
for the oxygen-sensing bandage, a 700/70 nm bandpass filter was chosen to capture the phospho-
rescence emission of the oxygen-sensing Oxyphor R2 molecule (1,,,= 690 nm). The quantification
of pO, has been achieved on this camera-based imaging device using either phosphorescence in-
tensity or lifetime measurement. The intensity-based approach is described here, and the lifetime
approach will be discussed in detail in Section 3.3.2.

Ratiometric approaches take advantage of the presence of an additional fluorophore in the ban-
dage that provides an oxygen-independent signal as a reference and internal, built-in control.[ 140]
In the case of the paint-on bandage described in this work, phosphors and fluorophores are evenly
distributed throughout the bandage formulation, such that the phosphorescence/fluorescence ra-
tio is self-calibrated for any variation in bandage thickness over the tissue surface. All phosphores-
cence measurements recorded in the “red-channel” image were accompanied by a corresponding
“green-channel” image of the Coumarin 500 reference dye. The red-to-green intensity ratio was
calibrated to oxygen partial pressure.

Skin tissue is known to have strong autofluorescence that can interfere with the measurement of
comparatively weak phosphorescence emission from the oxygen-sensing bandage. To actively sup-
press the short-lived tissue autofluorescence and extract only the longer-lifetime phosphorescence
signal of interest, a delay-trigger mechanism was introduced. By opening the camera shutter sev-
eral hundred microseconds after the flash, fluorescence emission from the skin is gated out, and the
long-lived phosphorescence emission can be selectively captured. The maximum phosphorescence-
to-autofluorescence signal for the Oxyphor-containing bandage and imaging system was found to
occur at a delay of 800 ys. By using this approach, the delay-triggered camera exposure effectively
eliminated the tissue autofluorescence background, and significantly increased the system’s signal-
to-noise ratio. The O, sensing calibration curve obtained using this intensity approach is shown in

Figure 3.3.1.
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Figure 3.3.1: Calibrating the oxygen-sensing bandage. A: System calibration curve based on phos-
phorescence intensity. Phosphorescence intensity is expressed as red-to-green channel intensity
ratio. B: Timing events during the imaging process, showing the soo ys illumination flash pulse
relative to the phosphorescence decay of the oxygen sensor and the fluorescence decay of the refer-
ence dye. Over the course of several repeated images, the camera shutter opens after predetermined
delay times following the flash pulse. Red curve: the phosphorescence emission convolved with
the flash pulse. C: System calibration curve based on phosphorescence lifetime. D: Calculated im-
age intensity at camera delay time between o and 10 ms for Oxyphor R2-containing bandage under
ommHg pO,. Calculation of image brightness was based on the assumption that the flash pulse is
a square pulse with 500 ys pulse duration, and the phosphorescence lifetime of Oxyphor R2 under
o mmHg pO, is 700 pys.
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3.3.2 PHOSPHORESCENCE LIFETIME IMAGING USING A DELAY-TRIGGERED CAMERA

As a means of quantifying oxygen, the phosphorescence lifetime signal is advantageous in that it
is independent of any variation in excitation intensities or the amount of phosphor present in an
imaged region. [141] Unfortunately, instruments for carrying out lifetime imaging often involve
advanced light sources and high-speed detectors that can be expensive and cumbersome to use.
[142] Typically, a short (generally nanosecond or shorter) excitation pulse is delivered to a phos-
phorescent sample, and the photon counts incident upon a detector are measured in a series of
discretized time “bins,” which group photon counts according to their arrival time at the detec-
tor. For a more straightforward and cost effective approach to obtaining two-dimensional maps of
phosphorescence lifetime from the paint-on bandage, we utilized regular flash units as light source
coupled with the delay-trigger system described above, alongside a mathematical model of phos-
phorescence decay. The flash units chosen for this study could be operated across a range of power
settings, which was found to be advantageous.

Setting the flash units for lower power operation engages built-in circuitry that acts to rapidly
quench light emission once the lamps reach a predetermined level, creating a burst of light sim-
ilar to a square-wave shaped pulse. This enabled the blue excitation light provided by the flash
units to be approximated as a square-wave shaped pulse with 500 ys duration (Figure 3.3.1B). The
phosphorescence decay of sensor molecules inside the bandage is therefore convolved with the ex-
citation pulse. This convolved decay curve can be generated by taking phosphorescence images of
the bandage with a series of delay times set between the flash triggering time and the camera expo-
sure, as shown in Figure 3.3.1. Then a deconvolution algorithm can be applied to this instrument
measured decay curve to extract the lifetime of phosphorescence.

To achieve this, a theoretical model was created to describe the instrument-measured decay

curve. As described in Chapter 2, the phosphorescence emission by individual phosphor molecules
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decays over time following:

—t

I(t) = Lew (3.2)

where I, and I(t) are the phosphorescence intensity at time zero and time t, respectively, and 7p
is the phosphorescence lifetime of the sensor molecule. Assuming the flash pulse is a square wave

P(t), the phosphorescence signal convolved with the excitation pulse can be described as:

Ie(t) = (1% P)(t) = / Lt — %)P(x)d (3.3)

which is a two-segment curve as shown in Figure 3.3.1B. Since the camera exposure time is much
longer (15 ms) compared to the duration of the excitation pulse and the phosphorescence emis-
sion, the camera effectively integrates all incident phosphorescence intensity after the trigger time
point. The brightness of the image captured by the camera as a function of the camera delay time
is also a two-segment curve. For camera delay greater than the flash duration, it follows an expo-

nential decay:

B(D) = / L(t)dt = NEL (e — 1)e2/.D > = (3.4)

where B is the brightness of the camera-captured image and D is the delay time set between the
onset of flash excitation and camera exposure, N is the number of emitters triggered per unit time
of exposure to the flash pulse (s™*), and 7y is the flash pulse duration (s). Using this model, the
theoretical intensity-delay curve can be plotted by inserting the measured flash duration (500 ps)
and the unquenched phosphorescence lifetime of the Oxyphor R2 (700 ps) found in the litera-
ture. [63] The calculated decay curve matches very well with the experimental curve measured
under zero oxygen partial pressure as shown in Figure 3.3.1D, validating the model as an accurate

description of the system.
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It should be noted from Eq. 3.4 that for delay time £, greater than the flash duration g, the curve
follows an exponential decay with a rate constant equal to the phosphorescence lifetime of the
sensor molecules. The unquenched phosphorescence lifetime of Oxyphor R2 extracted from the
acquired decay curve was measured to be 692 = 20ps, which closely matches the reported lifetime
of the molecule under similar conditions (701 £ 12ps). Using this approach, the phosphorescence
lifetime of the molecules inside the sensing bandage under different oxygen partial pressures was
obtained from the experimentally measured intensity-delay curves under each pO, condition; in

this manner, a lifetime calibration curve was generated for the system (Figure 3.3.1C).

3.3.3 SENSING TISSUE ISCHEMIA IN RATS DURING ARTERIAL LIGATION

In a first validation experiment, the oxygen-sensing bandage was used to directly measure trans-
dermal oxygenation through intact skin, where the equilibrium oxygen partial pressure reported by
the bandage reflects the perfusion status of the underlying tissue. This application is of clinical rele-
vance in the early detection of ischemic conditions and can be applied to monitor tissue ischemia at
the engraftment sites on patients following graft, flap or other reconstructive surgeries for the early
detection of graft/flap failure due to poor tissue perfusion. It can also be used to monitor other is-
chemic conditions such as recurrent decubitus and diabetic ulcers, where tissue oxygenation plays
a critical role in determining whether an ulcer will remain unhealed. [115, 143, 144]

To demonstrate the oxygen-sensing bandage’s ability to report tissue oxygenation in vivo, the
bandage was applied to the hind limbs of eight rats where tissue ischemia was induced by arterial
ligation. The average baseline intramuscular pO, in the rat’s hindlimb recorded by a needle-based
Clark electrode was 70 mmHg. The oxygen-sensing bandage was painted onto the skin of the rat’s
hindlimb directly above the region monitored by the Clark electrode. A two-dimensional map of
transdermal pO, measured by the oxygen-sensing bandage under normal conditions is shown in
Figure 3.3.2. Under normal perfusion, the average transdermal pO, measured was 91.3 mmHg.

When the descending aorta of the rats was surgically ligated, the intramuscular pO, measured by
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the Clark electrode decreased to 25 mmHg within 3 minutes and maintained between 20 and 30
mmHg throughout the duration of the ligation. This ischemia leads to a concomitant decrease
in the observed transdermal pO, as shown in Figure 3.3.2B. The average transdermal pO, under

ischemia after 15 min of vessel ligation recorded by the oxygen-sensing bandage is 51.9 mmHg,.

A Arterial ligation B Normal perfusion
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20+ —m— Intramuscular pO,

T T
Normoxia Ischemia

Figure 3.3.2: Sensing tissue ischemia in the rat hindlimb. Red indicates lower tissue oxygena-
tion and yellow indicates higher tissue oxygenation. Dashed lines indicate boundaries of bandage-
covered region. A: Photograph (top) and tissue oxygenation map (bottom) taken during arterial
ligation (lower tissue oxygenation). B: Photograph (top) and tissue oxygenation map (bottom)
taken under normal perfusion (higher tissue oxygenation). C Transdermal pO, measured by the
sensing bandage and intramuscular pO, measured by the Clark electrode during normal perfusion
and ischemia induced by arterial ligation.
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The results measured by both methods were summarized in Figure 3.3.2C. The subcutaneous
pO, measured by the Clark electrode under normoxic and ischemic conditions were consistent
with the values measured by polarographic electrodes and TcpO, devices reported in the literature
[145, 146]. However, the transdermal pO, reported by the oxygen-sensing bandage was consis-
tently higher than that measured with Clark electrode. This is expected because the surface of skin
is partially oxygenated by room air through diffusion through porous structures. [114] Addition-
ally, the absolute measurements by the bandage should always be higher, since it is experiencing a
mixture of both tissue and room oxygen levels. If necessary, this difference could be systematically
accounted for and corrected, as it does not affect the bandage’s ability to sense the magnitude of

changes in tissue oxygenation, as can be seen on Figure 3.3.2C.

3.3.4 VISUALIZING BURNS IN PORCINE SKIN EXPLANTS BASED ON REDUCED OXYGEN CONSUMP-

TION OF NECROTIC TISSUES

In addition to direct measurement of tissue oxygenation, the oxygen-sensing bandage can also be
used to quantify average oxygen consumption rates by measuring the difference between initial and
equilibrium pO, after applying the barrier layer. Given that all living, healthy mammalian tissues
consume oxygen, this provides a tissue“vitality” map, and is especially useful in detecting tissue that
is metabolically compromised (e.g,, necrotic tissue in burns). Thus, in this context the bandage can
potentially serve as a guide during burn debridement as well as in monitoring flap/graft viability in
patients.

Acute and preoperative burns are characterized by the presence of a necrotic tissue layer, within
which protein components of the dermis are coagulated along with dead cells. [ 147] Surrounding
this damaged tissue is a region characterized by reduced perfusion, where both cell viability and
metabolism can be compromised. Thus, when monitored transdermally, the oxygen consumption
rate of tissue located at a burn wound is lower compared to healthy skin regions (Figure 3.2.1D), as

there is less healthy tissue consuming O,. During standard-of-care debridement surgeries, it is not
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always possible to definitively determine where the necrotic zone ends and the zone of decreased
perfusion begins, forcing surgeons to make subjective judgements that potentially subject patients
to either the cosmetic consequences of overzealous debridement or the poor surgical outcomes
associated with insufficient debridement. A technique based on measurement of tissue oxygen
tension could allow the mapping of transdermal oxygen consumption rates for rapid visual iden-
tification of necrotic tissue within burn wound beds, potentially enhancing surgical efficacy and
work flow.

To test the oxygen-sensing bandage’s ability to visualize necrotic tissue in burns via oxygen con-
sumption mapping, the bandage was first tested ex vivo. Full-thickness circular burns were created
on freshly excised (still viable) porcine skin, and the oxygen-sensing bandage was painted over the
burn as well as the surrounding skin area. Phosphorescence emission from the sensing bandage
was first taken immediately after the application of the Tegaderm barrier layer to capture the initial
pO, at the measurement site. After 15 minutes, images were taken again to capture the final oxygen
partial pressure in the bandage environment after the bandage was given time to equilibrate with
the underlying tissue. Percent tissue oxygen consumption rate (%) at each image pixel was calcu-
lated by taking the difference between the initial and equilibrium pO, and normalizing this value

as a percentage of the maximum consumption measured in healthy skin.
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Figure 3.3.3: Equilibrium oxygen maps showing a decrease of tissue oxygen consumption (ex-
pressed as normalized % consumption) by compromised tissue on freshly excised porcine skin
obtained using intensity- and lifetime-based measurement approaches. Blue indicates higher oxy-
gen consumption by tissues. Red indicates lower oxygen consumption by tissues (provides a visual
“warning” for physiologically compromised tissue in clinical applications). Dashed line indicates
boundaries of bandage-covered region. Images shown for A: Circular burn imaged using intensity
approach; B: Control skin imaged using intensity approach; C: Circular burn imaged using lifetime
approach; D: Control skin imaged using lifetime approach.

The two-dimensional oxygen maps of burn wounds and control healthy skin were obtained us-
ing both intensity- and lifetime-based approaches and the results are compared in Figure 3.3.3. In
the oxygen map generated using the ratiometric intensity-based approach, the circular burn region
at the center of the skin sample can be seen to have a lower phosphorescence ratio compared to
the surrounding skin area, which corresponds to higher equilibrium oxygen partial pressure, and
thus lower oxygen consumption. This is consistent with the lower O, consumption rate of necrotic
tissue. This is in clear contrast to the healthy control skin, where the equilibrium oxygen was low
across the bandage-covered region. In the lifetime-based image of the burn sample, the circular
burn region demonstrated shorter phosphorescence lifetime of the bandage sensor, which also cor-
responds to higher oxygen partial pressure and lower oxygen consumption in the region.

When comparing the images obtained using the intensity- and lifetime-approach, it can be ob-
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served that the oxygen consumption rates measured by the two methods show similar patterns
across the surface of the samples. The oxygen consumption values obtained using the intensity-
and lifetime-calibration curves also correlate well with each other. Notably, it is easier to distin-
guish bandage-covered regions from bare skin on the lifetime-based images. This is because the
signal generated from uncovered, bare skin contains only short-lived autofluorescence signal, the
lifetime of which can be distinguished from that of the long-lived phosphorescence emission within
the bandage. It is also worthwhile to note that in comparing the images of the burn wound (Fig-
ure 3.3.3A and C), the image of the burn region generated by the lifetime approach contains more
noise. This is the direct result of the higher intrinsic error associated with high-oxygen tension
lifetime measurements: when pO, values are high, the lifetime of the sensor molecule becomes
much shorter and closer to zero, thereby increasing the intrinsic noise of the imaging system and
the associated determination of phosphorescence lifetime.

As the surface of skin is not perfectly flat, surface roughness and tissue curvature can affect mea-
surements in three ways. First, the natural curvature of the skin can in some cases cause only por-
tions of tissue to lie within the camera’s focal plane. While this may be challenging in future appli-
cations, the images taken in this study were acquired from relatively small, flat regions of skin such
that the imaged tissue fell within the depth-of-field of the camera lens. Secondly, since the bandage
is applied to the skin as a liquid, it coats the skin according to its surface topography, which means
that the thickness of the bandage can vary with the small ridges and grooves of the skin. This effect
is not expected to interfere with oxygen measurements, since the use of a reference dye effectively
controls for the uneven distribution of bandage thickness, and lifetime measurements will not be
effected by bandage thickness. Under certain conditions, surface roughness can lead to uneven at-
tachment of the barrier layer. Small air pockets may form between the barrier layer and the natural
grooves in the skin, which would, in turn, affect the oxygen equilibration process between the ban-
dage and the underlying tissue. When present, these air bubbles would lead to the measurement

of oxygen consumption at values slightly lower than the rest of the skin.
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Figure 3.3.4: Progression of a full-thickness burn on the paraspinal skin of a Yorkshire pig moni-
tored by oxygen-sensing paint-on bandage. Images shown for A: control skin; B: immediately post-
burn; and C: 7 days post-burn. Top row: regular photographs; middle row: emission at 700 nm,
where oxygen-dependent phosphorescence signals are overwhelmed by the skin autofluorescence
background; bottom-row: percent oxygen consumption (%) maps obtained after eliminating aut-
ofluorescence. Blue indicates higher oxygen consumption by tissues. Red indicates lower oxygen
consumption by tissues. Arrows indicate ink marks dividing burn and surrounding skin.

3.3.5 MONITORING IN VIVO BURN WOUND PROGRESSION USING OXYGEN-SENSING BANDAGE IN

A PORCINE FULL-THICKNESS BURN MODEL

Following testing with porcine explants, the next set of experiments focused on the bandage’s abil-
ity to monitor burn wounds in vivo. Full-thickness circular burns were established on the paraspinal
skin of a Yorkshire pig. Burn wound oxygenation was measured with the oxygen-sensing bandage

both immediately after the creation of the burn and 7 days post-insult. Normal color photographs
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of the burn and control regions are shown in the top panel of Figure 3.3.4. The middle panel shows
the bandage emission captured at 700 nm without the delay exposure setting; therefore these im-
ages contain significant skin autofluorescence background. The bottom panels show the ratiomet-
ric intensity-based oxygen maps captured by the camera, where the autofluorescence background
is eliminated by introducing the delay exposure mechanism. The early stages of tissue necrosis
can be observed immediately after the creation of the burn as a region with elevated equilibrium
pO, due to decreased tissue oxygen consumption. Progression of the burn injuries was observed
during the 7-day follow-up assessment. A higher deviation from normal oxygen consumption rate
was found, which correlated with an increased severity of tissue necrosis. Importantly, the oxygen-
sensing bandage revealed that the area of necrosis had extended beyond the original burn region,
an observation not easily made from the color photograph.

These results match the physiological changes known to occur following burn injuries. The lo-
cal response to burn gives rise to three distinct tissue zones: the zones of coagulation, stasis, and
hyperemia. The zone of coagulation refers to the central necrotic region and is characterized by ir-
reversible tissue loss; the surrounding zone of stasis is potentially salvageable, but can convert into
complete tissue loss if the perfusion is poor; the outermost zone of hyperemia features increased
perfusion as a response to the insult. In the photograph of the burn wound taken immediately fol-
lowing the injury, the region inside the tattoo line shows apparent changes in tissue color (blanch-
ing), which marks irreversible cell necrosis. The O, consumption map shows a corresponding de-
crease of pO, consumption in the necrotic region, and also a slight elevation of pO, in the region
immediately outside the tattoo line. This regional elevation can likely be attributed to increased
perfusion corresponding to the zone of hyperemia. In the O, consumption map obtained during
the 7-day follow-up, the region inside the tattoo showed greater deviation from normal tissue con-
sumption, which can be explained by a deepening of the wound. The area immediately surrounding
the original burned region also showed significant deviation from normal consumption, which is

to be linked to wound progression and widening from additional tissue loss. [148]
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Figure 3.3.5: Incorporation of full-thickness and partial-thickness skin grafts on the paraspinal
skin of a Yorkshire pig observed with the oxygen-sensing paint-on bandage. Top row: regular
photographs; middle row: emission at 700 nm, showing that oxygen-dependent phosphorescence
signals are overwhelmed by the skin autofluorescence background; bottom-row: percent oxygen
consumption (%) maps obtained after eliminating autofluorescence, where blue indicates higher
oxygen consumption by tissues. Red indicates lower oxygen consumption by tissues. Arrows in-
dicate tattoo marks dividing grafts and surrounding skin. Images shown for A: full-thickness graft
immediately post-grafting; B: partial-thickness graft immediately post-grafting; C: full-thickness
graft at 1-month graft assessment; D: partial-thickness graft at 1-month graft assessment.

3.3.6 VISUALIZING IN VIVO GRAFT INCORPORATION USING THE OXYGEN-SENSING BANDAGE IN

A PORCINE GRAFT MODEL

Skin transplants are commonly used in burn interventions, with full-thickness skin grafts providing
the best functional and aesthetic outcomes in patients. [ 147] However, their application is limited
as it is often difficult to obtain enough autologous full-thickness skin from a patient. [149] Thus,
autologous partial-thickness skin grafts are frequently used because they can cover larger tissue
areas while requiring less donor skin (especially when processed by a skin mesher). [150] Partial-

thickness grafts, however, lack significant dermal structures and require oxygenation through direct
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diffusion from the underlying wound bed. Therefore, it is important for physicians to monitor
the oxygenation of partial-thickness grafts to ensure they are successfully integrated following the
engrafting procedures.

The oxygen-sensing bandage was tested on an in vivo porcine graft model that simulates the re-
constructive surgical procedures used in many burn interventions. Full-thickness skin grafts and
partial-thickness skin grafts were applied to circular excisional wounds established on the paraspinal
skin of a Yorkshire pig. Graft oxygenation was measured with the oxygen-sensing bandage imme-
diately post-grafting and during the 1-month follow-up assessment session. Full-thickness grafts
(3.2.1E) containing all the layers of the skin, as well as their underlying supporting tissue, demon-
strated normal or slightly decreased oxygen consumption rate immediately after grafting (Figure
3.3.5A). On the other hand, partial-thickness grafts (Figure 3.2.1F) were observed to have a much
slower oxygen consumption rate (Figure 3.3.5B). The consumption rates for both the full- and
partial-thickness grafts were observed to have resumed to normal level after one month, showing

that both grafts were successfully integrated (Figure 3.3.5C, D).

3.4 CONCLUSIONS

A paint-on bandage was developed for non-invasive, two-dimensional mapping of tissue oxygena-
tion and oxygen consumption using a camera-based device. The bandage contains oxygen-sensing
molecules whose phosphorescence emission intensity and lifetime values change ina pO, -dependent
fashion. The system was tested on an in vivo rat ischemic limb model, which demonstrated its abil-
ity to sense tissue ischemia. It was then used to monitor the progression of burns in both ex vivo
and in vivo porcine burn models. Lastly, it was applied to an in vivo porcine graft model to monitor
the integration of full-thickness and partial-thickness skin grafts.

By incorporating oxygen-sensing capabilities into wound dressing materials, the transparent paint-

on bandage described in this work may be applied to provide long-term wound protection and
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continuous access to the status of skin and wound oxygenation. This system has the potential to
improve the clinical care of chronic ischemic wounds, burns, skin grafts/flaps, and other tissue in-
juries where tissue oxygenation plays an important role in the patient’s prognosis. The bandage is
composed of materials known to be biocompatible and/or materials already in clinical use, thereby
potentially reducing the barrier to both in-human clinical trials and future clinical use. Addition-
ally, the imaging device developed here is portable and stable, does not require bedside calibration,
and can be easily engineered for bedside use. As a non-invasive, passive device for tissue oxygena-
tion measurement of both intact and compromised skin, this technology has excellent translational
potential. It will also facilitate the study of local regulation of skin oxygenation that may lead to a

better understanding of a variety of skin conditions.

Note: Following the acceptance of this thesis, the work described in this chapter was published in

Biomedical Optics Express. [151]
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As a math atheist, I should be excused from this.

-Calvin (Calvin ¢&» Hobbes)

Non-linear approaches to pheomelanin imaging

4.1 INTRODUCTION

4.1.1 BRIEF OVERVIEW OF MELANOCYTE AND MELANIN BIOCHEMISTRY

Cutaneous primary melanoma is a disease commonly associated with the presence of visible pig-
mentation on the dermal surface. As such, it is often considered to be one of the more straightfor-
ward cancers to detect and resect. A well-established melanoma risk factor is excessive unprotected
exposure to UV light, which results in the accumulation of DNA damage and oncogenic driver mu-

tations. [152]
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Fundamentally, melanoma is a disease of melanocytes, the dendritic, epidermal cell type in
which the pigment melanin is synthesized. Mammalian dermal melanin is principally comprised of
two chemical subtypes, eumelanin and pheomelanin (Figures 4.1.1 and 4.1.2). Eumelanin is an in-
soluble, blackish/brownish, heterogeneous polymer, created at least in part through the oxidative
polymerization of L-DOPA to create 5,6-dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic
acid intermediates; the yellowish/reddish, alkali-soluble pheomelanin is formed through oxidation
of cysteinyldopa precursors through intermediates involving benzothiazines and benzothiazoles.
[153, 154] Examples of the former include squid-derived Sepia melanin and black hair, whereas ex-

amples of the latter include hair from individuals of pale complexion as well as hen feathers. [154]
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Figure 4.1.1: 'The primary Monomer subunits of eumelanin and pheomelanin (5,6-
dihydroxyindole-2-carboxylic acids and benzothiazine derivatives, respectively). Note that
pheomelanin also contains benzothiazones, as shown in 4.1.2. “M” represents an attachment
point to an adjacent monomer subunit. Structures described in [155].

Within melanocytes, melanins are synthesized in specialized lysosome-related organelles known
as melanosomes. Classical morphological studies describe melanosome development in terms of
four stages. Stage I melanosomes, also known as premelanosomes, have not yet begun to synthesize
pigment but contain characteristic membranous vesicles that resemble late endosomal multivesicu-
lar bodies. By stage II, melanosomes begin to develop a striated appearance on electron microscopy
due to the presence of axially polarized intralumenal fibers, which serve as a receiving scaffold for
melanin synthesis in later developmental stages. Melanin synthesis begins in stage III, and by stage

IV intralumenal melanin deposition is sufficient to efface the appearance of melanosomal struc-
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Figure 4.1.2: An example of the polymeric complexity typical of pheomelanins. Described in
[156].

tural elements, such that the mature melanosome now appears to be a large “ball” of synthesized
melanin. [157, 158]

Importantly, stages I-III of development occur in the perinuclear region; during stage IV,
melanosomes bind the molecular motor kinesin and migrate along microtubules towards the cel-
lular periphery. Upon arrival at the periphery, melanosomes detach from microtubule elements
and associate with peripheral actin filaments through the molecular motor protein myosin Va,
whereupon the melanosome is free to translate locally. [157, 158] Thus, retrograde movement
along microtubules is prevented, resulting in the observed peripheral distribution of melanin-rich
melanosomes. In dermal melanocytes, the final step occurs when peripheral melanosomes are
transferred across the extracellular space and into neighboring keratinocytes. ! Although the exact
mechanism through which this process occurs remains unresolved, putative mechanisms include
phagocytosis of melanosome-containing melanocyte dendrites by keratinocytes, direct membrane
fusion, and melanocyte exocytosis of melanosomes followed by keratinocyte endocytosis.[ 157,

158]

'In addition to dermal melanocytes, there are other melanin-synthesizing cells that occur throughout the body,
such as retinal pigment epithelium (RPE) cells and cells of the substantial nigra within the brain.
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Figure 4.1.3: Schematic illustrating the peripheral migration and localization of stage IV
melanosomes within dermal melanocytes, followed by their transfer to keratinocytes. Reproduced
from [157].

For many years, the melanoma research and epidemiology community appreciated little func-
tional difference between eumelanin and pheomelanin in terms of their photophysical and photo-
protective properties. Although it was clear that light-skinned individuals were at a higher risk for
developing UV-related melanoma than dark-skinned individuals, the chromophore composition
of skin was often described simply in terms of overall “melanin” content and melanin was con-
sidered to be broadly protective against melanoma. [152, 159] However, observations including
the fact that melanoma rates remain low even in albino africans (who lack the ability to synthesize
any melanins) gave rise to the notion that more subtle aspects of melanin and/or melanocyte bio-
chemistry may play a role in determining melanoma risk. Subsequent in vitro studies on human
melanocytes demonstrated a higher incidence of UVA-induced reactive oxygen species and single-
stranded DNA breaks in pheomelanin-rich cells, suggesting that a relative or absolute preponder-
ance of pheomelanin over eumelanin may ceteris paribus raise UV-mediated melanoma risk.[152,

160-163] This hypothesis was supported by the well-known observation that “redheads,” or pale-
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skinned individuals with fair skin and freckles, have the highest risk of developing
melanoma, as the red-head phenotype stems from a genetic polymorphism (described below) that
leads to excessive or exclusive production of pheomelanin. [159, 164]

While the evidence to support a UV-based route to melanocyte oncogenesis is incontrovert-
ible, recent work suggests the existence of an alternative melanocyte oncogenesis pathway that is
independent of UV-mediated mechanisms. [163] In 2012, Mitra et al. created a series of mutant
mice on a shared Cs7BL/6 background that differ in their pigmentation phenotypes. The first
set of mice, black/wild type, are black in appearance and create normal quantities of both eume-
lanin and pheomelanin, the two primary pigments in human skin. The second set of mice, termed
“redhead” mice, are homozygous for an inactivating polymorphism in the melanocortin 1 receptor
gene MC1R, hormonal stimulation of which in WT mice results in a local switch from pheome-
lanin production to eumelanin production; thus, mice with premature termination of the Mcir
transcript (Mc1r¢/¢ mice) synthesize only pheomelanin and exhibit a redhead phenotype. The
authors also created an “albino” mouse line with an inactivating mutation at the tyrosinase locus
(Tyre/<), which renders them incapable of producing any melanin at all (i.e., neither eumelanin nor
pheomelanin). Crucially, the mice additionally possessed both i) transgenic stem cell factor ex-
pressed under the keratin 14 promoter (K14-SCF), which resulted in epidermal melanocyte local-
ization similar to that observed in human skin, and ii) an inducible, melanocyte-specific expression
system for oncogenic BRAF"%°°F controlled through tamoxifen-mediated activation of Cre recom-
binase (Braf*/4 and Tyr-Cre(ER)", respectively). Induction of oncogenic BRAF'*°F is known
in humans, mice, and zebrafish to promote the formation of benign nevi; in this context, malignant
transformation to melanoma is constrained through endogenous, senescence pathways that curb
further cellular proliferation. [163, 165—169] If these protective, anti-proliferative mechanisms are
eliminated, for example through mutational silencing of CDKN2A, TPs3, or PTEN, then progres-
sion to malignant melanoma will ensue. [163, 165-169]

Following the activation of Cre recombinase and induction of oncogenic BRAF"¢°E Mitra et al.
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kept all animals in UV-light-free environments and tracked their survival over a period of one year
(4.1.4); it was observed that over 50% of Mc1r¢/¢ red mice, which synthesize only pheomelanin,
developed tumors, as compared to much lower numbers for the black and albino control groups
(Figure 4.1.4). [163] This difference was observed for sets of animals that both did and did not
carry the K14-SCF transgene, suggesting the mechanism is independent of melanocyte localiza-
tion. Based on these and other experiments described within the same work, Mitra et al. propose
the existence of a UV-independent, pheomelanin-mediated carcinogenesis pathway involving non-

UV-mediated oxidative DNA damage.
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Figure 4.1.4: In the absence of ultraviolet radiation, BrafCA “redhead” mice develop melanoma
at a higher rate than black and albino BrafCA mice. A: C57BL/6 variant mice containing the
K14-SCF transgene exhibit distinctive dermal phenotypes. From left to right: black (wild type),
red (Mc1r*/¢) and albino (Tyr/c). B: The genotype of animals used for experimental studies.
C: Kaplan-Meier survival curves for pigmentation variants not carrying the Ki4 — SCF trans-
gene (Mplack = 28, Mlred = 40, Nalbino = 48). Phlack-albino = 0.250, Pplackered = 0.003, Paipino-red = 0.003.
D: Survival curves of pigmentation variants carrying the K14-SCF transgene, that is, epidermal

melanOCYteS (”black = 49, Nred = 77, Nalbino = 41)- Pblack—albino =0.103, Pblack-red = 0.009, Palbino-red; <
0.0001. Figure and modified caption reproduced from [163].

The results of Mitra et al. provide compelling evidence to support a novel paradigm in melanoma
research, namely, that melanomas can originate in pheomelanin-rich lesions even in the complete
absence of UV light exposure. Mitra et al. also remark that tumors from both redhead and al-
bino mice (i.e., rodents that lack eumelanin) are amelanotic and/or difficult to visualize with white
light contrast or with the naked eye, making both laboratory study of their oncogenic progression

in mouse models as well as clinical monitoring and diagnosis in redheads a challenging problem.
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[163] This observation is consistent with the fact that although redheads suffer from the highest
melanoma rate of all skin types, they exhibit the fewest visible nevi. [159, 170] Taken together,
these findings support a hypothesis in which redheads develop “invisible” nevi through oncogenic

FY%°°F mutation), with or without exposure to UV light; although a fraction

mutation (e.g, BRA
of these invisible nevi ultimately progress to frank tumors, their chemical composition renders
them difficult or impossible to detect using conventional clinical or biomedical methods. This

creates an unmet and compelling need for the development of methods to visualize and monitor

pheomelanin-rich nevi in redhead animal models and individuals.

4.1.2 NON-LINEAR OPTICAL APPROACHES TO MOLECULAR IMAGING OF MELANINS

From the optical imaging perspective, in vivo monitoring of pheomelanin is a challenging task. As a
poorly soluble, amorphous aggregate with variable physical and chemical properties, pheomelanin
is an extremely poor emitter, making fluorescence-based imaging extraordinarily difficult. [171]

Pheomelanin also demonstrates a broad and non-specific absorption profile, making absorption-

based techniques such as single-photon absorption or photoacoustic tomography nonspecific.[ 172 ]
Furthermore, absorption techniques typically require a linear detection geometry
wherein light passes through a sample and is collected on the other side; this constraint renders
such techniques poorly suited to use on in vivo targets, where these geometries are cumbersome or
impossible. The above problems are additionally aggravated by the fact that melanins are notori-
ously difficult to extract, isolate, purify, and/or synthesize in vitro and ex vivo. [154]

In contrast, in recent years there has been exploration of non-linear approaches to melanin imag-
ing, as well as considerable technical advances in the development of non-linear imaging techniques
suitable for use with melanins. [173] Among the more compelling bodies of work comes from the
laboratory of Warren S. Warren, which recently demonstrated molecule-specific, quantitative, in
vivo imaging of both eumelanin and pheomelanin using pump-probe microscopy. [174-176] In

this technique, an ultrafast laser “pump” pulse is incident upon a chromophore, resulting in the
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absorption of the laser pulse and promotion of the chromophore to an electronically excited state.
After a brief delay (generally picoseconds or femtoseconds), a second ultrafast laser pulse, usu-
ally centered at a different wavelength, is incident upon the same sample; this “probe” pulse inter-
rogates the excited state properties of the sample and can be used to study processes such as ex-
cited state absorption, ground state depletion, and stimulated emission. [173] Although transient
absorption spectroscopy experiments have been conducted on melanins since 2001 and earlier,
Warren Warren and colleagues employed the use of lock-in amplification as part of a rapid, highly
sensitive detection scheme, thereby facilitating the use of laser scanning and the deployment of
the pump-probe approach as a microscopy technique capable of imaging melanins against a dermal
background. [174-184] Using this technique or variants thereof, Warren Warren’s laboratory has
performed ratiometric imaging of eumelanin and pheomelanin in skin phantoms, melanoma cell
lines, mouse melanoma models, hematoxylin and eosin-stained histologic slides, and thin patient-
derived tissue slices. [174, 176, 184, 185 ]

While promising, the melanin pump-probe microscopy techniques described above suffer from
several practical drawbacks. First, the lock-in amplifier-based detection technique, which involves
acousto- or electro-optic modulation of the envelope of at least one pulsed source, is complex and
difficult to implement, requiring specialized instrumentation as well as considerable expertise. Sec-
ond, while the group’s data unambiguously demonstrate the ability to empirically differentiate eu-
melanin from pheomelanin by virtue of their respective excited state properties, it remains unclear
what those excited state properties are, to which physical processes they correspond, and how vari-
able they will be across variegated chemical environments; furthermore, as presently described, the
ability to perform differential molecular imaging requires precise physical translation of a mirror
to adjust the interpulse delay time, making quantitative molecular measurements tedious. Third,
successful in vivo imaging requires the use of so-called epi-mode detection schemes, in which the
optical signal being measured is collected back trough the microscope objective; this is in contrast

to transmission-mode imaging, in which the signal of interest is collected through separate optics
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on the distal side of the sample. Although Fu et al. as well as Matthews et al. demonstrate that epi-
mode pump-probe imaging is possible, the power levels presently required to enable this approach
(15-25 mW) will require careful evaluation to ensure that the imaging experiment itself does not
result in cytotoxicity or carcinogenicity. [ 184, 185] Fourth, Matthews et al. presently report typi-
cal in vivo imaging times of 17 seconds, a speed that is impractical for longitudinal monitoring and
even routine imaging in most animal models where speeds up to video rate (30 frames/second)
are preferred. [185]

An alternative modality that is potentially capable of generating pheomelanin contrast is Raman
spectroscopy/microscopy. Raman spectroscopy is based off the phenomenon of Raman scatter-
ing, first observed by C.V. Raman in 1928, in which light incident upon a molecule is inelastically
scattered, resulting in a red- or blue-shifted photon; the energy level difference between the in-
cident and scattered photon corresponds to the energy gap between the molecule’s initial and fi-
nal rotational-vibrational energy levels. [186] (The molecular underpinnings of the Raman phe-
nomenon will be described in greater depth later in this Section.) Because these energy levels
are often characteristic of a given molecule, Raman spectroscopy is frequently used for vibrational
analysis and/or spectroscopic characterization of an analyte, often in conjunction with the com-
plementary technique of infrared spectroscopy.

Although curiously few studies analyzing the Raman properties of melanins have been con-
ducted, several recent works demonstrate not only that melanins exhibit characteristic Raman peaks,
but also that eumelanin and pheomelanin differ in their spectral properties, a fact putatively at-
tributable to the differences in the molecular characteristics of their constituent subunits, including
the presence of sulfur in pheomelanin’s benzothiazine and benzothiazole-containing intermediates.
In 2004, Huang et al. reported the first Raman spectrum collected in vivo from human melanocytes
and show that it contains characteristic peaks at 1380 cm™ and 1580 cm™; they corroborate this
data with reference spectra acquired from eumelanin-rich Sepia melanin, although they make no

effort to account or control for different spectral properties of pheomelanin and eumelanin during
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any stage of the study. [ 187] More recently, Galvan et al. investigated the Raman properties of both
synthetic and avian pheomelanin and determined that they possess a distinctive spectrum from eu-
Imelanin with peaks at 1150, 1490 and 2000 cm™. [188] In another study, Galvan et al. confirm the
existence of the pheomelanin peaks in a different avian-derived sample and go on to compare them
to spectra obtained from eumelanin contained within the same sample, showing that the pigments’
differential spectral properties can be used to quantify each pigment in the presence of the other

(Figure 4.1.5). [189]
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Figure 4.1.5: Raman spectra of pheomelanin and eumelanin isolated from red-legged partridge
feathers, showing the characteristic peaks described above as well as the results of Gaussian curve-
fitting study. Reproduced from [189]

While the presence of a detectable Raman peak is of course necessary to be able to differentiate
pheomelanin from an amelanotic dermal background, it is not suflicient; other, non-pheomelanin
molecules must additionally not exhibit Raman peaks within the same region to achieve specificity
and functional optical contrast. In general, most biological samples possess Raman spectra with
similar sets of major peaks, due in part to the ubiquitous nature of biomolecules such as DNA and
of moieties such as amide bonds and C-H bonds (Figure 4.1.6). [ 1] Whereas the region between

600 and 1800 cm™ is especially dense, no peaks are present at 2000 cm™, where the pheomelanin
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peak is known to occur. Taken together, these data suggest that Raman spectroscopy possesses the

specificity necessary to differentiate pheomelanin from the background of other skin components,

and may even be able to differentiate pheomelanin from eumelanin as well.
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Figure 4.1.6: Raman spectra of a typical biological sample, in this case the P22 virus. Note the

presence of peaks corresponding to common biomolecules, as well as the absence of peaks between
1800 and 27700 cm™. Reproduced from [1]

In principle, Raman spectroscopy could be turned into an imaging tool suitable for use on pheome-
lanin through use of appropriate laser source and filter selection. Unfortunately, Raman spec-

troscopy suffers from substantial drawbacks that hamper its utility as a microscopy platform. First

and foremost, the Raman effect is an extremely weak phenomenon, with typical photon conversion
efficiencies of 107"

8 or lower. [ 1] This results in excessively long acquisition times (often 100 ms to

1 s per pixel) and requires that the sample be exposed to high laser powers, resulting in photodam-

age. [ 1] Thus, in practical terms, Raman microscopy would be difficult or impossible to implement

for long-term pheomelanin monitoring in vivo.

A considerable amount of work has gone into development of viable alternatives that exploit the
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potential of Raman scatter as means of generating label-free, molecular contrast. Among these al-
ternatives, which include surface-enhanced Raman scattering (SERS) and stimulated Raman scat-
tering, coherent anti-Stokes Raman scattering (CARS) microscopy is among the most widely em-
ployed and highly developed. Fundamentally, CARS is a four-wave mixing process involving two
source beams, a pump beam w, and a Stokes beam w;. When the difference w, — w, matches the
frequency of a Raman-active vibration within the molecule of interest, the Raman oscillators are
coherently driven by the “beat” frequency of the combined optical fields; when an additional pump
photon w,, is scattered off this microscopically oscillating polarization, an anti-Stokes photon at
the frequency w,, = 2w, — w, is generated (Figure 4.1.7). [1] As a dual-color, non-linear mi-
croscopy technique, CARS has several advantages over Raman, including inherent 3D sectioning
ability, blue-shifted emission relative to the laser sources (allowing for straightforward imaging us-
ing traditional microscopy filters), and most importantly log-order enhanced sensitivity compared
to spontaneous Raman, enabling in vivo label-free microscopy at up to video rate. [ 1, 190]
Although CARS was first described by the Ford Motor Company in 1963, it was not used as
a microscopy contrast mechanism until 1982, after which it was not further explored until 1999.
[1, 191-193] Since then, CARS microscopy has been used to image a variety of targets, both bio-
logical and non-biological. By far the most prominent use of CARS has been label-free lipid imag-
ing, in vitro, ex vivo, and in vivo. Recall from Figure 4.1.6 that there exists a prominent vibrational
band at 2845 cm™; this corresponds to the CH, vibrational symmetric stretching frequency and
is abundant in saturated and unsaturated lipids as well as fatty acids. [1] Vibrational imaging of
lipids has been performed to monitor lipid metabolism in adipocytes, observe nerve bundle struc-
ture, function, pathology, and regeneration, monitor brain tissue, observe dermal drug delivery,
quantify molecular agents in human hair, and study the mechanism of dermatological therapies in-
cluding cryotherapy for fat loss, among many other applications. [ 1, 194-200] For further review
of both biomedical and material applications of CARS, interested readers are encouraged to review

the excellent review by Evans and Xie. [1]
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After a brief introduction to the theory of CARS spectroscopy and microscopy, this chapter will
discuss preliminary data from an ongoing project that demonstrates proof-of-concept that CARS
microscopy can be used for label-free imaging monitoring of pheomelanin, both in vitro and in
ex vivo cellular isolates from redhead mice. This opens up the exciting possibility that CARS mi-
croscopy could ultimately be used in vivo on live animals to monitor nevus formation and/or car-

cinogenesis in redheads.

I Qvib

Figure 4.1.7: A: Diagrammatic representation of the CARS four-wave mixing process. B,C: Di-
agrammatic representation of the phase-matching condition for trans- and epi-detection, respec-
tively. Reproduced from [ 1]

FUNDAMENTALS OF RAMAN SCATTERING

In order to better understand CARS, it is necessary to include a brief mechanistic discussion of
Raman scattering. In broad terms, Raman scattering occurs when light incident on a molecule is
inelastically scattered; this involves transient promotion of the molecule to a “virtual” state from
which it decays into a distribution of vibrational states associated within the manifold of the
molecule’s ground electronic state. We will define this more rigorously using a classical explana-
tion of the Raman phenomenon and use it to explain both its Stokes and anti-stokes components.

Consider the interaction of a molecule with an electric field E, resulting in an induced dipole
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moment 4

i = aE (4.1)

Where a is the molecular polarizability tensor, a property of the molecule that describes the abil-
ity of the driving electric field to interact with the electron density of the molecule and transiently

drive it out of equilibrium. The real part of the complex field E can be described as follows:

—

E= E, cos w,t (4.2)

(Although itis important to recall that Eand yi are vectors and a is a third-rank tensor, this formal-
ism is unnecessary for this description; vector notation will hereafter be dropped.) The polarizabil-
ity a is not time-invariant; rather, it varies as a function of nuclear motion within the molecule, as
the molecule’s electrons adiabatically adjust to minimize the system’s instantaneous energy. Thus, a
is a function of the set of normal modes Q, where Q; describes the k" normal mode of the molecule

at frequency wy. Rewriting a as a Taylor series yields:

a:a(Q):ao—F;(%)oQk—i--" (4.3)

Because the normal modes are harmonic, Q. can be written as:

Qi = Qo cOs wit (4.4)

Using this result in Eq. 4.3 and plugging into Eq. 4.1 gives the following result:

u(t) = aoE, cos wot + iQkoEo Z (%) [cos (w, — wi)t + cos(w, + wy)t] (4.5)
k o
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Importantly, Eq. 4.5 contains three different frequency terms. The first term oscillates at w,, the
frequency of the driving electric field; this gives rise to elastic Rayleigh scattering, a property of all
molecular systems. The second and third terms oscillate at w, — w; and w, 4wy, giving rise to Stokes
scattering and anti- Stokes scattering, respectively. By definition, Stokes scattering is redshifted with
respect to the driving field, whereas anti-Stokes is blue-shifted. Although both sets provide equiv-
alent information, the anti-Stokes is spectrum is usually omitted from a Raman spectrum as it is
much less intense than the Stokes spectrum; this stems from the energetic favorability of Stokes
transitions as predicted by Boltzmann statistics. Finally, note that for either Stokes or anti-Stokes
scatter to occur, the molecule must possess a non-zero derivative of polarizability with respect to
vibrational frequency (i.e., (S%k) . # o). This “selection rule” dictates which vibrational modes

will be Raman active and also indicates the strength of the Raman-active mode. [186, 201, 202 ]

INTRODUCTION TO COHERENT ANTI-STOKES RAMAN SCATTER MICROSCOPY (CARS)

As described above and as illustrated in Figure 4.1.7, CARS is a four-wave mixing process that
occurs in materials possessing inversion symmetry, wherein a Raman vibration w, = w, — w; is
coherently driven by two photons w, and w; and mixed with another photon at w, to generate a
fourth anti-Stokes photon at w,, = 2w, — w;. [203 ] Synonymously, this interaction stems from the

generation of a third-order polarization P®®) (w,,), the intensity of which is described by:

PO (w,) o xVE2E; (4.6)

Where E, and E; are the pump and Stokes fields, respectively, and 1 is the third order non-
linear susceptibility of the material. Through solving the wave equation, the intensity of the anti-

Stokes signal intensity can be defined as:

sin(Akz/2) ) : (47)

I o |X(3)‘2I§’IS < Ak/z
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Where z is the thickness of the sample and k; = 27/, is the wavevector. The term Ak refers to
the wavevector mismatch, describes the velocity difference between the three frequencies, and is
defined as Ak = k,; — (2k, — k). Importantly, the sinc function and therefore I ;5 overall is max-
imized when Ak approaches zero. This is known as the phase-matching condition, and varies de-
pending on the detection geometry; conveniently for laser-scanning microscopy, this term asymp-
totically approaches a maximum when using objectives with a high numerical aperture imaging
objective (NA > 0.2). Note that the CARS intensity is dependent not on y®), which is linearly
proportional to the concentration of the analyte, but instead to |y®)|*. For this and other reasons
(described below), the overall CARS signal is proportional not to the concentration of the Raman-
active oscillator, but rather to its square. [1, 203] Note also that I, is proportional to the product
of the Stokes beam intensity and the square of the pump beam intensity; this introduces the practi-
cal requirements a) that the pump and Stokes beams tightly overlap in space (e.g, at the focus of a
high NA objective), and b) the pump and Stokes sources be capable of delivering high photon flux
while not damaging the sample. The pump/Stokes spatial overlap requirement introduces a ben-
eficial aspect of CARS microscopy, namely, that signal is only generated at the microscope focus,
such that the CARS signal is inherently depth-resolved, as photon flux on either side of the laser
focus is not sufficient to generate appreciable signal.

In practical terms, the de facto requirement for high laser flux at the focus results in the near-
exclusive use of pulsed laser sources for modern CARS imaging experiments. Selection of opti-
mum imaging sources for CARS requires careful balancing of multiple considerations and trade-
offs; generally speaking, NIR pulsed sources of pico- or femto- second duration are preferred, al-
though the choice of pico- vs. femto requires balancing several competing factors. (NIR sources
are preferable for most tissue imaging applications, as they fall within the so-called “optical win-
dow” that falls approximately between 650 -1300 nm, wherein tissue-dependent laser absorption

and scattering is reduced).
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Importantly, ¥ has both resonant and non-resonant contributions, x}(f) and y35:

(3)

G 0 Xr 8
X XNk T AT (4-8)

Where A is the “detuning’, or the difference A = w, —w;— Qg and Qy is the center frequency of
ahomogeneously broadened Raman band with width I'. The second term in Eq. 4.8 is a reflection
of the fact that even when the difference w, — wy is off resonance, the beams can still induce a

macroscopic polarization w,, due to the bulk electric properties of the material.[ 1,203 ]. Therefore,

as I, |X(3) |*:

Lo(A) o< [yl + [x (A + 2R {x$ (a)} (4.9)

Thus, the overall CARS signal intensity is the sum of a resonant, non-resonant, and mixed con-

tribution, as can be seen in Figure 4.1.8. [1]
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Figure 4.1.8: A: The three contributing terms to the CARS signal, illustratively plotted as a func-
tion of the Raman detuning Q. Note the resonance-independent contribution | XI(\?})Q * and the

biphasic line shape of the the mixed term 2)(1(31){%{ X1({3) (A)}. B: The summed CARS signal (solid
line) and the constant non-linear background (dashed line). C-E: Forward-propagating CARS
images acquired in the corresponding highlighted regions of the CARS spectrum found in b. C
shows primarily non-resonant background, D shows an image acquired at 2845 cm™, the optimum
wavelength for lipid imaging, and E shows an image acquired in the “blue dip” of the CH-stretching
resonance (2950 cm™). Reproduced from [1]

Careful consideration of Eq. 4.9 and inspection of Figure 4.8 reveals the important conclusion
that the presence of the non-resonant term | XZ(\;I)Q |*and the mixed term 2)(1(3}){?]?{ ;(I(f) (A) } make CARS
spectra spectrally shifted from the Raman spectra from which they are physically derived. [ 1] This
has the unfortunate consequence of rendering direct comparison of CARS spectra to existing Ra-
man spectra difficult and increasing spectral congestion in crowded regions, although such overlap

can be unmixed using computational techniques. [204] Nonetheless, because CARS is based on
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the presence of a Raman-active vibration, Raman spectra are frequently used as a starting reference
point in determining optimum imaging system settings in CARS spectroscopy and microscopy.

It is important to note that although CARS is a four-wave mixing process, it is only one of
many possible four-wave mixing processes that may be relevant in this imaging scenario (Figure
4.1.9). For example, if the transition that occurs when the w; photon mixes with the beating of
w, — ws occurs near an electronic energy level, then the four-wave mixing process can be electron-
ically enhanced, even if w, — w; is not near a Raman-active molecular vibration (Figure 4.1.9);
[203] this may be particularly relevant for a molecule such as pheomelanin, a broad-spectrum ab-
sorber with a dense electronic structure. This process is known as electronically-enhanced four-
wave mixing (EE-FWM). Processes such as CARS and EE-FWM are not necessarily mutually ex-
clusive and can occur simultaneously within the same sample or system, making careful spectral
measurements necessary in order to determine the physical nature of the phenomenon being ob-
served. Whereas a signal originating primarily from CARS will vary approximately according to
the linewidth of the corresponding Raman peak (within the limitations described above), a signal
that originates primarily from EE-FWM will increase as w, approaches the electronic resonance
in question. Given that pheomelanin’s absorption generally increases in the blue, an EE-FWM-
dominated signal would to a first approximation increase as the pump wavelength shifts blue (i.e.,

as the detuning A grows more positive.)
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Figure 4.1.9: Jablonski diagram showing the three relevant four-wave mixing processes that can oc-
cur during the CARS imaging process. NR = non-resonant. Real electronic and vibrational energy

states are depicted by long and short solid lines, respectively, whereas virtual states are represented
by dashed lines. Note that this figure describes only a fraction of the many possible non-resonant
four wave mixing processes that can occur.

4.2 RESULTS

As described in detail in Section 4.4, we began by constructing a femtosecond-pulsed, spectrally
tunable CARS microscope with w, fixed at 1040 nm and w, tunable over the range 680-1300 nm.
To demonstrate our new CARS system’s capabilities, we collected an image of a sebaceous gland
from an albino mouse ear, with the system tuned to the lipid vibrational stretch at 2845 cm™ (Fig-
ure 4.2.1). Temporal detuning (i.e., spatiotemporal separation of two-color pulse overlap) as well
as blocking of either beam eliminated the signal, thus confirming that we were indeed observing

CARS and not a one-color, multiphoton-induced process. (See Section 4.4). >

*Because lipid imaging was not the end goal of this work, we did not collect a CARS spectrum at 2845 cm ™, as

such spectra have been repeatedly published throughout the literature.



Figure 4.2.1: Projection of an epi-CARS image of a mouse sebaceous gland, acquired ex vivo. The
system was tuned to the lipid vibrational band at 2845 cm™.

4.2.1 CARS IMAGING OF SYNTHETIC PHEOMELANIN

As a preliminary test of the ability of our imaging system to image pheomelanin, we synthesized
pheomelanin using the mushroom tyrosinase protocol reported by D’Ischia et al. (see Section 4.4.).
[ 154] As expected, the synthetic protocol yielded a fluffy proteinacious macroscopic aggregate that
was insoluble in aqueous solution; due to the highly absorptive nature of pheomelanin, attempts
to image these gross aggregates at the 2000 cm™ Raman band resulted in laser absorption and sam-
ple detonation (presumably through plasma formation). Reasoning that a microscopic emulsion
might provide enough surface area per aggregate to dissipate heat and reduce thermal damage to the
sample, we resuspended the pheomelanin in a microscopic emulsion of water and hexane, which
allowed imaging without sample destruction. The results are presented in Figure 4.2.2. As before,

temporal detuning as well as blocking of either beam eliminated the signal, demonstrating that the



signal was generated through a four-wave mixing process (i.e., CARS, EE-FWM, or a combination

of the two).

A

Figure 4.2.2: Synthetic pheomelanin emulsified in a mixture of hexanes and water. A: Epi-CARS
image acquired at w, — @, = 2000 cm™. wp, = 861 nm, w; = 1040 nm. B: Transmission image
acquired during CARS imaging. Pheomelanin can be visualized as small, insoluble aggregates near
the center of the field of view; these aggregates correspond to the areas of signal intensity observed
in A.

To better understand the physical nature of the generated signal, we collected a CARS spectrum.
In such experiments, the presence of optical chromatic aberrations throughout the imaging system
as well as chromatically-variable laser output power make it necessary to provide a constant refer-
ence for each spectral point to serve as an internal normalization/correction factor, as these fac-
tors can cause considerable variation within the CARS signal. We selected the non-resonant back-
ground from the glass microscope slide coverslip to serve this purpose, as it contains no Raman-
active resonances, is independent of w, and w,, and can rapidly be gathered for each point through
adjustment of the microscope focus. Figure 4.2.3 shows both the uncorrected CARS spectrum

(Figure 4.2.3A) as well as the corrected CARS spectrum (Figure 4.2.3B). A comparison of Figure
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4.2.3 to Figure 4.1.5 reveals the presence of nearly identical spectral features at 2000 cm™, con-
sistent with the notion that our signal stems at least in part from CARS. To demonstrate that the
pheomelanin signal is independent of the solvent or emulsion, we also collected a spectrum of an
imaging region containing no pheomelanin, which showed a spectral response effectively identical

to that of the non-resonant background (Figure 4.2.3C-D).
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Figure 4.2.3: CARS spectrum of synthetic pheomelanin. A: Raw CARS signal intensity of syn-
thetic pheomelanin (1 = 4) and glass coverslip (n = 2). B: CARS spectrum of synthetic pheome-
lanin, corrected for wavelength-dependent variation and normalized by area under curve. Dot-
ted line represents a theoretical flat normalized spectrum. C: Raw CARS signal intensity of wa-
ter/hexane background and coverslip. D: CARS spectrum of water/hexane background, corrected
for wavelength-dependent variation and normalized by area under curve. The spectrum closely
matches the theoretical flat normalized spectrum, indicating that the signal from the sample back-
ground is independent of Raman shift. For details, see Section 4.4.
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4.2.2 CARS IMAGING OF PUTATIVE MELANOCYTES FROM REDMICE MICE

To test the ability of our coherent Raman imaging system to image pheomelanin, we developed
a protocol for isolation of putative melanocytes from redhead mouse pups and imaged redhead
mouse melanocytes ex vivo. In addition to the redhead mice described above, the laboratory of our
collaborator David Fisher has created a redhead Mc1r¢/e mouse line, the melanocytes of which
express the fluorescent marker tdTomato, thereby in principle rendering melanocytes easily iden-
tifiable via their fluorescence signal. To isolate dermal melanocytes, tdTomato/redhead mouse
pups were sacrificed, their skin harvested, and the dermal cells separated, antibody stained, and
FACS-sorted based on the ratio of tdTomato fluorescence to that of a FITC-tagged antibody tar-
geting c-Kit, a known melanocyte surface marker (Section 4.4). [205] Cells were then fixed, slide-
mounted, and imaged (Figure 4.2.4). Upon imaging, we noted that the observed signal was not
symmetrically distributed throughout cells, but rather was apically polarized and seemed to exhibit
a punctate/vesicular appearance, consistent with known developmental biology of stage III/IV
melanosomes (Section 4.1.1).> Additionally, melanocytes isolated from albino mice did not ex-
hibit these features, offering further evidence that the observed signal is melanin-specific (Figure
4.2.5). As before, the signal’s intensity dropped dramatically with temporal detuning and blocking
of either beam, demonstrating that the contrast source stems from a two-color, four-wave mixing
process (Figure 4.2.5).

Notably, although the “melanocyte-specific” tdTomato expression (see footnote) in principle
makes for straightforward isolation of cells, it also introduces a potential complication, as td Tomato
is multiphoton excitable and will therefore exhibit fluorescence that may bleed through onto the

CARS channel. Although the extent to which this contributes to the observed “CARS” signal can

*The observant reader will note that not all the cells imaged in Figure 4.2.5 exhibit signal upon CARS imaging;
according to collaborators within the Fisher lab, this is because the promotor driving tdTomato expression is known to
be “leaky,” in that some other non-melanocytic cell types have been observed to express it. Thus, these cells are likely
non-melanocytes and possess no melanin. (David Fisher, private communication).
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Figure 4.2.4: Melanocytes isolated from redhead C57BL/6 Mc1r*/¢ mice exhibit putative CARS
signal at 2000 cm™. A: Transmission image of melanocytes. B: Confocal image of FITC c-Kit
antibody staining. The diffuse signal at the top of the field is likely confocal reflectance. C: Confocal
image of tdTomato fluorescence. D: False color epi-CARS image (w, — w, = 2000 cm™) showing
putative pheomelanin signal. E: Epi-CARS image after temporal detuning. No signal is present,
suggesting that four-wave mixing is required to generate the signal. F: Zoomed epi-CARS image of
melanocytes showing the intracellular distribution of signal intensity. Imaged is sx zoomed relative
to D. G: Zoomed image as in F, but with w, blocked.
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Figure 4.2.5: Melanocytesisolated from albino C57BL/6 Tyr‘/ ¢ exhibit only multiphoton fluores-
cence when imaged with epi-CARS. A: Transmission image of melanocytes. B: Confocal image of
tdTomato fluorescence. C: False color epi-CARS image (w, — w, = 2000 cm™). The observed sig-
nal is not dependent on a four-wave mixing process. D: Epi-CARS image after temporal detuning.
The signal is unchanged relative to ¢, indicating that temporal pulse overlap is not required for its
generation. E: Multiphoton imaging using w, only shows that w, is sufficient to generate signal and
two colors are not required. F: Multiphoton imaging using w, only, demonstrating that w; does not
contribute appreciably to signal generation.
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be determined through temporal detuning and monochromatic excitation experiments (cf. Figure
4.2.5), if present, such signal cannot easily be distinguished from the CARS signal and will likely
contribute to an elevated background, superimposed on the already ubiquitous non-resonant back-
ground characteristic of the CARS process. This should be taken into consideration when plan-
ning future CARS imaging studies on tdTomato-labeled melanocytes or during in vivo studies of
tdTomato-expressing mice. Additionally, a comparison of Figures 4.2.4F and 4.2.5D shows that
the tdTomato signal generated through multiphoton excitation differs considerably between the
two cell samples tested; this is likely a reflection of varied tdTomato expression levels between the

two lines.

4.2.3 IMAGING OF UACC 257 HUMAN MELANOMA CELLS AND SIRNA KNOCK-DOWN STRATEGY

Although useful in providing early evidence of melanin-specific imaging in the appropriate bio-
logical context, the FACS-based, ex vivo experiments described in Section 4.2.2 suffered from low
cell counts as well as large tdTomato multiphoton fluorescence contamination, making follow-up
experiments challenging. We therefore considered an alternative approach involving siRNA knock-
down of key genes in the melanin synthesis pathway in UACC 257 human melanoma cells.

As a melanotic human melanoma cell line, UACC 257 cells appear pigmented to the eye and
under normal conditions synthesize a mixture of eumelanin and pheomelanin. [206, 207] In this
molecular approach, siRNAs against key molecules important in the melanin synthesis pathway
were used to bias cultures either towards or away from pheomelanin synthesis. Specifically, the
transcription factor MITF is an upstream upregulator of MC1R, a receptor associated with in-
creased eumelanin synthesis, whereas the transcription factor NNT upregulates the transcription
of precursors required for pheomelanin synthesis.* [206] Thus, to a first approximation, siRNA

against MITF should bias cells towards pheomelanin synthesis, whereas siRNAs against NN T should

*The function of NNT is an area of active investigation. This experiment was based on a communication with
Elizabeth Roider, MD, a fellow in David Fisher’s lab.
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increase production of both pigments, with the potential to generate more eumelanin than pheome-
lanin. Finally, tyrosinase/TYR is common and necessary for both eumelanin and pheomelanin
synthesis; treatment of cells with siRNAs against TYR should result in an overall decrease in melanin

synthesis. [154]

D

control 55, a-MITF 5

Figure 4.2.6: epi-CARS images of siRNA-treated human melanoma cells. The CARS system was
tuned for imaging at 2,000 cm™ (wp = 861 nm, @, = 1040 nm) to access pheomelanin-specific
molecular vibrations. Bright, punctate regions putatively correspond to melanosomes. A: Cells
treated with control fragment of siRNA do not exhibit changes in melanin production. B,C: a-
MITF (B) and a-NNT (C) siRNA treatments bias cells towards pheomelanin and eumelanin pro-
duction, respectively, resulting in enhanced peripheral distribution of punctate signal. D: Treat-
ment with tyrosinase siRNA downregulates all melanin synthesis, as demonstrated through the
absence of bright punctate regions in the cells’ periphery.

Upon imaging, we observed that siRNA treatment resulted in pronounced differences in spa-
tial localization and patterning of the CARS signal (Figure 4.2.6) Treatment with a-MITF siRNA
resulted in an overall decrease in signal, but resulted in an increase in the number of punctate, pe-
ripheral subcellular signal that could be distinctly visualized relative to control. In contrast, a-NNT
siRNA treatment resulted in an increase in the diffuse signal that lacked the precise spatial local-

ization of that observered during a-MITF siRNA treatment. Most compellingly, a-TYR treatment
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resulted in complete elimination of the punctate signal, such that only a less intense, diffuse signal
remained.

To verify these findings as well as to better understand the physical nature of the generated signal,
the MITF and NNT siRNA knockdown experiments were repeated and epi-CARS spectra were
collected (Figures 4.2.7 and 4.2.8). While the images acquired failed to demonstrate a clear trend,
both samples again showed a clear, punctate signal pattern distal from the nucleus; furthermore,
the CARS spectra collected under both conditions exhibit a broad spectral peak centered at 2000
cm’!, consistent with both the reported Raman peak of pheomelanin as well as the CARS spectrum

of synthetic pheomelanin shown in Figure4.2.3. [189]
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Figure 4.2.7: Epi-CARS imaging of siRNA-treated UACC-257 melanoma cells reveals punctate
localization consistent with known melanosome biology. A: Transmission image of cells treated
with a-MITF siRNA. B: Epi-CARS image of cells treated with a-MITF siRNA. C: Transmission
image of cells treated with a-NNT siRNA. D: Epi-CARS image of cells treated with a-NNT siRNA.
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CARS Signal Intensity for MITF sIRNA Knockdown CARS Spectrum of Endogenous Pheomelanin for MITF siRNA Knockdown
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Figure 4.2.8: siRNA-treated UACC-257 cells exhibit CARS spectra characteristic of pheome-
lanin. A: Raw CARS signal intensity of endogenous pheomelanin in UACC-257 cells treated with
a-MITF siRNA (n = 1) and glass coverslip (n = 1). B: CARS spectrum of endogenous pheome-
lanin in UACC-257 cells treated with a-MITF siRNA, corrected for wavelength-dependent varia-
tion and normalized by area under curve. Dotted line represents a theoretical flat normalized spec-
trum. C: Raw CARS signal intensity of endogenous pheomelanin in UACC-257 cells treated with
a-NNT siRNA (n = 1) and glass coverslip (n=1). D: CARS spectrum of endogenous pheomelanin
in UACC-257 cells treated with a-NNT siRNA, corrected for wavelength-dependent variation and
normalized by area under curve. This experiment was conducted using a preliminary version of the
CARS spectral acquisition protocol; only 1 spectrum was acquired for each siRNA knockdown
condition/glass coverslip pair. The same CARS signal intensity values for glass are used in A and
Basin Cand D.

Although it is difficult to draw many definitive conclusions from these preliminary experiments,
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the results demonstrate that molecular modulation of factors known to affect the
eumelanin/pheomelanin synthetic balance result in observable differences in CARS signal local-
ization. In particular, the observation of a punctate CARS intensity pattern following a-MITF
siRNA treatment combined with the complete absence of punctate CARS signal following a-TYR
siRNA treatment suggests that the punctate, peripheral regions of intensity may correspond to
pheomelanin-rich melanosomal structures. Additionally, the molecular sources of the diffuse ver-
sus punctate signals remain unclear and are an area of active investigation. More careful studies,

some of which are described below, are necessary to confirm these observations.

4.3 DISCUSSION AND FUTURE WORK

The work presented in this chapter opens up the exciting possibility that it may be possible to im-
age pheomelanin in vitro, ex vivo, and in vivo using CARS, EE-FWM, or a combination thereof.
We demonstrate proof-of-concept that both synthetic pheomelanin and cellular pheomelanin im-
aged in situ generate a CARS spectrum that is consistent with previously reported pheomelanin
spectra from the Raman literature; we additionally show that this signal and its cellular localiza-
tion can be modulated using molecular interventions known to alter pheomelanin synthesis path-
ways, thereby demonstrating that this CARS approach can be used to monitor dynamic cellular
processes that are spectrally consistent with pheomelanin transport. Taken together, our data offer
compelling evidence that CARS microscopy could be a useful tool in studying nevus formation as
well as melanoma carcinogenesis in redheads.

While promising, the data are preliminary and theyleave several fundamental physical questions
unanswered. Although the presence of a pronounced peak within the CARS spectrum at 2000 cm”
! strongly suggests that CARS is the dominant mechanism of contrast, the data do not exclude
the possibility that EE-FWM is contributing at a lower level. As discussed in Section 4.1.2, ceteris

paribus the presence of EE-FWM in pheomelanin would lead to an increase in signal as w, shifts fur-
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ther into the blue, or equivalently as the Raman detuning A becomes more positive. This stands in
contrast to a spectrum derived purely from CARS, wherein positive A leads to a drop in signal due
to the presence of the mixed non-linear susceptibility term 27(1(31){%{ Xl(f ) (A)} in the CARS intensity
expression (Figure 4.1.8). Thus, the effects of positive A are opposed for EE-FWM and CARS. In-
terestingly, inspection of the pheomelanin CARS spectra shown in Figures 4.2.3 and 4.2.8 reveals
that it does not exhibit negative deviation as A increases beyond 2000 cm™, but rather approaches
a baseline level similar to or higher than that observed for negative A on the other side of the peak.
This observation is consistent with a contrast mechanism dominated by CARS but with an EE-
FWM signal that increases with positive A, offsetting what would otherwise be a drop in contrast.
(It should also be noted, however, that the Raman tuning range A explored during these exper-
iments is small enough that the expected positive change in EE-FWM may effectively approach
zero, making the EE-FWM contribution flat across the wavelengths studied).

It is also interesting to consider the observation that both Figures 4.2.3 and 4.2.8 show a CARS
spectrum that is approximately centered at 2000 cm™ or slightly higher. This is also inconsistent
with the theory described in Section 4.1.2, which predicts that the CARS peak should fall at a nega-
tive A /lower w, — w; relative to the Raman spectra shown in Figure 4.1.5 and reference [189]. While
the theory proposed in the previous paragraph could conceivably also explain a perceived spectral
shift to higher wavenumbers (i.e., an increasing EE-FWM signal to match a decreasing CARS sig-
nal), recall that pheomelanin is a heterogeneous biomolecule with poorly defined structure and
microenvironment; it is therefore also possible that the Raman shift itselfis different in the samples
imaged, or that the Raman curve could be broadened relative to the samples tested by Galvan et al.
[189]. (Interestingly, if an approximately continuous distribution of pheomelanin macromolecu-
lar sizes were present, this would have a effect comparable to convolving the CARS spectrum of a
given individual macromolecule with the distribution of all macromolecules, which would also re-
duce the 2)(&)25}?{ Xz(g) (A) }-induced drop in contrast described above.) One simple way to address

this latter question would be to take a confocal Raman spectrum of both the synthetic pheomelanin
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and the in situ pheomelanin and compare them to the CARS spectrum. Although our laboratory
had access to a Raman spectrometer, it operated at a wavelength too blue to be of use in this con-
text, as background autofluorescence would easily overwhelm the faint Raman spectrum; a Raman
spectrometer operating at or around 1000 nm would be ideal for this application.

Anotherimportant factor to consider, and one related to the questions described above, is whether
the observed signal is unique to pheomelanin or whether it can also be generated by eumelanin.
The absorption spectrum of eumelanin is similar to that of pheomelanin, in that both are broad
spectrum absorbers with molar extinction coeflicients that globally increase towards shorter wave-
lengths. [172] Furthermore, eumelanin possesses no Raman-active vibrations at 2000 cm™, and
should therefore not exhibit any resonant CARS signal near the 2000 cm™ wavenumber regime
(Figure 4.1.5). [189] Thus, to a first approximation, if a four-wave mixing signal is observed from
an eumelanin sample, it is likely EE-FWM and not CARS. While not definitive, this would also
suggest by extension that a similar signal could be present in pheomelanin, given their similarities
in electronic structure. More importantly, a finding of appreciable four-wave mixing signal in eu-
melanin would indicate that the signal at 2000 cm™ is not specific for pheomelanin in non-redhead
samples that are capable of synthesizing appreciable quantities of eumelanin (such as the UACC-
257 cells imaged in Section 4.2). However, as redhead mice are genetically incapable of producing
appreciable quantities of eumelanin, this finding would have little impact on CARS studies in this
model system. The spectral properties of eumelanin described above could easily be determined
through straightforward Raman and CARS spectroscopy experiments on commercially available
eumelanin standards such as Sepia melanin.

Asdescribed in Section 4.1.1, the motivation for this work is to develop a straightforward method
to image pheomelanin as a means to monitor nevus formation and melanoma carcinogenesis in
vivo in a redhead mouse model. On the basis of pheomelanin’s Raman spectrum, CARS was se-
lected as the first imaging modality to be explored due to its relative ease of implementation versus

more complex techniques like pump-probe microscopy as well as its superior imaging speed. [190]

126



However, there exist other Raman-based imaging modalities that, while more complex, would help
to answer several of the questions posed above and potentially improve imaging outcomes. One
such technique is Stimulated Raman Scattering (SRS) microscopy.[208—211] SRS, analogous to
the well-described phenomenon of stimulated emission, is a two-color, non-parametric process
whereby two laser sources w, and w; are tuned such that w, — w; = Qg, where Qp is a Raman-
active vibration of interest in the analyte. When this condition is met, amplification of the Raman
phenomenon occurs through simultaneous induction of a Raman loss within w, and a Raman gain

5 [203] First described as a microscopy technique in 2008, SRS is capable of generat-

within w;.
ing similar contrast to that generated by CARS, but benefits from numerous advantages, namely,
elimination of the non-resonant background and a signal that is linearly proportional to analyte
concentration.[208, 212] (Recall from Section 4.1.2 that the relationship between CARS signal
strength and analyte concentration is not straightforward). Additionally, the detection schemes
used for SRS are highly sensitive, and the non-parametric SRS signal is generated only through
resonant processes; thus, neither non-resonant FWM nor tdTomato fluorescence will be detected,
offering the ability to isolate the physical nature of the signal source. Unfortunately, the equipment
required for SRS detection is expensive, and its operation is nuanced and complex; thus, we opted
to begin our work with CARS. Nonetheless, we have recently begun to integrate SRS capability
into our system, although substantial optimization remains necessary to achieve a signal-to-noise
ratio suitable for biological imaging.

In addition to understanding the physical nature of the CARS signal, it is also important to con-
clusively demonstrate that it physically colocalizes with pheomelanin. One possible approach to
demonstrating colocalization would be to histologically label pheomelanin within cells using stain-

ing or immunofluorescence, confocally image its subcellular localization, and then image the same

cellwith CARS. Unfortunately, pheomelanin is not a conserved epitope but rather a heterogeneous

SThe attentive reader will again note that this condition is identical to that required for CARS; indeed, both phe-
nomena occur simultaneously, but differ in the means they are detected.
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aggregate for which no commercially available antibodies exist, and a comprehensive literature
search revealed that most histochemical stains used for melanins react preferentially with eume-
lanin and not pheomelanin, making direct histological identification of pheomelanin challenging.
However, as discussed in Section 4.1.1, pheomelanin is synthesized in stage III/IV melanosomes,
which express characteristic and specific surface antigens. As our current understanding of melanoso-
mal biology suggests that only stage III/IV melanosomes engage in pheomelanin synthesis, it might
be sufficient to demonstrate that the pheomelanin CARS signal localizes to these structures. Two
candidate melanosomal antigens that meet these criteria are Rab27a and Pmel 17, which are tar-
geted by the antibodies a-Rab27a and HMB4s, respectively. [157]

Finally, studies demonstrate that pheomelanin can be visualized with specificity using trans-
mission electron microscopy (TEM) when samples are prepared using a uranyl acetate/osmium
tetroxide staining procedure. [213] While sample preparation required for TEM imaging would
render samples unable to be imaged using CARS, a comparison of TEM and CARS images ac-
quired from similar samples would allow for a qualitative comparison of the localization and spa-
tial distribution of the two signals; analogous results from both TEM and immunofluorescence
would strengthen the case that the CARS signal colocalizes with known cellular depositories of

pheomelanin.

4.4 MATERIALS AND METHODS

Note: all animal studies described herein were reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC) at the Massachusetts General Hospital. All animals received
care in strict compliance with the 2011 Guide for the Care and Use of Laboratory Animals by the
National Research Council and were maintained in a facility accredited by the Association for As-

sessment and Accreditation of Laboratory Animal Care International (AAALAC, Int.)
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4.4.1 CONSTRUCTION OF THE CARS MICROSCOPE

The CARS microscope was built around an Olympus FV1ooo confocal microscope, modified to
accept an external pulsed laser source (Figure 4.4.1). For our laser source, we selected a Spectra-
Physics InSight Deepsee with a pulse repetition rate of 80 MHz, pulse width of <120 fs, and dual
outputs (1040 nm and 680-1300 nm tunable). The average output power varied as a function of
wavelength but generally was in the range of 0.6- 1.8 W at the laser aperture. The 1040 nm output
was used as the Stokes beam (;), and the tunable output was used as the pump beam (w,). For
lipid imaging experiments (Qr = 2845 cm™), the pump beam was tuned to 803 nm, correspond-
ing to a CARS emission at 654 nm. For pheomelanin imaging experiments (Qr = 2000 cm™),
the pump beam was tuned to 861 nm, corresponding to a CARS emission at 735 nm. A NIR-
optimized Glan laser polarizer/A/2-wave plate was placed after the output aperture of each of the
two beam lines to adjust the beam output power. A 20 MHz NIR-optimized resonant electro-optic
modulator (‘Thorlabs EO-AM-R-20-C2) was also included in the Stokes beam line in anticipation
of later incorporation of simulated Raman scattering (SRS) microscopy modality, but was unused
for any the experiments described above. The second Glan laser polarizer and 1/ 4 wave plate were
included to correct for circular polarization imparted to the beam by the EOM, which is otherwise
horizontally polarized; the presence of this optical elements does not otherwise affect the micro-
scope’s performance as a CARS imaging system.

Pulse temporal overlap was achieved through construction of a translatable delay stage; mea-
surement of coarse overlap was attained using a photodiode and a 1 GHz oscilloscope, whereas
measurement of fine overlap was achieved using an A.P.E. PulseCheck autocorrelator. A small 1:1
variable telescope was placed after the translation stage to compensate for chromatic aberrations
leading to a mismatch of focal depth between the pump and Stokes beams. The beams were com-
bined in a short-pass dichroic mirror and expanded approximately 4x before entering the FV1o000.

CARS detection was performed at the FV1000’s camera port. A short focal length lens was
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placed at the camera output, along with optical filters appropriate for the emission light of inter-
est, to focus the non-descanned light onto the active area of a thermoelectrally-cooled Hamamatsu
small-area PMT. For 2845 cm™ lipid imaging, a Hamamatsu h7422PA-40 was used, whereas for
2000 cm™' pheomelanin, a h7422PA-50 was used. Unless otherwise specified, all images were ac-
quired using either the UPLSAPO 60XW objective or the UPLSAPO 40XW objective, both from

Olympus. All images were acquired with power levels at or below § mW/beam, measured at the

objective.
scanhead, microscope,
and detectors
| non-descaned
beam expanding emission
telescope output
Translatable delay stage
/ N\ external
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—_—
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Figure 4.4.1: Schematic of the the CARS microscope used in all experiments. The EOM and the
A/ 4-wave plate/Glan laser polarizer pair were included in anticipation of future SRS incorporation
and do not affect the system’s CARS performance.
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4.4.2 IMAGING OF MOUSE SEBACEOUS GLANDS

Imaging of sebaceous glands was performed on mouse ears, freshly acquired from anesthetized
albino C57BL/6 mice. Ears were excised at the base, placed on PBS-soaked gauze, and hair was
removed from the ears using commercially-available Nair™ In preparation for imaging, ears were

placed on a microscope slide and covered with a #o glass coverslip.

4.4.3 PHEOMELANIN SYNTHESIS AND IMAGING

Pheomelanin was synthesized as previously reported by D’Ischia et al. and lyophilized to yield a
dense, brown aggregate. [ 154] The pheomelanin was used with no further analysis or purification.

To emulsify the pheomelanin, a small quantity (0.1 mg) was placed in a 2 mL microcentrifuge
tube, to which 1 ml H,O and o0.25 ml hexane were added and the mixture was sonicated for two
cycles of three minutes each to generate an emulsion. Immediately afterward, the sample was
aliquoted into a microscope slide prepared with a Secure-Seal™imaging spacer (Grace Biolabs) and
covered with a glass coverslip. To prevent evaporation of hexane, the edges of the coverslip were

sealed in nail polish.

4.4.4 AcQuisiTiON OF CARS SPECTRA

Wavelength adjustments on the Insight DeepSee were performed using the included software. No-
tably, the system includes a dispersion compensation module that, ifleft on, will alter the temporal
overlap of the two beams; to overcome this problem, the dispersion compensation module was
bypassed. After wavelength adjustment, the half-wave plate at the pump beam laser output and
the variable telescope were adjusted to maintain a constant in-line laser power as needed, ensuring
identical power delivery and optical properties across wavelengths.

The pump wavelength was varied from 871 nm to 851 nm at 2 nm increments, which corre-

sponds to a CARS spectrum ranging from 1866 cm™ to 2136 cm™ ' in increments of roughly 27
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cm . For each new pump wavelength, the microscope focus was repositioned into the glass cov-
erslip and an image was acquired; this represents the non-resonant background signal of the glass
and does not vary as a function of pump wavelength. These non-resonant reference images serve as
a basis over which the CARS images of the samples can be normalized for each given wavelength;
this normalization compensates for any wavelength-related signal dependencies of the system, thus
only highlighting variations related to sample. Following this, the focus was readjusted back to the
sample plane, and a sample image was acquired. This procedure was repeated for each spectral
point.

To process the images and segment the pheomelanin from the image background, the 11 ac-
quired images were summed together and normalized to obtain a grayscale image ranging from o
to 1. A binary mask was then created using 0.6 as a threshold; lower pixel values were set to o while
greater values were set to 1. This threshold value was determined through iterative adjustments un-
til the white areas of the binary mask overlapped best with the pheomelanin aggregates visible in
the microscope images. This preliminary mask was then processed using morphological cleaning
and filling to removed isolated bright pixels (1s surrounded by os) and fill isolated dark pixels (os
surrounded by 1s). The resulting binary mask was then multiplied on a pixel-by-pixel basis with
each image of the spectrum to produce a pheomelanin-only set of images. The unmasked regions
of each image were then averaged together to produce a single pheomelanin data point per image,
i.e,, one data point per Raman shift. Since the images were encoded over 12 bits, the intensity val-
ues varied over a dynamic range of o to 4095. The inverse mask was also used in the same fashion
in order to create a single data point of the image background for each Raman shift. The intensity
values of the reference glass images were averaged across the entire image; the resulting mean value
was used as the glass reference data point for the corresponding Raman shift. To generate CARS
spectra, each data point (pheomelanin or background) was divided by the glass reference value for
each Raman shift. The resulting spectrum was then normalized by the area under its curve, cal-

culated by trapezoidal numerical integration. This process was repeated n times; the means of the
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n trials were plotted as a function of Raman shift, with error bars corresponding to =1 standard

deviation.

4.4.5 GENERATION OF TDTOMATO-EXPRESSING MOUSE LINES

To generate mouse lines that express tdTomato in melanocytes, the mice described in Section 4.1.1
and Figure 4.1.4 (black, redhead, or albino, as described above) were crossed with C57BL/6.Cg-
Gt(ROSA )26Sor's(CAG—tdTomato)Hze /T mice (‘The Jackson Laboratory), which contain a conditional
tdTomato preceded by a loxP-flanked STOP cassette. Offspring displaying the appropriate genetic
background were selected and bred again with mice containing a Cre allele driven by a melanocyte-
specific Tyr promoter; thus, these doubly transgenic mice in principle only express tdTomato in

melanocytes, where Cre is expressed and the STOP cassette is resultantly excised. ¢

4.4.6 ISOLATION AND ANTIBODY STAINING OF MOUSE MELANOCYTES

To isolate dermal melanocytes, approximately eight 48-72 hour newborn mouse pups of the ap-
propriate genetic background were euthanized through asphyxiation with CO, and their carcasses
were rolled in a 70% solution of ethanol. The carcasses were decapitated, the limbs and tails were
removed, and the carcasses were rinsed several times in a solution of 2% BSA in Dulbecco’s PBS
supplemented with antibiotics and fungizone; the carcass was left to soak in the final rinse solution
for approximately 60 minutes at room temperature. Carcasses were split down the midline, the skin
was removed, and any residual fascia was trimmed away. Skins were flattened and laid dermal side
up in a 100 mm petri dish containing 7-10 ml 0.25% trypsin, and the skin-containing dishes were
refrigerated overnight at 4 C°. The following morning, the epidermis was separated from the dermis
using sterile forceps, and skins were placed in 15 ml tubes, each containing 3 ml of 0.25% tryispin
and 1 mM EDTA (1-4 skins/tube). Tubes were placed in a 37 C’incubator for 15 minutes, after

which 3 ml of 29 BSA-PBS was was added to each tube, and the contents of each tube were gently

®The Fisher lab gratefully acknowledges Lynda Chin for providing the Tyr-Cre mice.
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pipetted up and down approximately 15 times using a 5 ml pipette. The skin matrix was removed
from each tube (with the melanocytes remaining as a suspension) and tubes were centrifuged at
1100 RPM for 5 minutes to pellet cells.

After centrifugation, the supernatant was discarded, cells were resuspended in a small volume
of 2%-BSA PBS, passed through a 100 ym filter, and transferred to a small Eppendorf tube for an-
tibody staining. Each tube was treated with 10 yl of AB24870 (Abcam), a FITC-conjugated rat
monoclonal antibody against c-Kit, and the tube was placed on ice for 30 minutes, following which
1 ml 2% BSA-PBS was added to each tube. FACS was performed after antibody staining, with the
cells sorted by C-Kit fluorescence, tdTomato expression, or both, where relevant. Cells that exhib-
ited the highest fluorescence levels of each group were then fixed, transferred to microscope slides
prepared with Secure-Seal™imaging spacers, and sealed with red nail polish, as described in 4.4.3.

CARS images were acquired as described in the text.

4.4.7 PREPARATION OF UACC 257 HUMAN MELANOMA CELLS AND SIRNA KNOCKDOWN

UACC-257 human melanoma cells were plated on six-well glass-bottomed plates (In Vitro Scien-
tific, Inc.) at a density of sx10° cells/well in 9oo ul RMPI culture medium, to which a solution of
97 yl sodium acetate (25 mM), 2 yl lipoid (1 mg/ml), and 1 pl siRNA (10 yM) were added. Cells
were transferred to a 37°incubator, and the media was changed after 24 hours; following this media
change, all cells were incubated for an additional 4 days to allow pigmentation changes to occur.
(siRNA treatments were performed by Dr. Elizabeth Roider, a research in our collaborator David
Fisher’s lab, in accordance with her standard protocols and preferences). CARS spectra were ac-

quired as above.
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Supplemental Figures

Figure A.1: Commercially available Oxyphor G2 does not penetrate OvCa 3D spheroids. A:
OvCa spheroids treated with 2 yM Oxyphor G2 for 4 hours demonstrate no appreciable increase in
phosphorescence relative to control, treatment-free conditions. B: OvCa 3D spheroids, no treat-

ment control. Scale bar = 30 ym.
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Figure A.2: MTT assay viability results for G3 CAOS nanoconjugates across a range of concentra-
tions. No statistically significant reduction in viability was observed at any concentration tested.
Vertical axis: normalized viability.
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NMR and MALDI-TOF spectra of synthetic
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Figure B.4: NMR spectrum of 1d
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Figure B.s: MALDI spectrum of 1d
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Compound 2b
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NMR spectrum of 2b

Figure B.6
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Compound 2¢
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Figure B.7: NMR spectrum of 2¢
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Figure B.8: MALDI spectrum of 2c
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Compound 3b
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Figure B.g9: NMR spectrum of 3b
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Figure B.10: MALDI spectrum of 3b
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Compound 4a
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Figure B.11: NMR spectrum of 4a
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Figure B.12: MALDI spectrum of 4a
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Compound 4b
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Figure B.13: NMR spectrum of 4b
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Figure B.14: MALDI spectrum of 4b
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Compound 4c¢
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Figure B.15: NMR spectrum of 4¢
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Figure B.16: MALDI spectrum of 4¢
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Compound 4d

Figure B.17: NMR spectrum of 4d
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Figure B.18: MALDI spectrum of 4d
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2-azidoethylamine
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Figure B.19: NMR spectrum of 2-azidoethylamine

170



Compound sb
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Figure B.20: MALDI spectrum of sb
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Compound 6b
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Figure B.21: NMR spectrum of 6b. Note that the presence of the tetra-adduct G3 CAOS
nanoconjugate was not confirmed, as indicated by the brackets in the chemical structure.
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Figure B.22: NMR spectrum of 6b (expanded).
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Figure B.23: MALDI spectrum of 6b
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Figure B.24: UV-VIS spectrum of 6b
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