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Abstract

A NOVEL HYBRID PHOTOACOUSTIC-FLUORESCENT CONTRAST AGENT TO TRACK
AQUEOUS HUMOUR PATHWAYS IN VIVO

Kirsten Cardinell
Master of Science, Biomedical Physics

Department of Physics, Ryerson University , 2019

Contrast agents are frequently used in photoacoustic imaging (PAI) to study the lymphatic system. However,
there is a lack of standardized approaches to evaluate agents for specific applications. Furthermore, validation
of PAI results through post-mortem fluorescence imaging is often required. To address this, hybrid modality
contrast agents would be advantageous. Using unbiased characterization experiments and analyses three
commercial NIR dyes are compared: IRDye QC-1, IRDye800CW, and CF770 for the minimum detectable
concentration, linear range, and stability of PA signal with prolonged laser exposure. QC-1 had the most
desirable properties for quantitative lymphatic PAI specifically for glaucoma treatment testing. Therefore a
hybrid tracer was developed and QC-1 alongside fluorescent dye BODIPY was labelled to bovine serum
albumin (QBB). QBB tracer showed nearly identical PA properties to free QC-1 dye and maintained a strong
fluorescent signal after laser exposure. The QBB tracer shows promise as a hybrid contrast agent for in vivo

lymphatic PAI.



Acknowledgements

First and foremost, | would like to thank my supervisors Dr. Yeni Yucel, Dr. Carl Kumaradas, and Dr. Neeru
Gupta. | consider myself extremely lucky to have had the privilege of working with Dr. Yucel on several
projects throughout my undergraduate and graduate studies. | was given the opportunity in my 3" year of
my undergraduate degree to join his lab as a co-op student. Since then, Dr. Yucel has consistently provided
me with valuable knowledge, guidance, and opportunities that have been essential to my growth and success
as a researcher. His door was always open whenever | had questions or ran into problems, and his passion
for this project helped make these past two years productive and enjoyable. Dr. Yucel is a visionary

researcher and | hope to have more opportunities to work with him in the future.

My sincere thanks to Dr. Kumaradas for being my co-supervisor, enabling me to do this project. Dr.
Kumaradas was always happy to provide me with assistance and direction whenever | needed it and I greatly

appreciate his contributions in my committee meetings and towards this thesis document.

Dr. Gupta, although not an official supervisor, has always provided me with valuable feedback on my work
as well as clinical background knowledge essential for experimental design. She always found ways to build
upon and improve my work whether it be through experiments, presentations, or document writing.
Dr.Gupta’s insights are incredibly valued, and I am lucky to have access to her expertise in the field of

Glaucoma research.

I would like to thank my supervisory committee members Dr. Michael Kolios and Dr. Bryan Kaoivisto. Dr.
Kolios was my very first mentor and greatly contributed to my development as a researcher. He introduced
me to photoacoustic imaging and I have never looked back since. Dr. Kolios’ scientific input during my

committee meetings were extremely helpful for the development and progression of my thesis project.

Dr. Koivisto’s excitement of this project and contribution towards the development of a hybrid

photoacoustic-fluorescent contrast agent made this thesis a pleasure to work on. | greatly appreciate the time



he took to help me with my knowledge in chemistry and his expertise was heavily relied on through to the

completion of this thesis.

I am grateful to Dr. Toronov for agreeing to be my external examiner and for his careful input and guidance

aimed to improve the quality of my thesis document.

I would also like to express my gratitude to all the Gupta & Yucel lab members and St. Michael’s staff that
have aided in my research ambitions. Xun Zhou contributed to this project by providing training on
experimental protocols, contributing to the experimental designs and set up, and aiding in the interpretation
of data. Xun also performed all of the mouse eye injections and dissections discussed in the future directions
portion of this thesis. | was also very lucky to have Megan Yuen and Amanda Mac preparing and sectioning
the mouse tissue for me, and | am grateful for Joseph Hanna who graciously took the time out of his busy
schedule to train me on the protocol for tissue staining. Both Joseph Hanna and Caterina Di Ciano-Oliveira
were helpful with training me to use the confocal microscope to image said tissue sections. | would also like
to thank Hyacinth Irving, who performed and provided expertise on the statistical analysis of the data. A
special thanks to Dr. Paola Luciani for her contribution as a coauthor to the manuscript entitled “An
Approach to Test the Suitability of a Commercial Near-Infrared Dye for Quantitative In Vivo Photoacoustic

Lymphatic Imaging” that makes up Chapter 2 of this thesis document.

Last, but not least, | would like to thank my parents for their love and support, my sister, Jillian, for her
tolerance of my shenanigans, and the rest of my family for all their encouragement. 1 would also like to thank
my friends and peers for providing an escape from our studies and making the last two years a blast. Finally,
I would like to thank Nico Arezza for everything he did to help me during these past two years, whether it

be reading over my work, or providing support.

Thank you all for your contributions to my experience in this master’s program. Without you, this

accomplishment would not have been possible.



Table of Contents

AULNOI'S DECIAIALION ...t bbbttt ii
AADSITACT . ...t E R bR e bbbt iii
ACKNOWIBAGEIMENTS ...t b bbbttt bbbt e e iv
LISE OF TADIES ...ttt b et b e viii
I A0 T U1 PSR PSR iX
LSt OF ADDIEVIALIONS ...ttt b e Xii
Chapter 1 1 INETOTUCTION ......uviiiiiciit et bbbttt b b 1
1T IMIOTIVATION ...t bbbt b bbbt bbb e et b bbb e 1

1.2 GHAUCOIMA ...t bbbt b bt bbb bt e st b bbbt n et n e 2

1.3 Mouse as @ model fOr GlAUCOMA .........ooveieiiiiiiice et 5

1.4 Lymphatic system and imaging MOdalitieS...........ccocvrirrrieieiniiniie e 5

1.5 The PROtOACOUSEIC EFFECT ........cuiiiiitiiiiieeee e 9

1.6 Contrast Agents for PhotoacoustiC IMagiNg .........ccccevererieiiieniiisie s 12

1.7 SErUM @IDUMIN ...ttt bbb 17

1.8 Thesis hypothesis, specific aims, and 0rganization .............ccocevviireieneneneee e 18

Chapter 2 : An Approach to Test the Suitability of a Commercial Near-Infrared Dye for Quantitative In

Vivo Photoacoustic Lymphatic IMaging .........ccoeeriiioiiiiee et 20
2T ADSIIACT ...ttt 21
B 111 0o [N 44T o SRS 22
2.3 Materials and METNOMS. ..ot 25

Vi



B LT U | | £ TP 33
B B B 1T o0 1] o [P RRR TR 39
B OL0] a1 (01T T0] o TR 40

Chapter 3 : A Hybrid Tracer for Photoacoustic and Fluorescence Imaging of Lymphatic Drainage from

T8 Y bR ettt b e 42
3T AADSTIACT ... 44
3.2 IMEFOTUCTION ...t b bbb bbbt bbb e et b b 44
3.3 Materials and IMELNOGS. .........coiiiiii e 50
3 RESUITS ...t R bRttt bRt E et r e nn e n e 57
3.5 DUHSCUSSION ...ttt b bt bbb bbb bbb bbb et n e n e 61
3.6 CONCIUSTON ..ottt bbb bbb b bbb bbbt nn et b e 62

Chapter 4 : Discussion and CONCIUSTON ........cveviiiiriiiiesiesie et 63

Chapter 5 1 FULUIE DIFBCTIONS........cuiiiiiiiiteiiet ettt bbbttt 65
5.1 Materials and MENOUS...........ooviiiiiiei et 65
5.2 RESUITS ..t bbbt et n et n et 68
5.3 DiscuSSioN @nd CONCIUSTON ........ueiuiiuiieieieieise ettt sttt 73

RETEIENCES ... bbb bbb bbbt E R b bttt n e 76

Vil



List of Tables

Table 1. The list of NIR dyes used in this study along with their maximum absorption wavelength
(Amax abs ), molar extinction coefficient (g), cost per 0.5 mg, and SUPPLIET. ......cevvviiiiirieiiiiie e 26
Table 2. Minimum detectable concentration: The estimated minimum concentration detectable in vitro by
PA IMAgiNg FOr NIR GYES. ..ocueiieiiicii ettt st et e s be s e e b e s be et e sbeeteesbesreeneenre e 36
Table 3. Linear range: The approximate ranges between two concentrations where the photoacoustic signal
intensity is linearly related to the CONCENTIALION. ..........c.cii i e 37
Table 4. Properties of commonly use fluorescent dyes with peak emission wavelengths below the imaging
range of the MSOT and the quenching range of QC-L. ... 47
Table 5. Fluorescence count reading of QBB with 480 nm excitation and 520 nm emission. Values are the

AVEIAGE OF 3 SAMPIES. ... ettt b bbbttt b b 61

viii



List of Figures

Figure 1-1. Labelled 8y diagram.f..........cccviveviiiiiieicececeee sttt benis 2
Figure 1-2. Normal eye (left) compared to eye with glaucoma (right). Images designed based off of diagrams
I WEINEED BT AL%......eee ettt ettt ettt bbbttt ene s 4
Figure 1-3. Diagram of the lymphatic system and blood circulation. The capillary bed shifts from red to blue
indicating deoxygenation of hemoglobin in blood. Artery and vein are indicated in red and blue, respectively.
The high pressure of the capillaries forces blood plasma out into the surrounding tissue (black arrows) which

is taken up by the lymphatic vessels (green). The fluid is subsequently filtered by the lymph nodes (not

Figure 1-4. Simplified diagram of photoacoustic imaging of a light absorber within a phantom. ............. 10
Figure 1-5. A simplified Jablonski diagram contrasting the difference between fluorescent and non-
fluorescent dye excitation and return to ground STAt. ........cccciiiiiieiiii e 15
Figure 1-6. Structure of human serum albumin.%...........ccccoiiiiiienicees e 17
Figure 2-1. Phantom preparation and imaging set up. A) Diagram of a home-made phantom. B) Phantom
holder and PA multispectral tomography animal imaging system (MSOT) diagram. C) Reconstructed PA
image of the dye imaging set up. The red circle shows the dye region of interest, and the blue circle shows
the control (PBS) region of interest. The intersect of dotted lines indicate the center of the transducer ring
shown in B. The scale bar indicates 2mm. Diagrams A) and B) are approximated and not to scale.......... 29
Figure 2-2. Near-infrared dye molar extinction coefficients and absorption spectra measured from 680 to 980
nm. A) Molar extinction coefficients determined from the spectrophotometer measurements. B) PA mean

pixel intensity (MPI) or PA spectra. Concentration of each dye: QC-1 (24.06 uM), CF770 (26.55 uM), IRDye
800CW (23.33 UM), all diluted iN PBS. .......cooiiiiiiieee ettt 33
Figure 2-3. PA signal (mean pixel intensity, MPI) as a function of dye concentration for all near-infrared

dyes. A) Concentration ranges from 0 to approximately 200 uM. B) Concentration ranges from 0 to



approximately 10 uM. Error bars represent the standard deviations of MPI between the imaging slices in the
LT T 0] o] LTSRS 34

Figure 2-4. Minimum Detectable Concentration and PA signal (mean pixel intensity, MPI) as a function of
dye concentration. Concentration ranges from 0 M to approximately 25 uM. A) IRDye QC-1 B) CF770 C)
IRDye 800CW. Limit of Detection line shown in black. MDC for each dye is: QC-1 (0.000992 a.u.), CF770
(0.000367 a.u.), and IRDye 800CW (0.00033 a.u.). PBS MPI is shown in gray. Error bars represent the
standard deviations of MPI between the imaging slices in the three samples. ..........ccccocevviiiieiiecieieennn 35

Figure 2-5. The line of best fit for the statistically linear range of concentrations for each dye. Bars represent
the 95% CONTIAENCE INTEIVAL .........ciiiiiiitiici ettt 37

Figure 2-6. The normalized PA signal (mean pixel intensity, MPI) as a function of imaging time (total 1
hour) for QC-1 (red), CF770 (orange), and IRDye 800CW (blue). Error bars represent the standard deviation
between the three imaging sessions of three separate dye SamMPpIES. ......ccccvvvveieiiiiie i 38

Figure 3-1. General structure of BODIPY : Z,Y = B or 2,6 positions, X = meso position, W = o or 3,5
positions, V = 1,7 positions or other B positions. Pentamethyl BODIPY is Z,Y =-H; X, V, W = methyl. 48

Figure 3-2. The normalized absorbance spectrum of A) free QC-1 (purple) and BODIPY (blue), single dye
bound BSA (orange and red respectively), and the QBB tracer (green), and B) The QBB tracer alone. Semi-
transparent purple is the quenching range of QC-1 and semi-transparent red is the imaging range of the
IMSOT PA TMAGET. ..ttt bbb bbbt bbb bbb b b et et e e bttt b et nn e nn e 58

Figure 3-3. The linear range. The range of concentrations where the relationship between the QBB
concentration (determined by the concentration of QC-1) and the photoacoustic detection is statistically
linear. Error bars the indicate the standard deviation of the three trials. A.U. arbitrary unit..................... 59

Figure 3-4. The graphical representation of the minimum detectable concentration for the QBB tracer. The
green data points represent the average mean pixel intensity of the photoacoustic signal of QBB. Error bars
are the standard deviation. The black line is the limit of detection, and the green line is the line of best fit.

The intersection between the green and black lines is the minimum detectable concentration (1.22 uM). A.U.

01 = Y2 ] | S 60



Figure 3-5. The average photoacoustic signal of QBB over time of laser irradiation at 735 nm. Error bars
represent the standard deviation between the three samples of QBB. .........ccccocviviiiviici v, 60

Figure 5-1. Photoacoustic images of the mouse head cross-section at the region of the eyes after injection of
QBB tracer. The top row is mouse M1, the second row is M2, and the third row is M3. Green represents the
photoacoustic signal generated from the QBB tracer. S= Superior, R = Right, L = Left, | = Inferior. Scale bar
=5 mm. The vertical bar on the right shows pixel intensity values of the QBB tracer ranging from 0 to 2800
L TP TSR PR T TR TP 69

Figure 5-2. Photoacoustic images of the mouse head cross-section at the region of the neck and cervical
lymph nodes after injection of QBB tracer. The top row is mouse M1, the second row is M2, and the third
row is M3. Green indicates the QBB tracer signal. S= Superior, R = Right, L = Left, | = Inferior. Scale bar
=5 mm. Asterisks indicate the location of right cervical lymph node without tracer signal. Arrows indicate
the presence of tracer signal in right cervical lymph node. The vertical bar on the right shows pixel intensity
values of the QBB tracer ranging from 0 10 740 @.U. .....cooviiriiierieieeis et 70

Figure 5-3. Infrared (nm) images of mice heads (top row) and necks (bottom row) with blue autofluorescence
(nm) images overlaid in green. The green indicates the tracer in the right eye in all three mice. R = Right, L
= Left. The arrowheads indicate the location of the cervical lymph nodes. M1, M2, and M3 are the mice ID
DIUIMIDETS. ..tttk b bbb b h b bbb b e bbb bRt b bbb 71

Figure 5-4. Right (injected) eye (A) and left (non-injected) eye (B) histology slide sections of mouse # M2.
Green is the tracer, blue is the nuclear stain. N = Nasal and T = Temporal. The scale bar is 600 um. ...... 72

Figure 5-5. Right (A) and left (B) cervical lymph nodes histology slide sections of the mice M2 under
confocal laser microscopy. Green is the tracer, blue is the nuclear counterstain with DAPI. No green tracer
is noted in both cervical lymph nodes. SG = salivary gland, arrowheads point to lymph node border. The

SCale DAr INICALES 200UM. ....iuiieieeeie e bbbt b bttt ettt b et 73

Xi



List of Abbreviations

AH Aqueous Humour

BSA Bovine Serum Albumin

CEUS Contrast-Enhanced Ultrasound
DCE-MRI Dynamic Contrast-Enhanced MRI
DMF N, N-Dimethylformamide

DNA Deoxyribonucleic acid

FDA US Food and Drug Administration
HSA Human Serum Albumin

ICG Indocyanine Green

IOP Intraocular Pressure

LOB Limit of the Blank

LOD Limit of Detection

LOQ Limit of Quantification

MDC Minimum Detectable Concentration
MPI Mean Pixel Intensity

MRI Magnetic Resonance Imaging
MSOT Multispectral Optoacoustic Tomography
NIR Near-Infrared

PA Photoacoustic

PAI Photoacoustic Imaging

PAT Photoacoustic Tomography

PBS Phosphate Buffer Saline

PET Positron Emission Tomography
QBB QC-1/BSA/BODIPY

xii



ROI Region of Interest

RPM Rotations per minute

Xiii



Chapter 1 : Introduction

1.1 Motivation

Photoacoustic imaging (PAI) is a three-dimensional (3D) hybrid imaging modality combining optical
acoustic imaging.! PAI reconstructs images from ultrasonic pressure waves induced by the absorption of
pulsed laser light by various molecules in the tissue. Laser light in the near-infrared (NIR) range from 650
to 950 nm is used to achieve a greater penetration depth due to lower tissue absorption in this range.? Unique
wavelength dependent, light-absorbing properties of the chromophores in tissue enables the detection and
differentiation between endogenous chromophores such as melanin, oxygenated and deoxygenated
hemoglobin through a deconvolution method called spectral unmixing. For biological processes or entities
that do not produce a photoacoustic signal (do not possess chromophores that absorb light in the NIR
wavelength range), exogenous chromophores are used as contrast agents to increase the signal to noise ratio
at the targeted tissues or processes. Currently, there are no standardized approaches for characterizing and
comparing potential contrast agents for use in specific experimental conditions or photoacoustic imaging
systems. Quantification analysis should be performed on new contrast agents to test for characteristics such
as the minimum detectable concentration, range of concentrations for linear analysis, and stability of
photoacoustic signal with increasing laser exposure. Since biological processes assessed with in vivo
photoacoustic imaging requires computational methods for image reconstruction and spectral unmixing,
validation of PAI results is required by another imaging modality, for example through fluorescence
imaging and histology, or else the results will be met with skepticism from the scientific community.
Therefore, suitable contrast agents need to be developed for the dual purpose of in vivo photoacoustic
imaging and post-mortem validation using fluorescence in situ imaging and microscopy. Additionally, a
non-biased, systematic method of characterizing the contrast agents is required to determine its PAI

properties to determine their suitability as contrast agents for various experimental conditions.



1.2 Glaucoma

Glaucoma is the world’s leading cause of irreversible blindness.? It is characterized by the degeneration of
retinal ganglion cells, and is often associated with high intraocular pressure (IOP), a major risk factor.>®
IOP is the fluid pressure within the eye and is maintained through the production and drainage of an
intraocular clear fluid called aqueous humour. Therefore, high 10P is caused by an increased production of
aqueous humour, a decrease of aqueous humour drainage from the eye, or a combination of both. The only
proven method of treatment for glaucoma is the lowering of IOP.* This is achieved by using either

medication or surgery depending on the type of glaucoma.

Aqueous humour fills the anterior and posterior chambers of the eye (Figure 1-1). It consists primarily of
water, electrolytes, carbohydrates, urea, antioxidants, peptides and proteins, oxygen, and carbon dioxide.®
The proteins in agueous humour include albumin, immunoglobulins, growth factors, and angiogenic
regulators’, which increase with aging.® Furthermore, the agqueous humour is verly low in protein with 200

times less protein than that in plasma.®
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Chamber

Retinal Blood
Vessels
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Ciliary Body and

Ciliary Muscle Choroid

Figure 1-1. Labelled eye diagram.®



Aqgueous humour (AH) is produced within the ciliary processes located in a region within the ciliary body
just posterior to the iris.® Diffusion, ultrafiltration, and active secretion are the mechanisms involved in AH
production. Diffusion occurs when solutes, primarily sodium chloride, are transferred through tissue
membranes located between the capillaries and the posterior chamber and ultrafiltration is the movement
of water and water-soluble substances into the ciliary stroma.® 1® While diffusion and ultrafiltration are
passive processes, secretion of molecules requires energy and it is mediated by protein transporters within

the cellular membrane.5 1

There are several AH drainage pathways from the eye. The conventional pathway was the first pathway
discovered where the AH passes through the trabecular meshwork, and collector channels and aqueous
veins, prior to entering the venous system via the episcleral veins. The unconventional, or uveoscleral
pathway routes AH through the iris root into the ciliary body, choroid, and sclera.!? ** The uveolymphatic
pathway is a newly discovered pathway where AH exits the eye through ciliary body lymphatics. The
presence of this pathway has been demonstrated through the finding of ciliary body lymphatic vessels in
human eye sections,'* the detection of intracamerally injected radioactive and fluorescent tracers in the
ciliary body lymphatics and cervical lymph nodes in sheep and mice respectively,'> ¢ and the dynamic
tracking of intracamerally injected near-infrared dye-labelled albumin from the eye to the cervical lymph

nodes in mice."’

There are two main types of glaucoma: closed-angle and open-angle (Figure 1-2). In closed-angle
glaucoma, the closure of the anterior chamber angle between the iris and cornea blocks the drainage
pathways.® Closed-angle glaucoma makes up one-third of patients with primary glaucoma worldwide,
especially in Asian populations®® and is associated with more immediate signs and symptoms and can be
considered an ocular emergency when the condition is acute and requires urgent treatment.'® Open-angle
glaucoma shows no apparent obstruction of the AH drainage, but the drainage pathways are functionally

and structurally impaired, often resulting in increased 10P, a major risk factor.* °
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Figure 1-2. Normal eye (left) compared to eye with glaucoma (right). Images designed based off of diagrams in

Weinreb et al.*

Although glaucoma cannot be cured, its progression towards blindness can be slowed or halted through
IOP-lowering treatment. The first line of treatment is the use of topical medications. The fewest possible
medications with the fewest adverse side effects are used to achieve the targeted 10P.2° When medications
fail to achieve sufficient IOP reduction, surgical procedures such as laser or microsurgery techniques, such
as trabeculectomy, are used. Trabeculectomy is the most common incisional surgical procedure as it is more
effective than other surgical options.? Trabeculectomy creates a partial excision of the trabecular meshwork
or the corneoscleral tissue to create an alternative drainage pathway of the AH into the subconjunctival

space.

The most widely used topical medication is Latanoprost, a prostaglandin F apha analogue.?? Having
previously been known for increasing uveoscleral drainage,? a study using quantum dots discovered that
Latanoprost increases AH from the eye also via the uveolymphatic pathway where the tracer signal
increased in the cervical lymph node sections of the treated mouse group.?’ However, the quantification of
the tracer signal could be performed only in post-mortem tissue sections. By developing a non-invasive, in

vivo method to dynamically and quantitatively track the AH through the uveolymphatic drainage pathway,



we can test novel glaucoma drugs by comparing the rate of lymphatic drainage between treated and non-

treated animals in preclinical studies.

1.3 Mouse as a model for glaucoma

There are many similarities between the mouse ocular anatomy and physiology and that seen in humans.
Mice have similar AH dynamics in terms of intraocular pressure (10 to 20 mmHg in mice and 16 mmHg in
humans), episcleral venous pressure, and turnover rate. Additionally, mice have similar anatomical

structure, outflow pathways, and responses to IOP-lowering glaucoma drugs.: 2

Mice are cost-effective and easy to breed which allows for large sample sizes. They also have a considerable
advantage over other species for genetic manipulation studies which enable the study of various
physiological processes such as development?® and aging? as well as human diseases. There are several
experimentally induced mouse models for glaucoma®* and naturally-occurring inherited models of
glaucoma (DBA/2J) mice are well-studied and frequently used.®! % This makes the mouse an ideal model

for studying lymphatic drainage from the eye and its role in glaucoma and glaucoma treatments.

1.4 Lymphatic system and imaging modalities

The lymphatic system is composed of lymphatic vessels, lymph nodes, and other lymph organs distributed
throughout the body. It forms an integrated network to maintain fluid homeostasis, aid in the absorption of
fat from the digestive system, and to maintain immunocompetence.® Pressure and concentration gradients
cause fluid to exit the blood vessel capillaries and enter the interstitial space as interstitial fluid which is
then taken up by lymphatic vessels. The lymph is a clear fluid that does not contain any chromophores or
other molecules that can be detected using any imaging modality to date. Furthermore, the lymph contains
only approximately half the amount of proteins found in plasma.3* Therefore, all current imaging methods

for lymphatics in the visible and near-infrared range require injected exogenous contrast agents.



The lymphatic vessels also contribute to the metastasis of several cancers such as breast cancer, melanoma,
and head and neck cancers.® It also contributes to inflammation®, diabetes, and obesity.*” Furthermore,
due to the recent discovery of the uveolymphatic drainage pathway of the eye!* 5, lymphatics can also be
relevant in glaucoma and its treatment. Therefore, lymphatic imaging is an important means of diagnosing

and monitoring diseases, as well as developing novel treatments. There are many methods of lymphatic

imaging and they will be briefly described in the following sections.

Figure 1-3. Diagram of the lymphatic system and blood circulation. The capillary bed shifts from red to blue indicating
deoxygenation of hemoglobin in blood. Artery and vein are indicated in red and blue, respectively. The high pressure
of the capillaries forces blood plasma out into the surrounding tissue (black arrows) which is taken up by the lymphatic

vessels (green). The fluid is subsequently filtered by the lymph nodes (not shown).%®

1.4.1 Conventional Lymphatic Imaging

In lymphangiography, poppy seed oil conjugated to iodine is injected into the lymph vessels in the lower
limbs.3® 4% Several consecutive X-rays or CT scans can depict the anatomy and the function of lymphatic
flow. Lymphangiography is rarely used diagnostically today due to its invasiveness, cost, and risk of

complication.®®



Lymphoscintigraphy is a branch of nuclear medicine used to image the Ilymphatic system.
Lymphoscintigraphy requires the introduction of a gamma-emitting radioactive tracer (technetium-99m
conjugated sulfur colloid or albumin) that can then be detected using a gamma camera to measure and locate
the radiation emitted from the tracer.®® #! This method was first discovered in 1953 and is currently the gold

standard for lymphatic imaging.*?

Despite its frequent use for measuring lymph drainage and lymphedema quantification,*
lymphoscintigraphy requires radiation exposure -albeit minuscule amounts- and has a relatively poor

resolution. An alternate imaging solution without the use of radiation is required to reduce risks to patients.

1.4.2 Fluorescence Optical Lymphatic Imaging

Fluorescence optical imaging uses light to excite fluorescent molecules to generate fluorescence signal in
tissue. The autofluorescence of the tissue and/or fluorescence of an exogenous contrast agent can then be
detected. Autofluorescence is a broad, featureless spectrum that fluoresces across the visible and NIR
wavelengths. The intensity of autofluorescence varies with the tissue type and the presence of the
autofluorescence can lead to high background signal and negatively affect the detection of fluorescent
labels.** Additionally, autofluorescence is less prominent in the NIR range.* Fluorescence optical imaging
also has limited imaging depth due to light scattering and absorption by tissue. To reduce this limitation,
emission light wavelengths in the near-infrared (700 nm — 900nm) are selected for as blood absorbs the
least in this region allowing for a greater imaging depth. However, this still only achieves a maximum

imaging depth of 5 to 7 mm.*

1.4.3 Computed Tomography (CT)

CT imaging provides accurate lymph node detection when using contrast agents. CT imaging with lohexol,
a water-soluble non-ionic monometric iodine contrast agent, was able to identify sentinel lymph nodes in a

preliminary study using a tongue VX2 carcinoma model.*’



However, due to the spatial resolution required for flow imaging, it is difficult to track the flow of lymph
using CT imaging. Furthermore, the use of ionizing radiation for CT imaging may be cause for concern

when repetitive imaging is required.

1.4.4 Magnetic resonance imaging (MRI)

MRI is able to detect the enlargement of lymph nodes.® More recently, a method called dynamic contrast-
enhanced MRI (DCE-MRI) technique was developed to measure lymph flow and lymphatic dysfunctions
through the mapping of lymph drainage in mice.*® DCE-MRI uses multiple MRI scans after the intravenous

injection of a contrast agent.

Lymphotropic nanoparticle-enhanced MRI often uses iron oxide nanoparticles which adds cell-specific
(malignant vs benign cellular content) information in addition to conventional MRI with the aim to provide

improved assessment of lymph nodes.*°

MRI is an often-sought-after imaging modality for its penetration depth, and lack of radiation exposure.
However, MRI is a large and expensive imaging modality with a relatively large resolution (~ 1 mm)*
compared to other imaging modalities such as optical coherence tomography (~ 2-10 um)®, PAI (~100 um
depending on the transducer)®, and ultrasound (~ 150 um depending on the transducer).*® A cheaper and
portable method of lymph flow analysis would be more feasible and allow for easily accessible lymphatic

analysis.

1.4.5 Ultrasound

Contrast-enhanced ultrasound (CEUS) is a promising imaging modality for detecting sentinel lymph nodes
due to its low cost and high signal-to-noise ratio.>? A sentinel lymph node is typically the first lymph node
or group of lymph nodes that cancer reaches when a tumor metastasizes. Microbubbles are the most
commonly used ultrasound contrast agents and can be made with a variety of materials; however, their large

size (less than ~10 um, approximately the size of a red blood cell), results in several caveats such as slow

8



uptake. Furthermore, CEUS has poor spatial resolution and the imaging of the lymph is dependent on the

operator’s sonography experience.*

1.4.6 Positron emission tomography (PET)

PET is currently the most sensitive in vivo technique for imaging molecular pathways in humans>*. PET
radioactive tracers are physiologically and pharmacologically relevant compounds labeled with positron-
emitting isotopes such as fluoride-18 or carbon-11. After being either injected or inhaled by a patient, the
location and quantity of the tracer are assessed with a PET scanner. The sensitivity and specificity of PET
is the major strength of this technique. However, PET scans involve radioactive exposure, although
minimal, it limits the number of scans a patient should undergo and proves a risk during pregnancy, as is

with other imaging modalities requiring the use of ionizing radiation. Additionally, it is a costly procedure.

1.4.7 Photoacoustic imaging (PAI)

PAI is a three-dimensional (3D) hybrid imaging modality combining the optical and acoustic imaging.! PAI
allows for in vivo functional imaging by utilizing light absorbing properties of chromophores by irradiating
them with laser lights of various wavelengths. A laser light used to generate the photoacoustic signal is
limited by the depth it can reach in tissue; however, the acoustic pressure waves generated by the light
absorption can travel much further resulting in a larger penetration depth for PAI compared to purely optical
imaging modalities. Several studies have used PAI for lymphatic imaging by using a wide variety of
contrast agent.>®°8 Photoacoustic imaging does not use ionizing radiation and is a relatively cheap and

portable imaging modality.

1.5 The Photoacoustic Effect

The photoacoustic (PA) effect was first discovered in 1880 by Alexander Graham Bell.*® When light-
absorbing molecules called chromophores are illuminated with pulses of laser light, some of the energy

from the absorbed light is converted into heat. This local temperature increase results in thermoelastic
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expansions which produce high-frequency pressure waves (>20 kHz) within a medium and can be detected

by ultrasound transducers (Figure 1-4).%°

Light
Absorber

Figure 1-4. Simplified diagram of photoacoustic imaging of a light absorber within a phantom.

To use the PA effect for medical imaging, the duration (or width) of the laser pulse of the imaging system
needs to satisfy the following conditions: 1) the pulse must be shorter than the thermal relaxation time ()
so that heat diffusion is negligible throughout the laser pulse, and 2) the pulse must be shorter than the stress
relaxation time (z,) so that the volume expansion within the matter is negligible throughout the laser pulse.®

These two constraints are defined by the following equations:

_d? (1)
Tth = 4_DT
d
o=t @)
S

where d. is the dimension of the heated region, or, the absorber size, Dy is the thermal diffusivity of the

sample, and v, is the speed of sound.
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The initial pressure wave (p) at position r generated by thermoelastic expansion in an acoustically
homogenous and non-viscous medium can then be calculated using the following equation so long as the

previously mentioned conditions are met:!

3)

p() = ta®(7)

pC,x

where £ is the isobaric volume expansion coefficient of the material (K*), and C,, is the isobaric specific
heat of the material (J K*kg™). u, and ¢ are the absorption coefficient and the optical radiation fluence

rate of the material, respectively.
1.5.1 Photoacoustic Spectral Unmixing

Due to the dependence on light absorption for photoacoustic signal generation, the different light
absorbance profiles of chromophores across multiple wavelengths enables their differentiation in PA
images. Since the size of a chromophore is significantly smaller than the resolution of a tomographic PA
device, it is assumed that there can be multiple types of chromophores within a single pixel. A
deconvolution technique called spectral unmixing is used to determine the concentration (micromolars) of
chromophores in each pixel based on the pixel spectrum. There are many different methods of spectral
unmixing that fall under linear and non-linear methods. The most basic method of spectral unmixing
assumes a linear relationship between the relative amount of chromophores within a pixel and the
photoacoustic spectrum of the pixel and relationship is represented by the equation can be seen below®:

s (®)

Ba@r) = ) &) + )

i=1

Where p,, is the absorption coefficient of a pixel at location r over the imaged wavelengths, n is the number
of chromophores, ¢; is the molar extinction coefficient of chromophore i, C; is the concentration of
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chromophore i at location r, and # is the noise. Obtaining accurate concentrations of chromophores within
a pixel can be determined by, but not limited to, least squares error analysis and various different
combinations of constraints on the algorithm®2. Furthermore, there are many algorithms used assuming a

non-linear relationship between each chromophore concentration and the absorption coefficient of a pixel %

Computer analysis of photoacoustic images using spectral unmixing algorithms is a useful tool for detecting
exogenous contrast agents from the background signal generated by tissue.®* However, spectral unmixing
faces challenges due to spectral colouring, noise, image reconstruction artifacts, laser power fluctuation,
and animal movement which may lead to inaccurate results.5! For this reason, photoacoustic imaging of

biological processes should be accompanied by rigourous validation techniques.

1.6 Contrast Agents for Photoacoustic Imaging

A contrast agent is a substance that improves the contrast of structures or fluids for better medical imaging
quality by increasing the signal to noise ratio. In PAI, the acoustic signal detection is based on the optical
absorption properties of two categories of chromophores: endogenous and exogenous. Endogenous
chromophores are those that are already present in the body. Some examples include oxygenated and
deoxygenated hemoglobin, melanin, and cytochrome oxidase. Although these endogenous chromophores
do have applications, these applications are rather limited to primarily melanin in melanoma, and
hemoglobin oxygenation in blood.®® Applications in other biological systems require exogenous
chromophores which are introduced to the body. Exogenous chromophores can be added to increase the
maximum imaging depth, locate biological entities and/ or observe physiological functions. An exogenous
contrast agent for photoacoustic imaging is made of two primary components: a targeting ligand and a

signaling compound.

Targeting ligands are selected based on their size and charge such that the desired biological entity and/or
function is targeted. A targeting ligand may be a small molecule, peptide, affibody, aptamer, antibody, or
protein.
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A signaling compound is based on the imaging modality requirements. For PAI, signaling compounds are
generally selected to have a high optical absorbance (molar extinction coefficient) with a sharp peak within
the NIR optical window (700 — 900 nm), high photostability, low quantum yield, and efficient heat
conversion.%® There are three categories of signaling compound: Organic nanostructures, metallic or

semiconducting nanostructures, and NIR dyes.5 67

Metallic nanoparticles are a class of contrast agents for PAI due to their modifiable properties such as
material type, particle shape, and size (<1000 nm), and surface properties such as charge and polarity.®
Metallic nanoparticles also have higher molar extinction coefficients than NIR dyes, therefore producing
stronger photoacoustic signals. However, the ability to reproduce, purify, and quantify nanoparticles is
challenging.® Additionally, the most widely used material for metallic nanoparticles is gold, where its

toxicity is still debated.5%73

Organic nanostructures primarily include conjugated polymers, porphyrin-based structures, and
encapsulations.®® These nanostructures have high flexibility in terms of composition, shape, charge, and
size. They can act as the contrast agents on their own, as well as enhance other contrast agents or signaling
compounds. Furthermore, they can also be the foundation of activatable probes. The development of these
types of contrast agents is still relatively new, and therefore more in-depth information on biocompatibility

to demonstrate their potential for in vivo photoacoustic imaging is still needed.>!

NIR dyes tend to have relatively good tissue distribution and penetration, low toxicity, and fast clearance
rates compared to the other two categories of signaling compounds.®® Furthermore, NIR dyes can be
conjugated to various biologically relevant proteins and enzymes’ and due to their small sizes, there should
be little to no change of the biological abilities of the protein or enzyme. This enables the development of
tracers that can be used to track biodistribution and biological processes. We have performed this in

previous work by tracking lymphatic drainage using NIR dye-labelled albumin®” which is the most abundant
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plasma protein found to have a high accumulation in the lymph nodes and is often used as a targeting ligand

for lymphatic imaging.”™

1.6.1 Fluorescence vs Non-fluorescence

There are two types of dyes: fluorescent, and non-fluorescent. When either type of dye absorbs light, the
energy from the light excites the molecules from a ground state to an excited state. The amount of light
energy absorbed is proportional to the molar extinction coefficient of the dye molecule. Once a molecule
has been excited to a higher energy state, it will eventually return to the ground state. For fluorescent dyes,
some energy will be given off through vibration producing heat, and some energy will be given off by
producing a lower energy, longer wavelength photon (Stokes shift). A characteristic known as the quantum
yield is the number of photons emitted compared to the number of photons absorbed. A non-fluorescent
dye returns to ground state exclusively by vibrational energy and therefore has a quantum yield nearing
zero. An example of a simplified Jablonski diagram to compare the two types of dyes is shown in Figure

1-5.

Photoacoustic imaging relies on the production of heat to generate the thermoelastic expansion, therefore,
a non-fluorescent dye should produce a stronger photoacoustic signal than a fluorescent dye with similar
properties due to the lower quantum yield.** However, even though a non-fluorescent dye should produce

a stronger photoacoustic signal, they will not be detected by fluorescence validation imaging.
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Figure 1-5. A simplified Jablonski diagram contrasting the difference between fluorescent and non-fluorescent dye

excitation and return to ground state.

1.6.2 Commercially Available Near-infrared Dyes

There is an extensive list of NIR fluorescent dyes available on the market and only a handful of NIR non-
fluorescent dyes. For this thesis, the following commercial NIR dyes will be discussed: quencher dye IRDye

QC-1, and fluorescent dyes CF770, IRDye 800CW, and Indocyanine green (ICG).

IRDye QC-1 (LI-COR Biosciences, NE, USA) is a dark (non-fluorescent), broad-range quencher dye
designed to quench (absorb) the fluorescence signal for several common fluorophores such as IRDye
800CW, IRDye 700DX, Fluorescein, Cy3, and Cy5.”% QC-1 has a peak absorption at 737 nm in PBS with
an extinction coefficient of 96,000 M*cm and a molecular weight of 1243.75 g/mol.”® QC-1 has been used
as a signalling compound for photoacoustic imaging on several occasions including but not limited to,
phantom studies.® % The dynamic tracking of aqueous humour to the lymph nodes?¢, and target-dependent

PA signal detection via DNA aptamers.™
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IRDye 800CW is a commonly used fluorescent dye. It has a molar extinction coefficient of 240,000 M-cm-
! a peak absorption wavelength of 774 nm, an emission maximum at 789 nm, and a molecular weight of
1166.20 g/mol. IRDye 800CW has been used in various applications for fluorescence imaging™ & as well

as photoacoustic imaging.®-83

CF770 (Biotium, CA, USA) is a fluorescent dye with a molar extinction coefficient of 220,000 M-tcm
where the peak absorption wavelength is 770 nm which emits light at 797 nm. Although CF770 absorbs

light in the NIR window, it has not, to our knowledge, been used for photoacoustic imaging.

Indocyanine green (ICG) is the only FDA (US Food and Drug Administration) approved and clinically used
NIR dye. After its introduction, it was quickly used for recording dye dilution curves, primarily for cardiac
output. ICG has an absorption maximum near the isosbestic point of oxygenated and deoxygenated
hemoglobin (~ 800 nm), binds to plasma proteins after intravenous injection resulting in its confinement to
the vascular system, has low toxicity and rapid excretion.®* However, ICG has poor stability after light

exposure.®

1.6.3 BODIPY

BODIPY (4,4’-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes are a family of fluorescent dyes that are
strongly absorbing, emit relatively sharp fluorescence peaks, and have high quantum yields. They are also
relatively insensitive to properties of their environment (the polarity and pH) and are reasonably stable in
physiological conditions.®® BODIPY dyes have also been used and developed for protein, DNA, and lipid
labeling.8%° BODIPY dyes are commercially available and can be selected for peak absorption
wavelengths from 502 nm to 646 nm.* Since their peak absorption wavelengths operate outside the NIR
window, BODIPY dyes have not been recommended for use for photoacoustic imaging. BODIPY is used

for in situ and microscopic fluorescence imaging.
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1.7 Serum albumin

Human serum albumin (HSA, Figure 1-6) is the most common protein in plasma with a concentration of
3.5-5.0 g/dl. It is 66 kDa in size with dimensions of 40 by 40 by 140 A°.°! Its primary functions are to
maintain oncotic pressure and to transport molecules such as hormones and fatty acids.?> Serum albumin
has been explored for its use in cancer chemotherapy as a drug carrier to promote tumor uptake and

increased permeability and retention.%® 9

Figure 1-6. Structure of human serum albumin.®

HSA has several primary amines (-NHz, shown in Figure 1-6) which are positively charged at physiologic
pH which therefore results in their occurrence on the outside surface of the HSA structure making them
readily accessible for the conjugation to amine-reactive groups such as N-hydroxysuccinimide esters (NHS
esters). HSA also contains hydrophobic regions®- which can be used as binding cites for phenoxyacetic
and phenylacetic acids, and ligands. HSA also contains a relatively larger proportion of acidic amino acids

making it negatively charged at physiological pH.%

HSA is a promising carrier for cancer-targeted imaging and therapy.*® For photoacoustic imaging, HSA

was bound to indocyanine green (ICG) for tumor targeting.1®1% HSA is also used for lymph node
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targeting™ and in our previous work, we used bovine serum albumin (BSA) conjugated to a near-infrared
quencher dye to track of lymphatic drainage from the eye.” BSA and HSA have a similar amino acid
composition and are nearly identical with the exception that HSA has one tryptophan group where BSA

has two, and HSA also has a higher content of valine.1*

The presence of various groups and regions on BSA and HSA enable dual labeling where one signaling
compound can be conjugated to the protein via the amine-reactive groups, where another can use the
hydrophobic region as a binding site. Since BODIPY is hydrophobic, it can be used as a signaling
compound by placing it within the hydrophobic regions of the protein via an entropic effect. Another dye
like QC-1, CF770, or IRDye 800CW can be used as the second signaling compound using an amine-ester

covalent bond. Additionally, thiol-reactive BODIPY can be used to label to proteins as well.2%

By utilizing the targeting properties of serum albumin, dyes can be labelled to the protein to alter and
potentially improve the imaging properties of the tracer. Therefore, a hybrid tracer using serum albumin as
a targeting ligand will enable live tracking of AH outflow to the lymphatic system as well as fluorescence

in situ and microscopic imaging validation which would be useful for testing novel treatments for glaucoma.

1.8 Thesis hypothesis, specific aims, and organization

1.8.1 Hypothesis

Labeling a quencher dye and a fluorescent dye to the same protein will create a hybrid tracer that may be
suitable for both in vivo photoacoustic imaging, and post-mortem fluorescence imaging (for validation of

in vivo photoacoustic imaging results).

1.8.2 Specific aims

The specific aims of this thesis are:
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SAL: To determine a standardized method to characterize photoacoustic contrast agents for lymphatic

imaging.

SA2: To characterize several near-infrared tracers for photoacoustic imaging

SA3: To select an optimal near-infrared dye for in vivo photoacoustic imaging of lymphatic drainage

SA4: To combine the selected near-infrared dye and a fluorescent dye for dual labeling of bovine serum

albumin to image lymphatic drainage of AH from the eye to lymph node

SAS5: To characterize the combined tracer using the same methods determined by SAl

SAG6: To test the combined photoacoustic and fluorescent, lymph node targeting contrast agent, by injecting
it into the anterior chamber of mice and imaging the mice with photoacoustic and fluorescent imaging, in

vivo and post-mortem respectively.

1.8.3 Thesis Organization

This thesis is organized in six chapters. Chapter 1 covers the introduction to glaucoma, its connection to
lymphatics and lymphatic imaging. Chapter 1 also introduces the basic concepts of photoacoustic imaging
and contrast agents, and the use of serum albumin as a targeting ligand for the lymphatic system. Chapter
2 is the basis of a manuscript submitted to the Molecular Imaging and Biology Journal that describes in
depth methods to characterize photoacoustic contrast agents for lymphatic imaging. Chapter 3 is a second
manuscript that builds upon the characterization techniques described in Chapter 2 to aid in the development
of a hybrid photoacoustic and fluorescent contrast agent. It is deemed ready for submission by the
supervisors. Thesis discussion and conclusions are presented in Chapters 4, and Chapter 5 presents future
directions and preliminary in vivo data using the hybrid contrast agent described in Chapter 3, and some

conclusions based on preliminary data. Chapter 6 contains all of the references.
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Chapter 2 : An Approach to Test the Suitability of a Commercial Near-
Infrared Dye for Quantitative In Vivo Photoacoustic Lymphatic Imaging
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Preface

This paper, entitled “An Approach to Test the Suitability of a Commercial Near-Infrared Dye for
Quantitative In Vivo Photoacoustic Lymphatic Imaging”, describes a study where we determined and
implemented a method of non-biased characterization of photoacoustic contrast agents. | was the primary
researcher of this study. | designed and executed the experiments, performed the data analysis, and prepared

the figures.

I formulated the research concept with Dr. Yeni Yucel and Dr. Neeru Gupta, both of whom provided
feedback and suggestions for experimental design and contributed intellectual ideas to this work. The
statistical analysis outlined in section 2.3.5.5 was performed by Hyacinth Irving. Dr. Paola Luciani provided
insights into the tested dyes. Xun Zhou provided insights on experimental design and results as well as
provided me with the appropriate training. Dr. Carl Kumaradas provided insights on experimental results

through committee meetings. All authors took part in editing this manuscript.

2.1 Abstract

There is a lack of an objective standardized approach to compare and select contrast agents for
photoacoustic imaging. To determine the optimal contrast agent for photoacoustic imaging of lymphatic

drainage, three commercially available near-infrared dyes were investigated: dark quencher dye, IRDye®
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QC-1, and fluorescent dyes IRDye® 800CW and CF™770. The characteristics assessed in vitro included
minimum detectable concentration (MDC), linear range, and photostability. All three dyes demonstrated
similar MDCs of 0.89 (QC-1), 1.99 (IRDye 800CW), and 2.81 uM (CF770). Linear range was largest for
CF770, followed by IRDye 800CW with two distinct ranges. QC-1 showed the narrowest linear range.
However, QC-1 was more sensitive to variation in concentration with a slope an order of magnitude steeper
than the other dyes. QC-1 was the most photostable followed by CF770. This work provides a systematic

unbiased approach to compare dyes to optimize in vivo quantitative photoacoustic experiments.

Keywords: Contrast Agent, Minimum Detectable Concentration, Limit of Detection, Linear Range,

Photobleaching

2.2 Introduction

Recent developments in the field of photoacoustic (PA) imaging include, but are not limited to, the
advancements of super-resolution PA imaging,'% functional PA microscopy,'®%° and PA tomography.'!
The development of contrast agents® 112118 has also been important for PA imaging. However, standardized
methods to compare various contrast agents and to select them for specific applications in PA imaging are

rather limited.%”

The acoustic detection in PA imaging is based on the optical absorption of two categories of chromophores:
endogenous and exogenous. Endogenous chromophores such as oxygenated and deoxygenated
hemoglobin, or melanin are constitutively present in the blood and skin, respectively. Currently,
endogenous chromophores are used in a limited subset of clinical ailments.% Alternatively, exogenous
chromophores are not present in the body and are often introduced in PA imaging as contrast agents to
increase the contrast between the signal and background, increase the maximum imaging depth, locate
biological entities, or to observe biological functions in vivo. Contrast agents consist of two primary
components: a targeting ligand, and a signaling compound. The targeting ligand is used to specify the

location of the contrast agent in vivo and it is selected based on the biological entity or process of interest.

22



The selection of the targeting ligand depends on numerous parameters and is beyond the scope of this paper.
A signaling compound is the source of the PA signal and can be categorized into three broad classes:

metallic or semiconducting nanostructure, organic polymer, or near-infrared (NIR) dye.® ¢’

Of the three classes of signaling compounds, NIR dyes tend to have good tissue distribution and penetration,
low toxicity, and fast clearance rates.%® Furthermore, NIR dyes can be conjugated to various proteins and
enzymes’* to obtain NIR tracers that can be used to track biodistribution and biological processes. We have
performed this in previous work by tracking lymphatic drainage using labelled albumin.” PA dyes should
absorb in the NIR range within the “biological window” which is the range of wavelengths (from 700 nm
to 900 nm) where the absorption due to the endogenous chromophores oxygenated and deoxygenated
hemoglobin, and water are at a minimum.*® To our knowledge, tests for quantitative standardization and
characterization to compare new and current NIR dye signaling compounds for PA imaging are not yet

well-established.

There are several important characteristics when selecting a PA signaling compound and these parameters
will vary depending on the application. The background signal due to the presence of endogenous
chromophores in the target tissue or compartment is important to consider in the selection of a tracer.
Imaging of the lymph, whose PA background signal is extremely low owing to an aqueous fluid without

endogenous chromophores, presents unique opportunities for the development of PA contrast agents.

In this study, we aim to develop a method to characterize and to help compare contrast agents in a lymph-
like agueous solution with minimum background signal. One pivotal characteristic of the contrast agents to
be determined is the minimum detectable concentration (MDC), also known as limit of detection (LOD)*?°,
defined as the lowest concentration at which the PA signal from the signaling compound can be
distinguished from the background or control signal. It is desirable to have a smaller LOD for applications

in which identifying the location of the signaling compound in low concentrations is important.
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Furthermore, to quantify relative changes in signaling compound detection in PA images, it is essential that
the concentrations in the region of interest remain within the linear range of the PA signal vs concentration
for the contrast agent. Therefore, the larger the linear range, the larger the range of quantification. The other
relevant parameter is the slope within the linear range, the steeper the slope, the greater the sensitivity of
the photoacoustic imaging to differentiate between concentrations of the contrast agent. Directly connected
to the linear range is the limit of quantification (LOQ), defined as the minimum quantifiable concentration
which can be equal to, or greater than, the LOD. Finally, photostability of the NIR dyes under continuous
light exposure is an important characteristic to assess for quantitative photoacoustic imaging. The decrease
in PA signal as a function of laser irradiation time and energy is an informative parameter to be assessed
for each NIR dye. We will refer to this phenomenon as PA photobleaching. Some studies have already
investigated the effects of laser power and energy on the PA photobleaching of various contrast agents.***-
115 An ideal signaling compound for experiments requiring repetitive PA imaging would be photostable,
and would not undergo PA photobleaching, and would generate a consistent PA signal, regardless of light
exposure during the imaging session. The lack of PA photobleaching would enable accurate quantification

of the PA signal with multiple imaging sessions.

The NIR dyes suitable for PA could be either fluorescent or non-fluorescent- also known as dark quencher-
dyes. Fluorescent dyes enable the validation of PA images through gold standard fluorescence imaging
modalities. However, since some of the energy absorbed by fluorescent dyes is converted into lower energy
photons, less energy is converted into heat and in turn, a smaller PA signal is produced than an equivalent
dye that doesn’t fluoresce. Dark quencher dyes absorb the photons from fluorescent dyes (quench) and do
not convert absorbed energy into photons which could potentially generate a stronger PA signal.1?% 122
Furthermore, we hypothesize that the lack of fluorescence from dark quencher dyes will result in less PA

photobleaching.!?

In this study, we compare three different commercial NIR dyes: IRDye 800CW, CF770, and IRDye QC-1.

IRDye 800CW is a fluorescent dye that has already been used in PA imaging® 118 124-126 and is commonly

24



used in various other applications like some cited here.” 8 127. 128 CE770, a remarkably photostable
fluorophore that has been used for in vivo fluorescence imaging?® *° and western blot experiments,*3! has

not yet been used in PA imaging to the best of our knowledge.

IRDye QC-1 is a broad range NIR dark quencher that we used as the PA signaling compound in our
aforementioned study.'” It has also been used in other PA studies as a quencher for IRDye 800CW.® 121
QC-1 has also been compared against other NIR dyes in terms of photoacoustic performance and detection

when formulated in biocompatible nanoemulsions.%

In this study, we propose a comprehensive in vitro characterization method for signaling compounds for
the use of quantitative in vivo PA imaging. Several commercially available NIR dyes were compared with
a PA imaging by determining the minimum detection concentration, the relationship between the dye

concentration and the PA signal, and the effects of PA photobleaching on PA signal.

2.3 Materials and Methods

2.3.1 Dye Selection

Commercially available NIR dyes were selected based on two primary optical absorption properties: peak
absorption wavelength, and molar extinction coefficient. In biological optical imaging, there is a NIR
window between 700 nm and 900 nm where the absorption of the endogenous chromophores is at a
minimum allowing for maximum depth penetration.**® It is important for any optical imaging signaling
compound to have a peak absorbance in this window to have valid in vivo imaging use. All NIR dyes were
selected to have their peak absorption wavelength within this range. Furthermore, the molar extinction
coefficient is a value that is directly related to the light absorbance of a material which is one of the main
parameters that dictate the magnitude of the generated PA pressure wave.®> Therefore, a higher molar
extinction coefficient is likely to produce a higher PA signal which will also increase the signal to noise

ratio.

25



2.3.2 Dye Preparation

Several NIR dyes were selected for testing as PA contrast agents: QC-1 (IRDye QC-1; LI-COR
Biosciences, NE, USA), CF770 (Biotium, CA, USA), and IRDye 800CW (IRDye 800CW LI-COR, NE,
USA). QC-1 is a dark quencher dye, and CF770 and IRDye 800CW are NIR fluorescent dyes with
maximum emission wavelengths at 797 nm, and 789 nm in PBS, respectively (Hyclone Laboratories Inc,

UT, USA).

Table 1. The list of NIR dyes used in this study along with their maximum absorption wavelength (Amax abs ), molar

extinction coefficient (¢), cost per 0.5 mg, and supplier.

Dye Amaxabs € Cost Per 0.5 mg (USD) Supplier
IRDye QC-1 737 nm 96,000 M~1cm™? $130 LI-COR
CF770 770 nm 220,000 M~ tcm™1 $41 Biotium
IRDye 800CW 774 nm 240,000 M~ tcm™1 $130 LI-COR

Each dye was delivered in lyophilized powder form and prior to experiments, a stock solution was made
by mixing 250 uL of ultra-pure water (Wisent bioproducts, QC, Canada) with the lyophilized powder in
the original packaging as instructed by the manufacturer. The concentration of the stock solution was

calculated using the molar mass of the dye, and the mass of the powder provided by the manufacturer.

2.3.3 Absorbance Readings

Absorbance spectrum measurements were taken with the Biotek plate reader spectrophotometer (Multi-
Mode Reader Synergy Neo2 BioTek, VT, USA) after further diluting each dye in PBS to approximately 25

uM. Absorbance was measured from duplicate 2 pL samples of each dye concentration scanned from 680

! Prices obtained from suppliers as of February 2019. Prices were converted into USD for 0.5 mg of product. Amount
of product does not necessarily reflect what is available for sale by the supplier.
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nm to 980 nm in 1 nm steps with PBS as a control. The concentration of each sample was determined by
Beer-Lambert’s law with the molar extinction coefficient at the peak absorbance wavelength provided by

the manufacturer.

2.3.4 Phantom Preparation

A cylindrical phantom mold was made from two modified 20 mL syringes (diameter of 1.85cm, Becton,
Dickinson and Company, NJ, USA) and two capillary tubes (Inner diameter of 1.1 mm and outer diameter
of 1.5 mm, Thermo Fisher Scientific, ON, Canada) to create nearly identical phantoms for each in vitro dye
characterization experiment. The capillary tubes were placed symmetrically into holes on both sides of the

cylindrical mold. A diagram of the phantom mold is shown in Figure 2-1.

Phantoms were made using a modified protocol from Dean-Ben et al.'*® to provide a uniform light
distribution to the dye samples. Agar powder (75 mg, Sigma-Aldrich, MO, USA) was mixed with 50 mL
of deionized water and brought to a boil in a microwave oven (Sanyo Electric, Osaka, Japan). The agar
mixture was allowed to cool for 5 min at room temperature prior to adding 2.5 mL of warmed Intralipid®
(20%, Sigma-Aldrich, MO, USA) to make the final mixture 1% Intralipid and 1.5% agar. The agar-
intralipid mixture was then poured into the phantom mold and allowed to solidify at room temperature.

Once solidified, the phantom was removed from the mold to be used for PA imaging.

2.3.5 Relationship between PA Signal and Dye Concentration

2.3.5.1 Dye Preparation

From the stock solutions, 17 concentrations were made for each dye (200, 175, 150, 125, 100, 75, 50, 40,
25, 20, 10, 5, 2.5, 1.25, 0.625, 0.313, and 0.156 puM) by diluting in PBS assuming that the stock
concentration is accurate. Prior to PA imaging, the absorbance of duplicate 2 pL samples of each dye
concentration was scanned with PBS as a control using the spectrophotometer from 680 nm to 980 nm in 1

nm steps. The average maximum absorbance for each dye sample concentration was used to calculate the
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actual concentration of the dye sample which varied significantly from the planned concentrations either

due to inaccurate dye powder masses or inexact quantities of added ultrapure water to the stock solution.

2.3.5.2 PA Imaging

Capillary tubes were cut to approximately 5 cm segments. For each concentration, approximately 15 pL
was placed inside each capillary tube. Both ends of the tube were sealed with a few millimeters of white
polymerclay (Sculpey, Michael’s Craft Store, TX, USA) where super glue (Elmer’s Krazy glue, Elmers’
Products, NC, USA) was used to enhance the seal. Each dye concentration was imaged inside the agar-
intralipid phantom next to a capillary tube of PBS as control. Dyes were imaged using the MSOT inVision
128 (iThera Medical, Heidelberg, Germany). Prior to imaging, the MOST was turned on and allowed to

warm up for 40 min to allow the water to reach 32 °C, the generic preset temperature for the MSOT imager.

The phantom was oriented inside the MSOT imaging chamber using the MSOT phantom holder with the
sample and control horizontal to one another and the phantom was centered in the imaging chamber. Each
dye concentration sample was imaged from 680 nm to 980 nm in 5 nm steps every 2 mm along 1 cm of the
phantom. At each position, 3 frames were taken and averaged for each wavelength. Each concentration for
each dye was imaged 3 times (3 different samples in their own respective capillary tubes) to demonstrate

reproducibility and observe any variation.
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Figure 2-1. Phantom preparation and imaging set up. A) Diagram of a home-made phantom. B) Phantom holder and
PA multispectral tomography animal imaging system (MSOT) diagram. C) Reconstructed PA image of the dye
imaging set up. The red circle shows the dye region of interest, and the blue circle shows the control (PBS) region of
interest. The intersect of dotted lines indicate the center of the transducer ring shown in B. The scale bar indicates

2mm. Diagrams A) and B) are approximated and not to scale.

2.3.5.3 PA Image Data Analysis

PA images were reconstructed using the Backprojection algorithm within the native viewMSQOT software.
To obtain the PA spectra of each dye to compare to the molar extinction coefficients, circular regions of
interest (ROIs) were taken surrounding the dye and control (PBS without dye) capillary tubes with an area
of 1.75 mm?. The mean pixel intensity (MPI) within the ROIs was recorded for each wavelength and the
MPIs for the dye ROIs were plotted as a function of wavelength and are shown in Figure 2-2. The PA

spectra were taken from the dyes with concentrations near 25 pM.

To determine the relationship between concentration and PA detection, spectral unmixing was done using
wavelengths from 700 nm - 900nm with the water molar extinction coefficient spectrum provided by the
viewMSOT software taken from data in the literature as well as the molar extinction coefficients of the

imaged dyes as calculated by the spectrophotometer readings mentioned in section 2.3.1. The linear
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regression spectral unmixing algorithm was used to determine the unit-less relative proportions of water

and the dye.

The same sized circular ROIs were made and the MPIs of the detected dye for both the dye ROI and the
control ROI were recorded for the entire capillary. PA image slices were visually observed for any slices
that contained the capillary with the polymer clay end seals or completely missing the capillary tube due to
imperfect alignment. Data obtained from these slices were removed from the data set. The remaining MPIs

for each concentration and sample were averaged and are shown in Figure 2-3(vide infra) for all dyes.

2.3.5.4 Minimum Detectable Concentration

The LOD in vitro was calculated using EP17, Protocols for Determination of Limits of Detection and Limits
of Quantitation described by Armbruster and Pry.*2° The limit of blank (LOB, Ly;anx) Was calculated using

(1), which was then used to calculate the LOD (Lgetection) USing (2).

Lplank = Uplank T 1.645(8pjank) @)

Ldetection = Lblank + 1-64'5(510w conc.sample) (2)

Linear regression lines of best fit were made for the MPIs as a function of concentration for each dye using
data from 5 concentrations starting from one concentration below the LOB moving to higher concentrations
(approx. 0 to approx. 25 uM). The MDC for each dye was estimated using the linear regression line of best
fit equation and the LOD. Standard deviation was calculated from the line of best fit. MDCs and standard

deviations are shown in
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Table 2.

2.3.5.5 Linear Range

The linear range of each dye was determined through the statistical methods described in EP6-A.1 Linear
mixed effects models for small sample inference were used to estimate the parameters, outlier rejection,
and recalculation of the fitted regression model. In all models, dye identity was included as a random factor
to account for repeated measurements. The mean pixel intensities (MPIs) of the dyes, dependent on the dye
concentration, were initially fit with models with a cubic function for the entire range of dye concentrations.
If the coefficients of the cubic terms were significantly different from zero (P < 0.05), then the plot of the
MPI as a function of concentration was observed to remove data points from either the high concentration
end or the low concentration end. The data was continuously fitted to the cubic function until the cubic
coefficients became non-significant. Subsequently, a quadratic function was fitted to the data and if the
coefficients of the quadratic term were significantly different from zero, then the same steps of removing
data were taken as mentioned previously until the quadratic term was non-significant. Finally, the linear
model was estimated and the various parameters including the y-intercept, slope, residual, and respective
variances between samples were derived. The final estimated linearity model was assessed for lack of fit
by basic evaluation of a plot of MPI and derived concentration levels. All analysis were completed using

Stata 15.1 (StataCorp 2017).

2.3.6 PA Photobleaching: PA Signal versus Imaging Time

2.3.6.1 Dye Preparation

A single concentration for each dye was made from their respective stock solutions by diluting in PBS.
Concentrations for each dye were selected such that the mean pixel intensities were similar for all of the
dyes. (2.3.4). Prior to PA imaging, the absorbance of duplicate 2 uL samples of each dye was scanned with

PBS as a control using the spectrometer from 680 nm to 980 nm in 1 nm steps. As described above, the
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maximum absorbance for each dye and concentration were used to calculate the actual concentration of the
dye. After PA imaging, the imaged dye samples were read again with the spectrophotometer under the same

settings.

2.3.6.2 PA Imaging

The setup for the PA photobleaching experiment was nearly identical to that described in 2.3.5.2. However,
for these experiments, the capillary tubes were carefully measured and cut to 3.5 cm segments. So that for
each concentration, approximately 6 UL was placed inside each capillary tube. For these experiments, each
dye sample was imaged at their respective maximum peak absorbance every 0.5 mm along the length of
the capillary tube. At each position, 3 frames were taken and averaged. The capillary tube was imaged
repetitively, without delay for 1 hour as done in another study.'* Additionally, 1 hour of imaging is
comparable to the total cumulative imaging time of mice in our quantitative study.!” As described above,
each dye was imaged 3 times (3 different samples in their own respective capillary tubes) to demonstrate

reproducibility and observe any variation.

2.3.6.3 PA Image Data Analysis

PA images were reconstructed using the Backprojection algorithm. Circular regions of interest were taken
surrounding the dye and control capillary tubes with an area of 1.75 mm? and the MPIs were recorded. A
sample of 10 image slices per scan was selected for data analysis. The average and standard deviation MPI
of the 10 slices for each of the three imaging samples were taken for each time point. The average MPI was
then normalized to the maximum MPI of each dye respectively. The normalized MPI as a function of time

is shown in Figure 2-6 (vide infra).

Using MATLAB codes provided by iThera Medical, the average laser energy at each time point was

extracted from the data and the average summation of energy over time was noted for all three dyes.

32



2.4 Results

The PA spectra of the dyes showed a change in the spectral shape compared to the molar extinction
coefficient spectra. Most notably, the MPI was much higher at the shorter wavelengths (< 700 nm)
compared to the molar coefficient spectra. Furthermore, the peak absorption wavelength was characterized

by a 5-10 nm hypsochromic shift for all dyes in the PA spectra.
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Figure 2-2. Near-infrared dye molar extinction coefficients and absorption spectra measured from 680 to 980 nm. A)
Molar extinction coefficients determined from the spectrophotometer measurements. B) PA mean pixel intensity (MPI)

or PA spectra. Concentration of each dye: QC-1 (24.06 uM), CF770 (26.55 uM), IRDye 800CW (23.33 uM), all
diluted in PBS.

2.4.1 Relationship between PA Signal and Dye Concentration

The PA signals, or MPIs, for each dye in Figure 2-3 show that at concentrations higher than approximately
10 uM, MPIs for QC-1 are remarkably larger than the other NIR dyes such as CF770, and IRDye 800CW
that have similar MPIs. Further analysis determining the minimum detectable concentration (MDC) for

each dye indicates that IRDye 800CW has the lowest MDC, followed by CF770 and QC-1 (Figure 2-4 and
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Table 2).
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Figure 2-3. PA signal (mean pixel intensity, MPI) as a function of dye concentration for all near-infrared dyes. A)
Concentration ranges from 0 to approximately 200 uM. B) Concentration ranges from 0 to approximately 10 uM.

Error bars represent the standard deviations of MPI between the imaging slices in the three samples.

2.4.2 Minimum Detectable Concentration (MDC)

IRDye QC-1 was shown to have the smallest MDC followed by IRDye 800CW and CF770 respectively.

All MDCs were determined to be relatively close with small standard deviations.
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Figure 2-4. Minimum Detectable Concentration and PA signal (mean pixel intensity, MPI) as a function of dye
concentration. Concentration ranges from 0 UM to approximately 25 uM. A) IRDye QC-1 B) CF770 C) IRDye 800CW.
Limit of Detection line shown in black. MDC for each dye is: QC-1 (0.000992 a.u.), CF770 (0.000367 a.u.), and
IRDye 800CW (0.00033 a.u.). PBS MPI is shown in gray. Error bars represent the standard deviations of MPI between
the imaging slices in the three samples.
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Table 2. Minimum detectable concentration: The estimated minimum concentration detectable in vitro by PA imaging
for NIR dyes.?

Dye Minimum Detectable Conc.
QC-1 0.89 uM £ 1.28 uM
CF770 2.81 pM + 2.89 uM
IRDye 800CW 1.99 uyM + 0.78 uM

2.4.3 Linear Range

Graphical representation of the linear ranges for each dye is shown in Figure 2-5. The fluorescent CF770
dye has the largest statistically linear range of concentrations compared to the other two dyes. Two separate
linear ranges were detected for IRDye 800CW. The second, larger range for IRDye 800CW extended to the
end of the concentration range tested, implying that the range may extend past the maximum quantifiable
concentration indicated. However, after performing an additional experiment using concentrations from 87
to 306 uM, we found that there is a statistically linear range of IRDye 800CW from 63.5 to 306 uM and a
significant variance between the slopes of the three samples when these additional concentrations are added.
QC-1 had the smallest linear range. The QC-1 showed the steepest linear range slope compared to CF770

and IRDye 800CWas indicated in Table 3.

2 Standard deviation values were calculated using the expected concentration values from the line of best fit equations.
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Table 3. Linear range: The approximate ranges between two concentrations where the photoacoustic signal intensity

is linearly related to the concentration.

Dye Linear Range Slope of Linear Range
QC-1 Oto 75.7 3.563E-5
CF770 19.5t0 198.9 9.27E-6
IRDye 800CW 0t023.3 & 44.5t0190.6 1.82 E-5 & 7.00E-6
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Figure 2-5. The line of best fit for the statistically linear range of concentrations for each dye. Bars represent the 95%

confidence interval.
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2.4.4 PA Photobleaching: PA Signal versus Imaging Time

The PA signal, or MPI, of the three NIR dyes showed a significant decrease after 60 min of imaging. QC-
1 showed the least amount of PA photobleaching having a decrease in signal of approximately 11%. CF770
follows QC-1 with a decrease of 26%, and IRDye 800CW has a decrease of 40%. The average laser energy
values integrated over time for the QC-1, CF770, and IRDye 800CW samples are 5.673, 5.877, and 5.709
J-s respectively with the largest difference in energies being between the QC-1 and CF770 samples. CF770
had a 3.6% higher average summation of energy over time. We speculate that the steeper decline in MPI
observed over time for CF770 compared to QC-1 is not entirely due to the slightly higher energy the CF770

samples were exposed to.

It is noteworthy that the effect of PA photobleaching had on the QC-1 samples do not appear to take effect

until after 10 min of imaging. A similar observation can be made within 5 min of imaging for CF770.
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Figure 2-6. The normalized PA signal (mean pixel intensity, MPI) as a function of imaging time (total 1 hour) for QC-
1 (red), CF770 (orange), and IRDye 800CW (blue). Error bars represent the standard deviation between the three

imaging sessions of three separate dye samples.
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2.5 Discussion

The results of these characterization tests indicate that no single dye from the ones we tested is a superior
signaling compound for all 3 criteria. QC-1 has the smallest MDC making it the most sensitive NIR
chromophore among the ones tested. The relationship between PA signal and concentration is also linear at
these low concentrations for QC-1 meaning that the MDC is also equivalent to the minimum quantifiable
concentration. However, at concentrations above approximately 80 uM, the relationship between the PA
signal and concentration is not linear, making it a much narrower range of quantifiable concentrations by
PA imaging when compared to CF770 and IRDye 800CW. However, within the linear range, the slope is
steeper for QC-1 compared to the other two dyes. QC-1 with the steepest slope, the photoacoustic imaging
is more sensitive to detect variation in concentration compared to CF770 and IRDye 800CW. Furthermore,
QC-1 showed the least amount of PA photobleaching in this study. Based on these results, QC-1 is a good
choice of signaling compound for studies that require high PA sensitivity and/or repetitive PA imaging;
however, since the linear range is so small, accurate quantification of QC-1 dye at higher concentrations is

not feasible without the use of fluence correction methods.*®

CF770 had the highest MDC of the three dyes tested; however, the MDC was still comparable to the other
two dyes and should not be eliminated as a PA signaling compound for that reason alone. For the range of
concentrations tested within this study, CF770 had the largest measured linear range. In terms of PA
photobleaching, CF770 showed less photobleaching than IRDye 800CW and more than QC-1. If PA
imaging applications require fluorescence imaging for validation, CF770 would be a good choice for a
signaling compound provided that PA imaging is not performed for long periods of time (over
approximately 5 min) to reduce the effects of PA photobleaching for more accurate quantification.

However, one could potentially quantify photobleached data, by taking into account the PA photobleaching
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rate and the total amount of light exposed to the signaling compound during the imaging sessions. The

latter, which potentially involve complex fluence calculations, was beyond the scope of this paper.

Lastly, IRDye 800CW showed a small MDC as well as two distinct linear ranges. The presence of two
linear ranges alone adds complexity to quantification; however, since there is a significant effect of PA
photobleaching that occurs with IRDye 800CW, it makes the dye difficult to quantify when repeated
measurements over time are required. Despite PA photobleaching being a disadvantage in terms of PA
guantification, it may have other potential uses such as light dose monitoring during near-infrared light-

based therapies.**

These experiments characterized commercially available NIR dyes as signaling compounds for PA
imaging. Researchers choosing between NIR dyes, or other signaling compounds, for various applications
should alter the assay described above to better suit their parameters; however, all parameters should be the

same for all the dyes being tested.

FDA approved indocyanine green (ICG) was another NIR dye that was initially considered for this study
due to clinical use; however, due to its well-established instability®, and poor water solubility, it was not

included in this investigation.

In this study, three dyes were compared in vitro in aqueous medium mimicking lymph embedded within a
light scattering phantom. The systematic approach described in this study may be also useful when studying

contrast agents in more complex physiologically relevant media such as blood.

2.6 Conclusion

In conclusion, we developed a quantitative method for characterizing and comparing near-infrared dyes as
signaling compounds for photoacoustic contrast agents. The criteria for comparison include the range of
concentrations for which the relationship between concentration and photoacoustic signal is statistically

linear, the minimum detectable concentration, and the effect repetitive imaging has on photoacoustic signal.
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These criteria are a way to measure the quantifiable range, sensitivity, and photostability respectively for a
photoacoustic system and provide scientists with the insights on which signaling compound to use for their

experimental needs.
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Preface

Having previously demonstrated a method to characterize photoacoustic contrast agents using non-biased
methods described in Chapter 2, we wanted to use this method of characterization to aid in the development
of a hybrid photoacoustic-fluorescent contrast agent for use in lymphatic imaging. This paper, entitled “A
Hybrid Tracer for Photoacoustic and Fluorescence Imaging of Lymphatic Drainage from the Eye”,
describes a study where we developed a hybrid photoacoustic-fluorescent contrast agent through labeling
two different dyes to the same protein. | was the primary researcher of this study. | designed and executed

the experiments, performed the data analysis, and prepared the figures.

I formulated the research concept with Dr. Yeni Yucel and Dr. Neeru Gupta, both of whom provided
feedback and suggestions for experimental design and contributed intellectual ideas to this work. Dr. Bryan
Koivisto provided the BODIPY dye used in this study and provided insights on the chemistry of the dye
and the methods for labeling the BODIPY to the protein. Xun Zhou provided insights on experimental
design and results and provided appropriate training. Dr. Carl Kumaradas provided insights on experimental

results through committee meetings. All authors took part in editing this manuscript.
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3.1 Abstract

Photoacoustic (PA) imaging for biomedical applications often requires contrast agents to improve signal to
background ratios. In vivo PA images are generated by computer-assisted qualitative and quantitative data
analysis. Therefore, adding another imaging modality such as fluorescence imaging can validate in vivo
findings. The availability of a single contrast agent that can be effectively used for in vivo PA and post-
mortem fluorescence imaging is currently lacking and would be advantageous in the field. Here we
developed a hybrid tracer with the purpose of in vivo PA imaging (PAI) of lymphatics and post-mortem
fluorescence imaging validation. Bovine serum albumin (BSA) was dually labeled with dark near-infrared
(NIR) quencher dye QC-1 for PAI and Pentamethyl BODIPY for fluorescence imaging. The QC-1-BSA-
BODIPY (QBB) tracer was characterized using a commercial PAI system (680 to 980 nm) to determine the
minimum detectable concentration (MDC), linear, or quantifiable, range, and the photostability. The MDC,
linear range and photostability of the QBB tracer was 1.22 uM, from 0 to 73 uM, and a 14% decrease in
PA signal after 1-hour laser light exposure, respectively. Furthermore, QBB remained fluorescent after
repetitive laser exposure. The development of a hybrid tracer is promising for the PAI and requires stronger

binding of the BODIPY to BSA to further improve the fluorescence imaging.

Keywords: Contrast Agent, Minimum Detectable Concentration, Limit of Detection, Linear Range,

Photobleaching

3.2 Introduction

Photoacoustic (PA) imaging is a three-dimensional (3D) hybrid imaging modality that combines optical
and acoustic imaging.t®” The use of near-infrared (NIR) laser wavelengths within the range of 700 to 950
nm, known as the first NIR optical window,*3 allows the imaging of deeper tissues since the absorption of
oxygenated and deoxygenated hemoglobin are at a minimum. The generation of PA images require
computer-assisted qualitative and quantitative analysis of the PA data® 13 and these software-generated

images often require post-mortem or biopsy validation in biology and pathology applications.4%-14°> Post-
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mortem validation is also required to confirm both qualitative and quantitative results of PAI since this is a
relatively new imaging modality. Histological validation of PAI is often performed by fluorescence
imaging.t*® In our previous work, we assessed in vivo lymphatic drainage from the eye in mice using PAI
and a NIR non-fluorescent contrast agent.!” To validate in vivo PA images we performed, in a separate
group of animals, post-mortem fluorescence imaging after the injection of a NIR fluorescent tracer.
Development of a hybrid photoacoustic-fluorescent contrast agent would enable in vivo photoacoustic
imaging and post-mortem fluorescence validation in the same animals, reduce interindividual variation, and

improve the correlation studies between in vivo PA and fluorescence images.

As PAI depends on the absorption of NIR light by molecules, the detection of tissues in the body that do
not absorb light in this range (ie. the non-pigmented tumors, lymph, and cerebrospinal fluid) requires the
use of exogenous contrast agents. A contrast agent consists of two components: a targeting ligand and a
signaling compound.®! A targeting ligand is used to target a specific biological entity or process. For
example, albumin is drained from interstitial tissue by lymphatics and is accumulated in the lymph nodes,”
and is therefore often used as a targeting ligand in lymphatic imaging.1#’-*5* A signaling compound, for
PAI, is the component of the tracer that generates the photoacoustic signal. There are several categories of
signaling compound: metallic nanoparticles, organic nanostructures, and NIR dyes. Of the three categories,
NIR dyes are the smallest and can be used to label ligands such as proteins and antibodies with a minimal

change in the size or in biocompatibility of the protein or antibody.*!

Several studies have demonstrated the use and applications of combined photoacoustic and fluorescence
imaging.41%° Indocyanine green (ICG) is the only FDA approved NIR dye and as such, has been widely
used as a contrast agent for both photoacoustic and fluorescence imaging.®"**® However, due to the
dyeinstability and spectral shape changes as a function of concentration® 1%, due to aggregation?®® 162, the
quantification of the ICG signal becomes complicated. Alterations of ICG®® or changes in imaging
parameters are required to reduce photobleaching. Other fluorescent dyes that have been used as contrast

agents for dual photoacoustic and fluorescence imaging include cyanine dyes!® % and fluorescein®®.
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IRDye800CW, another NIR fluorescent dye, has been used for photoacoustic and fluorescence imaging for
pancreatic cancer detection,'®* and lymphatic imaging in mice.®® Using NIR fluorescent dyes enables the
use of both fluorescence and PA imaging without the need for additional signaling compounds. However,
a study performed by Laufer et al. demonstrated that non-fluorescent proteins, when compared to
fluorescent proteins, have a higher photoacoustic generation efficiency and a significantly higher
photostability.*%® For PAI, a higher photostability is characterized by a stable PA signal after long-duration
laser exposure. In this paper, we will refer to a decrease in PA signal as a function of laser exposure as
photoacoustic photobleaching. It is therefore likely that a non-fluorescent dye would exhibit similar
photostability properties to a non-fluorescent protein resulting in high photoacoustic signal generation and
less photoacoustic photobleaching. In addition, due to the peak absorbance wavelength of NIR fluorescent
dyes being within the PAI wavelength range, the high energy of the photoacoustic laser may induce a
photochemical change in the dye which results in the dye having reduced or completely inhibited
fluorescence, a.k.a photobleaching. Therefore, a NIR non-fluorescent dye would be advantageous for PAI.
An example of a NIR non-fluorescent dye is IRDye QC-1 (LI-COR), developed as a broad-range dark
quencher for Forster resonance energy transfer assays.”® A quencher dye is able to absorb, or quench, the
photons emitted by fluorescent dyes. The most efficient quenching occurs when there is a significant
overlap of the absorption spectrum of the quencher dye and the fluorescent spectrum of the donor
fluorescent dye and the dyes are in close proximity.” Additionally, QC-1 has also been previously used as
a photoacoustic contrast agent.” . 67 78 167 1n our previous study, QC-1 demonstrated desirable
photoacoustic imaging properties including a linear, or quantifiable, range with a steep slope allowing for
easier differentiation between close concentrations, a low minimum detectable concentration, and good
photostability with minimal change in photoacoustic signal generation with increasing imaging time. %8 All
these properties are desirable for quantitative photoacoustic imaging that requires multiple imaging

sessions.
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However, a non-fluorescent dye like QC-1 cannot be detected using the fluorescence imaging modalities
and therefore cannot be used to validate the PA images. A method to maintain the PA signal stability as
well as to obtain fluorescence signal is to use a contrast agent that contains both a non-fluorescent and
fluorescent dye. A fluorescent dye that requires higher energy photons to excite, and therefore shorter peak
absorption and fluorescence wavelengths (< 700 nm), would prevent the dye from being photobleached by
the PA laser during imaging with the commercial photoacoustic tomography (MSOT, wavelength range
(680 nm — 980 nm), iThera Medical Inc.) used in this study. This fluorescent dye would therefore not
produce a photoacoustic signal and can be paired with the dark NIR quencher QC-1 so long as the
fluorescence of the dye is outside the quenching range of QC-1 (520 to 809 nm).”® Additionally, a dye that
has maximum absorbance at a wavelength shorter than the NIR wavelength range of the MSOT
photoacoustic imaging system would likely not undergo fluorescence photobleaching that would occur

from the repetitive photoacoustic laser irradiation.

There are several well known dyes that have peak fluorescence wavelengths outside both the quenching
range of QC-1 and the MSOT imaging range including, but not limited to, fluorescein, various Alexa Fluor

dyes, and BODIPY derivatives (Table 4).

Table 4. Properties of commonly use fluorescent dyes with peak emission wavelengths below the imaging range of the
MSOT and the quenching range of QC-1.

Fluorophore £ Abs max (nm) Emission max (nm)  Quantum yield
Alexa Fluor 405 35,000 401 421 -

Alexa Fluor 350 19,000 346 442 -

Alexa Fluor 488 73,000 495 519 0.92
Pentamethyl BODIPY 93,000 493 503 0.85
Fluorescein 76,900 491 512 0.93
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Fluorescein has a large molar extinction coefficient and a high quantum yield. However, it also has several
limitations including having relatively high photobleaching, pH-sensitive fluorescence, and quenching

tendencies of their own fluorescence when conjugated to biopolymers.1%°

A suggested alternative to fluorescein is Alexa Fluor 488. Of the Alexa Fluor dyes with fluorescence peaks
outside the quenching range of QC-1, Alexa Fluor has the largest molar extinction coefficient. Alexa Fluor
488 also has a similar absorption and emission spectra to fluorescein without any of the same limitations.
However, Alexa Fluor dyes are highly charged which can result in the perturbation of conjugate functional

properties.®

4,4-Difluoro-4-bora-3a, 4a-diaza-s-indacenes (BODIPYSs) (Figure 3-1. General structure of BODIPY : Z,Y
=B or 2,6 positions, X = meso position, W = a or 3,5 positions, V = 1,7 positions or other 3 positions) is a
non-polar, electrically neutral family of dyes that has been used in a variety of biological imaging and
advanced material applications due to their highly desirable properties such as high absorption coefficients,
and sharp emission peaks exhibiting high quantum yields and therefore, they produce strong fluorescence
signals. BODIPY can be used for intracellular imaging labeling reagents,*’® 1* biologically-relevant
sensors,'’2 and photodynamic therapy.® In addition, they are stable under physiological conditions making

them suitable for the fluorescence labeling of proteins for in vivo studies.®

Figure 3-1. General structure of BODIPY : Z,Y = f or 2,6 positions, X = meso position, W = o, or 3,5 positions, V =
1,7 positions or other f positions. Pentamethyl BODIPY is Z,Y =-H; X, V, W = methyl.

48



Specifically, the BODIPY derivative used in this study was the pentamethyl BODIPY (BODIPY 493/503)
derivative whose synthesis has been previously reported.}” While their spectroscopic characteristics can
be adjusted by rational design, BODIPYs are often insoluble in aqueous environments without significant
chemical modification. As a result of this insolubility, optimal performance in bioimaging is not possible.
However, in this work, we report the physical encapsulation of this pentamethyl BODIPY within Bovine

serum albumin (BSA).

We hypothesize that by combining the pentamethyl BODIPY dye that fluoresces outside the quenching
range of QC-1 alongside the QC-1 dye, a hybrid photoacoustic-fluorescent contrast agent could be
developed. To combine the QC-1 and BODIPY dyes into a hybrid contrast agent specifically for the purpose
of lymphatic imaging,’ both dyes can be labeled to serum albumin. Serum albumin is the most common
protein in blood with a concentration of 3.5-5.0 g/dl. It is 66 kDa in size with dimensions of 40 by 40 by
140 A°.°%! Serum albumin has previously been labeled with indocyanine green (ICG) for photoacoustic
tumor imaging.'® Furthermore, serum albumin has a high uptake in the lymphatic system”™ and we used
bovine serum albumin (BSA) in our previous work as a targeting ligand for the lymph nodes.” Prior to
using the hybrid contrast agent in vivo, it needs to be tested in vitro for use in PA and fluorescence imaging.
We previously described a non-biased, systematic method for characterizing dyes for PA imaging based on
three criteria: minimum detectable concentration (MDC), linear range, and photostability.'®® The MDC is
the lowest concentration at which a dye can be detected with a photoacoustic imaging device. The linear
range is the range of concentrations for which the relationship between the photoacoustic signal, and the
concentration of the dye is linear. The photostability is the measurement of how consistent the
photoacoustic signal is over repetitive laser exposure, and, if the dye is fluorescent, the fluorescence signal
after repetitive laser exposure. Both linear range and photostability are important for quantitative in vivo

PAI where the change in concentration of a tracer is important.
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In this study, we designed a hybrid tracer for in vivo photoacoustic tomography and post-mortem
fluorescence imaging. We characterized this hybrid tracer for its photoacoustic and fluorescence imaging

properties in vitro.
3.3 Materials and Methods

3.3.1 Dual Labeling to Albumin

IRDye QC-1 (NHS Ester, LI-COR Biosciences, NE, USA) was conjugated to bovine serum albumin (BSA;
Sigma-Aldrich, MO, USA; MW: 66.4 kDa'"*) to make a QC-1/BSA solution using the protocol described
by the manufacturers (IRDye800CW Protein Labeling Kit-High MW, LI-COR Biosciences, NE, USA).
After conjugation, the sample was filtered with a 3 kDa Amicon Ultra-15 Centrifugal Filter Unit (Sigma-
Aldrich, MO, USA) to remove any free dye. The filtered QC-1/BSA absorbance was measured from 250
nm to 980 nm in 1 nm steps with a microplate spectrophotometer (Synergy Neo2, BioTek, VT, USA) to

determine the dye to protein ratio using the equation below:

[Amax]
gDye
(AZSO — CF * Amax)

gprotein

D
2

Where Ap,.x 1S the absorbance of the QC-1 labeled protein at QC-1’s maximum absorbance wavelength
(737 nm), A,g, is the absorbance of the conjugated protein at the maximum absorbance wavelength of the
protein (280 nm), epy. is the extinction coefficient of the QC-1, &,,4tein 1S the extinction coefficient of the

protein, and CF is the correction factor calculated by the following equation:

Azso)

CF=(
A

max’ dye
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Where A,g, and A, here are the absorbance at 280 nm (the maximum absorbance wavelength of the

BSA protein) and the maximum absorbance respectively for the free QC-1 dye.

Pentamethyl BODIPY is a strongly fluorescent BODIPY dye that is more hydrophobic than other
BODIPYs, and the methylated periphery makes it less susceptible to degradation. Owing to the need to
label the BODIPY into a hydrophobic BSA cavity through entropic labeling, it was selected as the most
robust fluorophore, with the lowest propensity for leakage. The BODIPY was dissolved in N, N-
Dimethylformamide (DMF) to make a stock solution of 25 mM. The BODIPY solution was mixed with the
QC-1/BSA solution at a 10:1 BODIPY to BSA ratio. The QC-1/BSA/BODIPY (QBB) mixture was
incubated at 37 °C for 5 hours at 40 RPM. After incubation, the solution was filtered with a new centrifugal
filter unit to remove any free BODIPY dye and the absorbance of the sample was read with the
spectrophotometer from 250 nm to 980 nm in 1 nm steps and the fluorescent endpoint was measured using

the same device with a 490 nm excitation and a 520 nm emission.

To estimate the dye to protein ratio for the BODIPY in this dual-dye tracer, two additional correction factors

were calculated:

A750)

Amax

CF1 = (
BODIPY

Where A5, and Ay, .« here are the absorbance at 750 nm (the maximum absorbance of the QC-1 dye bound

to BSA) and the maximum absorbance respectively for the free BODIPY dye, and:

Aoz )

CF=(
2 A

max’ QC—1

Where A;5 and Ap,,x here are the absorbance at 497 nm (the maximum absorbance of the free BODIPY

dye) and the maximum absorbance respectively for the QC-1 dye bound to BSA.
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With these two correction factors we can make two systems of equations:

A 750 nm = AQc—l at750 nm T CF1 * ABoDIPY at 450 nm

A 450 nm = ABopIPY at4s0nm + CF, * AQc—l at 750 nm

Where the total absorbance values (A 750 nmand A 4s500.m) are the spectrophotometer readings for
absorbance at their stated wavelengths. The two unknown values are Aqc—1 at 750 nm aNd Agopipy at 450 nm
where Agc-1 at7s0 nm 1S the absorbance at 750 nm contributed by QC-1 and Agopipy at 450 nm 1S the

absorbance at 450 nm contributed by BODIPY.

After calculating for the two unknown absorbance values, they can be used to calculate the concentration

of each dye using the Beer-Lambert law:

Where C is the dye concentration, A is the absorbance value calculated as described above, L is the
pathlength and € is the molar extinction coefficient of the dye. Assuming the dye to protein ratio does not
change for QC-1 when BODIPY is added, we can use the following equation to estimate the dye to protein

ratio of BODIPY in the QBB solution:

(B) _ Copipy . (2)
P/gopiry  Cqc-1 \P/qc-1

Prior to the dual labeling, we tested the labeling of BODIPY to BSA alone by following the same procedure
described above, however, the incubation time was only 3 hours. To increase the labeling efficiency for the
dual label tracer, the incubation time was increased to 5 hours. The dye to BSA ratio we estimated based

on these calculations is 2.29:1, and 1.90:1 for QC-1 and BODIPY, respectively within the QBB tracer.
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3.3.2 Phantom Preparation

Light scattering, non-absorbing phantoms were made as described previously.'®® A cylindrical mold was
made using two modified 20 mL syringes (Becton, Dickinson and Company, Franklin Lakes, NJ, USA).
and two capillary tubes (Inner diameter of 1.1 mm and outer diameter of 1.5 mm, Thermo Fisher Scientific,
ON, Canada). The phantoms were made by boiling a mixture of agar powder (75 mg Sigma-Aldrich, MO,
USA) in 50 mL of deionized water in a microwave oven (Sanyo Electric, Osaka, Japan). After allowing for
5 minutes of cooling, 2.5 mL of warmed Intralipid® (20%, Sigma-Aldrich, MO, USA) was added to the
mixture and allowed to cool and solidify within the phantom mold at room temperature. The final mixture

of the phantom was 1% intralipid and 1.5% agar. The phantom was removed from the mold for PAI.

3.3.3 Dye Preparation

The stock solution of QBB was diluted using PBS to 17 concentrations using the calculated QC-1
concentration (200, 175, 150, 125, 100, 75, 50, 40, 25, 20, 10, 5, 2.5, 1.25, 0.625, 0.313, and 0.156 pM).
Prior to PA imaging, the absorbance of duplicate 2 uL samples of each concentration and PBS as a control
were measured using the spectrophotometer from 680 nm to 980 nm in 1 nm steps for concentration
validation. Fluorescence endpoint measurements were taken with a 490 nm excitation and a 520 nm

emission.

To determine the minimum detectable concentration (MDC) as well as the linear range, approximately 15
uL of each dye concentration was placed inside the capillary tubes cut to approximately 5 cm long. Both
ends of each capillary tubes were sealed with a few millimeters of white polymerclay (Sculpey, Michael’s
Craft Store, TX, USA) and superglue was used to enhance the seal. Triplicates were made for each of the

17 concentrations.
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3.3.4 Photoacoustic Imaging

The QBB filled capillary tubes were imaged with a Multispectral Optoacoustic Tomographic system
(MSOT inVision 128; iThera Medical, Heidelberg, Germany). Prior to imaging, the MSOT was turned on
and allowed to warm up for 40 min for the water to reach 32 °C, the generic preset temperature for the
MSOT imager. The phantom was oriented inside the MSOT imaging chamber using the MSOT phantom
holder with the QBB sample and PBS control horizontal to one another and the phantom was centered in

the imaging chamber.

The phantom was imaged using wavelengths from 680 nm to 980 nm in 5 nm steps and was scanned every
2 mm along 1 cm of the phantom. At each position, 3 frames were taken and averaged for each wavelength.

This was done for all 3 samples for all 17 concentrations to determine the MDC and the linear range.

3.3.5 Photoacoustic Image Data Analysis

All PA images were reconstructed using the Backprojection algorithm within the native viewMSOT

software.

3.3.5.1 Relationship between Photoacoustic Signal and Concentration

Linear regression spectral unmixing was performed using the native viewMSOT software with wavelengths
from 700 nm — 900 nm. The known water molar extinction coefficient spectrum provided by the software
taken from literature as well as the molar extinction coefficient spectrum of QBB calculated by the
spectrophotometer readings were the spectra used for the unmixing method. The linear regression spectral

unmixing algorithm was used to determine unit-less relative proportions of water and the dye.

Circular regions of interest (ROIs) with an area of 1.75mm? were made and the MPIs of the detected QBB
for both the QBB capillary ROI and the control capillary ROI were recorded for the entire length of each

capillary. PA image slices were visually observed for any slices that contained the capillary with the
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polymer clay end seals or completely missing the capillary tube, and the data obtained from these slices

were excluded from further analysis.

3.3.5.2 Minimum Detectable Concentration

The MDC was determined using the method described previously® which was derived from the EP17,
Protocols for Determination of Limits of Detection and Limits of Quantitation from the Clinical Laboratory
Standards Institute.'?® Using this protocol, a limit of the blank and limit of detection were calculated for the

QBB dye.

Linear regression lines of best fit were made for the MPIs as a function of concentration for each dye using
data from 5 concentrations starting from one concentration below the calculated limit of the blank moving

to higher concentrations (approx. 0 to approx. 22 uM). The MDC for QBB was estimated by solving the

linear regression line of best fit equation using the calculated limit of detection.

3.3.5.3 Linear Range

The method to determine the linear range of QBB was derived through the statistical methods described in
EP6-A, Evaluating Quantitative Measurement Linearity from the Clinical Laboratory Standards Institute.***
Linear mixed effects models for small sample inference were used to estimate the parameters, outlier
rejection, and recalculation of the fitted regression model. In all models, dye identity was included as a
random factor to account for repeated measurements. The mean pixel intensities (MPIs) of the QBB,
dependent on concentration, were fit with a cubic function model for the entire range of concentrations. If
the cubic and quadratic coefficients were significantly different from zero (P<0.05), then the plot of the
MPI as a function of concentration was observed to remove data points from either the high or low
concentration end until the cubic coefficients became non-significant. Subsequently, a quadratic function
was fitted to the data and if the coefficients of the quadratic term were significantly different from zero,

then the same steps of removing data were taken until the quadratic term was non-significant. Finally, this
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reduced data set is considered to be within the linear range and a linear model was estimated. The final
estimated linearity model was assessed for lack of fit by basic evaluation of a plot of MPI and derived

concentration levels. Statistical analyses were completed using Stata 15.1 (StataCorp 2017).

3.3.5.4 Photoacoustic Signal vs Repetitive Imaging

For these experiments, the dye was prepared as described above. To determine the effect of extended laser
exposure on the photoacoustic signal, an extra 3 capillary tubes, this time cut to exactly 3.5 cm, were filled

with 25 uM of QBB.

To determine the photobleaching effect of extended laser light exposure on the photoacoustic signal, the
phantom was imaged every 0.5 mm along 3 cm of the phantom to encompass the entire capillary filled with
the QBB sample. The phantom was imaged with a wavelength of 750 nm which is the maximum absorption
wavelength of QC-1 when conjugated to BSA and 3 frames were taken at each imaging slice. After
completing a scan of the entire phantom, the scan would continuously repeat until an hour of imaging time

was completed.

The fluorescence signal of the QBB tracer was measured before and after the repetitive photoacoustic

imaging using a 480 nm absorption and 520 nm emission.

Circular regions of interest were taken surrounding the QBB and control capillary tubes with an area of
1.75 mm? within the reconstructed PA images and the MPIs were recorded. A sample of 10 image slices
per scan was selected for data analysis. The average and standard deviation MPI of the 10 slices for each
of the three imaging samples were taken for each time point. The average MPI was then normalized to the

maximum MPI.
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3.4 Results

The absorbance spectrum of the free QC-1 dye, QC-1 dye labeled to BSA, free BODIPY dye, BODIPY
labeled to BSA, and the hybrid QBB tracer are shown in Figure 3-2. When labeled to the BSA, the QC-1
absorption peak shifts to longer wavelengths (red-shift to approx. 750 nm). In contrast, the absorption peak
of BODIPY labeled to BSA shifts towards the shorter wavelengths (blue shift to approx. 450 nm). There is
also a noticeable change in spectral shape for both dyes when labeled to BSA. This change in spectral
characteristics of the BODIPY and QC-1 dyes were also present when in the combined QBB tracer where
the absorbance of QBB at 750 nm of the is attributed to the QC-1 and the absorbance at approximated 450

nm is attributed to the BODIPY.
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Figure 3-2. The normalized absorbance spectrum of A) free QC-1 (purple) and BODIPY (blue), single dye bound BSA
(orange and red respectively), and the QBB tracer (green), and B) The QBB tracer alone. Semi-transparent purple is
the quenching range of QC-1 and semi-transparent red is the imaging range of the MSOT PA imager.
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The linear range of concentrations for the QBB tracer was found between 0 and 73 uM as shown in Figure

3-3.
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Figure 3-3. The linear range. The range of concentrations where the relationship between the QBB concentration
(determined by the concentration of QC-1) and the photoacoustic detection is statistically linear. Error bars the

indicate the standard deviation of the three trials. A.U. arbitrary unit.

The minimum detectable concentration graph visualization is shown in Figure 3-4 where QBB has a

calculated MDC of 1.22 + 1.5 uM.
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Figure 3-4. The graphical representation of the minimum detectable concentration for the QBB tracer. The green data
points represent the average mean pixel intensity of the photoacoustic signal of QBB. Error bars are the standard
deviation. The black line is the limit of detection, and the green line is the line of best fit. The intersection between the

green and black lines is the minimum detectable concentration (1.22 uM). A.U. arbitrary unit.

After one hour of repetitive photoacoustic imaging, the QBB photoacoustic signal showed a decrease of

approximately 14% shown in Figure 3-5.
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Figure 3-5. The average photoacoustic signal of QBB over time of laser irradiation at 735 nm. Error bars represent

the standard deviation between the three samples of QBB.
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Table 5. Fluorescence count reading of QBB with 480 nm excitation and 520 nm emission. Values are the average of

3 samples.

Without laser irradiation With 1-hour laser irradiation

QBB 9522 12993

3.5 Discussion

The development of a hybrid contrast agent for photoacoustic imaging and fluorescence imaging is needed
to provide post-mortem validation of the computer-generated PA images. There have been several studies
on the development of such a contrast agent. An anti-integrin antibody labeled with ICG developed for dual
photoacoustic and fluorescence imaging®™’ was used to image tumor location, angiogenesis, and brain
structure in mice.?® NIR dye Cy5.5 was used to develop a hybrid photoacoustic and fluorescent tracer to
detect tumor-associated mMRNA in vivo.®® Additionally, nanoparticles loaded with an in-house NIR dye
was developed for photoacoustic and fluorescence imaging of tumor-draining sentinel lymph nodes.™® All
of the aforementioned dual tracers used fluorescent dyes for both the photoacoustic and fluorescence
imaging. Since studies have shown that fluorescent proteins'®® and dyes'®® tend to show a decrease in
photoacoustic signal with increased laser irradiation time, the quantification of the PA images using these
contrast agents is challenging. An antibody labeled with two dyes; Black Hole Quencher 3 (BHQ-3) and
fluorescein has been demonstrated and shows promise as a hybrid photoacoustic and fluorescent contrast
agent.® The BHQ-3 is a non-fluorescent quencher that has a peak absorbance at 672 nm and guenches
dyes that have emission wavelengths between 620 and 730 nm. NHS-fluorescein has a maximum emission
wavelength of 518 nm, below the quenching range of BHQ-3.2>* However, the peak absorption wavelength
is below the range of the photoacoustic system they used (680 nm minimum) which reduces its effectiveness
as a photoacoustic contrast agent. By developing a hybrid contrast agent using quencher dye QC-1 with a
peak wavelength of 737 nm, well within the imaging range of our photoacoustic device (680 nm to 980

nm), the signal detection of the tracer was improved.
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While encapsulation of this highly hydrophobic BOPIPY 493/503 has been seen in lipid droplets,® 17
fluorescent BODIPY nanovesicles,!’® and nanorods,'’” to our knowledge this is the first time that BSA has
been used as a delivery host for this fluorescent probe through this entropic method of labeling. Other
derivatives of BODIPY have been labelled to BSA through several methods including amide bond

formation and thiol-ene conjugation,® as well as other proteins.1’8 17°

The photoacoustic characteristics of the hybrid QBB tracer were similar to those of the QC-1/BSA tracer
shown in our previous work.®® The linear range (0 - 73 uM and 0 -75 uM, respectively), minimum
detectable concentration (1.22 + 1.5 pM and 0.89 + 1.28 pM, respectively) and photoacoustic
photobleaching (14% and 11% decrease, respectively). The fluorescence of the BODIPY in the QBB tracer
is still strong enough to overcome any quenching overlap of the QC-1 dye. Furthermore, the increase in
fluorescence signal after repetitive laser exposure indicates that the relative photoacoustic photobleaching
of the QC-1 component of the tracer leads to a reduced amount of quenching of the BODIPY component.

These in vitro results show promise as a hybrid tracer.

3.6 Conclusion

The NIR dark guencher dye QC-1 and fluorescent dye pentamethyl BODIPY were successfully labeled to
bovine serum albumin through covalent and entropic labeling respectively. In vitro characterization
demonstrated strong photoacoustic signal and strong fluorescence signal. Additional tests in vivo are

required to determine feasibility as a tracer for lymphatic drainage in vivo.
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Chapter 4 : Discussion and Conclusion

In the first half of this thesis, a systematic, non-biased method of characterizing contrast agents for use in
photoacoustic imaging was developed based on well-established physics standard methods?® 34, These
methods used statistical analyses to determine the minimum detectable concentration, or sensitivity, of a
contrast to a photoacoustic device as well as the linear, or quantifiable, range of concentrations.
Furthermore, the photostability, a measurement of a change in photoacoustic signal generation as a function
of laser exposure, or, PAI time, that has been performed before in various other studies,'*!* was also used
to characterize specific contrast agents. Of the three dyes characterized in this thesis, none appeared to have
a noticeable difference in the minimum detectable concentration that would prevent any one of the dyes to
be used as a signaling compound. The two fluorescent dyes, IRDye800CW and CF770 both have larger
linear ranges than the dark quencher QC-1, indicating a larger range for which data can be quantified.
However, the steeper slope of the QC-1 linear range indicates that the differentiation between similar
concentrations will be more noticeable than the two fluorescent dyes. Furthermore, QC-1’s linear range
coincided with its minimum detectable concentration. This indicates that QC-1’s minimum detectable
concentration is equal to the minimum quantifiable concentration which is not the case for the two
fluorescent dyes. Furthermore, QC-1 showed the least decay in photoacoustic signal intensity with
prolonged laser exposure suggesting that QC-1 is a more photostable dye than the two fluorescent dyes
which confirms the conclusions made in a similar study comparing fluorescent and non-fluorescent

proteins.t%®

Our goal is to create a hybrid contrast agent for both in vivo quantitative photoacoustic imaging and post-
mortem fluorescence imaging validation of the lymphatic drainage from the eye in mice. This requires the
use of a photoacoustic contrast agent that can withstand multiple imaging sessions and has a linear range
that can be used to quantify the photoacoustic signal of the tracer in the lymph nodes. Although QC-1 has

the smallest linear range, its minimum detectable concentration being the lower limit of the range allows
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for quantification of the tracer in the lymph nodes. Furthermore, its high photostability compared to the two
fluorescent dyes makes it a better signaling compound for photoacoustic imaging at multiple time points
after contrast agent injection. Despite this, QC-1 is the only dye of the three that cannot be used for
fluorescence imaging and therefore cannot be used as a contrast agent for fluorescence validation purposes.
Therefore, to maintain the photoacoustic characteristics of the QC-1 dye as well as to add fluorescent
properties to the hybrid tracer, an additional fluorescent dye needs to be added to the targetting ligand. A
NIR fluorescent dye like CF770 or IRDye800CW could be used; however, the change to the absorption
properties in the NIR wavelength range could potentially reduce the tracer’s effectiveness by reduced
photostability as a photoacoustic contrast agent. Furthermore, the quenching properties of the QC-1 may
completely prevent any fluorescence.” To work around the quenching of the QC-1, a fluorescent dye that

emits light in the visible range was used for the hybrid tracer.

In the second half of this thesis, the lymph targeting protein albumin was labelled with NIR QC-1 quencher
dye and fluorescent dye pentamethyl BODIPY which fluoresces at around 500 nm, outside the quenching
range of QC-1 and outside of the range of the laser used for PAI. Photoacoustic characterization yielded
similar results to the QC-1 dye alone, and the hybrid tracer showed detectable fluorescence signal.
Furthermore, the fluorescence signal of the tracer increased when the tracer was exposed to repetitive
photoacoustic imaging. This may coincide with the slight photoacoustic photobleaching (decay in

photoacoustic signal) of the QC-1, reducing any potential quenching effect it has on the BODIPY.

A systematic and statistical approach was described for use on photoacoustic contrast agents for the first
time and was used to compare three NIR dyes. Of the three dyes, the dark quencher QC-1 was selected for
having characteristics desirable for in vivo lymphatic photoacoustic imaging. Dark quencher QC-1 and the
fluorescent dye BODIPY were used successfully to dual label to serum albumin to target the lymph nodes
and analysis showed promise as a hybrid tracer for in vivo photoacoustic lymphatic imaging paired with

fluorescence imaging validation in the same animals.
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Chapter 5 : Future Directions

In vivo experiments to test the hybrid photoacoustic and fluorescent tracer, QBB, are required to determine
whether it can be detected with photoacoustic imaging in vivo and with various fluorescent imaging
modalities post-mortem as predicted based on our previous experiments.!” Several additional experiments
need to be performed prior to the hybrid QBB tracer being used as a contrast agent for lymphatic
photoacoustic imaging and fluorescent validation. First, the tracer needs to be considered stable and not
deteriorate within physiological conditions. A Western blot of QBB harvested from the lymph nodes can
be used to determine the size of the tracer and whether the tracer has been broken into its dye and protein
components. If the tracer is shown to not be stable, thiol-reactive BODIPY should be considered for stronger
covalent bonding to the tracer since previous studies demonstrated the bond between QC-1 and BSA is

stable in physiological conditions.’

Additionally, the distribution and life-time of the tracer should be measured in other various organs and

signs of toxicity should be monitored at various time points after injection.
5.1 Materials and Methods
5.1.1 Animal Handling

Mouse experiments were approved by the Animal Care Committee at St. Michael’s Hospital. Mice were
kept on a 12-hour light/dark cycle with ad libitum food and water. Three CD-1 albino mice (3 female;
Charles River Laboratories, QC, Canada) under general anesthesia of 2% isoflurane and 100% oxygen had
their head and neck regions gently shaved with a hair trimmer (ChroMini, WAHL, IL). Hair removal cream

(Nair, Chruch & Dwight, ON, Canada) was applied for 30 seconds to remove the remaining hair.
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5.1.2 Mouse Eye Injection

Prior to injection, using a surgical microscope (Zeiss OPMI 1, Carl Zeiss, Oberkochen, Germany), a right
peripheral temporal corneal paracentesis was performed to release approximately 2 puL of aqueous humor
from the mouse eye. This was to reduce the change in intraocular pressure that would occur after adding 2
pL of 535 uM of QBB. Assuming the dye distributes homogenously within the eye, the resulting

concentration QBB is approximately 153 uM in the eye based on a 7 uL anterior chamber in mice.®

Mice were injected into the right anterior chamber through the temporal cornea with a 33-G needle on a 10
uL NanoFil Syringe (World Precision Instruments, Sarasota, FL, USA). After injection of the QBB, the
cornea was rinsed with artificial tear drops (GenTeal, Alcon, ON, Canada). The mouse eye was then
examined under the operating microscope for hemorrhaging or evidence of intraocular injury. A rebound
tonometer (TONOLAB, Icare Finland Oy, Vantaa, Finland) was used to measure the intraocular pressure
immediately before and after injection. Measurements were taken under the surgical microscope by

applying the tonometer perpendicular to the central corneal surface.

5.1.3 Photoacoustic Imaging

Mice were imaged under general anesthesia with the same photoacoustic system with wavelengths 680,
695, 735, 755, 775, 795, 825, 885, 925, 955, and 980 nm. Ten frames per wavelength were captured at each
scanning position which occurred every 0.5 mm from the eyes to the neck region. This region is 22 mm
long along the Z-axis where the total imaging time per session is approximately 10 minutes. Mice were
imaged prior to injection, as well as 20 min, 2 hours, 4 hours, and 6 hours post-injection. Between imaging
sessions, mice were removed from the imaging chamber and animal holder to recover from the anesthesia
in a clean cage placed over a heating pad (E-Z Anesthesia, PA) before returning to the home cage with ad
libitum food and water. Mice were sacrificed after the last imaging session for post-mortem fluorescence

analysis.
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5.1.4 Photoacoustic Imge Analysis

Mouse scans were analyzed using the native viewMSOT software. Scans were reconstructed with the
Backprojection algorithm and spectrally unmixed using the Adaptive Match Filter (AMF) to locate the

QBB signal.'’

5.1.5 Ex Vivo In Situ Fluorescence Imaging

Mice were sacrificed using 2 mL of T-61 Euthanasia solution (Merck, NJ, USA) injected into the heart.
The skin and fat were removed from the head and neck prior to imaging with a confocal scanning laser
ophthalmoscopy system (Spectralis, Heidelberg Engineering, Heidelberg, Germany). Both the eyes and the
neck were imaged with Blue Autofluorescence (488 nm excitation, 500 nm barrier filter) and Infrared

reflectance (820 nm) imaging modes.

5.1.6 Tissue Preparation

Mouse head and neck tissue, as well as the right submandibular lymph node, were fixed in 2% PFA at 4°C
for 24 hours after dissection. After three 10 minute PBS washes, the mouse tissue was cryoprotected by
immersion in 10% sucrose (Thermo Fisher Scientific) in PBS for 24 hours, and 20% sucrose in PBS for 48
hours at 4°C. The mouse head and neck regions were dissected and the right and left eyes and orbits as well
as the right and left cervical lymph nodes were removed and frozen in isopentane (Thermo Fisher Scientific)
cooled by dry ice and embedded into cryomatrix (Tissue-Tek O.C.T. Compound, Sakura, South Holland,
Netherlands). Tissue blocks were serially sectioned to 20 uM thick using a cryostat (Leica CM1900, Leica
Biosystems, ON, Canada). Sections were mounted onto charged microscope slides (Superfrost Plus,
Thermo Fisher Scientific) and stored at -20°C. Sections were counterstained with DAPI nuclear stain

(2:5000 dilution; Invitrogen).
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5.1.7 Fluorescence Imaging of Tissue Sections

Tissue blocks were serially sectioned using a cryostat (Leica CM1900, Leica Biosystems, ON, Canada) to
20 um-thick sections. Sections were mounted onto charged microscope slides (Superfrost Plus, Thermo
Fisher Scientific) and stored at -20°C. Sections were counterstained with DAPI nuclear stain (1:5000
dilution; Invitrogen). Stained sections of the right and left eyes and cervical lymph nodes were imaged with

a confocal laser microscope (LSM700, Zeiss, Oberkochen, Germany) at 20x magnification.

5.2 Results

5.2.1 In Vivo Results

Strong photoacoustic signal of the QBB tracer was detected in the eye at 20 minute after injection for all
three mice as shown in Figure 5-1. Over time, the QBB signal decreased in the eye but was still detected at
the 6 hour time point for all mice. The QBB signal was detected in the region of the right cervical lymph
node for all three mice as shown in Figure 5-2. The trace amounts of QBB signal was initially detected at
varied time points in the right cervical lymph node for each mouse. QBB was detected as early as 2 hours
for M2 and as late as 6 hours for M3. M1 showed detection in the right cervical lymph at 4 hours post-

injection and two distinct regions are shown and potentially represent tracer in two adjacent lymph nodes.
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Figure 5-1. Photoacoustic images of the mouse head cross-section at the region of the eyes after injection of QBB
tracer. The top row is mouse M1, the second row is M2, and the third row is M3. Green represents the photoacoustic
signal generated from the QBB tracer. S= Superior, R = Right, L = Left, | = Inferior. Scale bar =5 mm. The vertical

bar on the right shows pixel intensity values of the QBB tracer ranging from 0 to 2800 a.u..
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Figure 5-2. Photoacoustic images of the mouse head cross-section at the region of the neck and cervical lymph nodes
after injection of QBB tracer. The top row is mouse M1, the second row is M2, and the third row is M3. Green indicates
the QBB tracer signal. S= Superior, R = Right, L = Left, | = Inferior. Scale bar = 5 mm. Asterisks indicate the location
of right cervical lymph node without tracer signal. Arrows indicate the presence of tracer signal in right cervical

lymph node. The vertical bar on the right shows pixel intensity values of the QBB tracer ranging from 0 to 740 a.u.

5.2.2 Post Mortem Results

All 3 mice had strong fluorescence signal in their injected right eye (Figure 5-3), however, the tracer signal

was not detected in the right cervical lymph nodes.
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M1 M2 M3

Figure 5-3. Infrared (nm) images of mice heads (top row) and necks (bottom row) with blue autofluorescence (nm)
images overlaid in green. The green indicates the tracer in the right eye in all three mice. R = Right, L = Left. The
arrowheads indicate the location of the cervical lymph nodes. M1, M2, and M3 are the mice ID numbers.

Mouse right and left eye histology sections are shown in Figure 5-4. Fluorescence signal within the range
of the QBB emission wavelengths was detected in the right eye lens, cornea, retina, ciliary body, and
surrounding orbital tissue. This was not seen in the left eye sections. The sections of the right and left

cervical lymph nodes showed no fluorescence signal of the tracer (Figure 5-5).
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Figure 5-4. Right (injected) eye (A) and left (non-injected) eye (B) histology slide sections of mouse # M2. Green is

the tracer, blue is the nuclear stain. N = Nasal and T = Temporal. The scale bar is 600 pm.
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Figure 5-5. Right (A) and left (B) cervical lymph nodes histology slide sections of the mice M2 under confocal laser
microscopy. Green is the tracer, blue is the nuclear counterstain with DAPI. No green tracer is noted in both cervical

lymph nodes. SG = salivary gland, arrowheads point to lymph node border. The scale bar indicates 200um.

5.3 Discussion and Conclusion

The in vitro data from Chapter 3 indicates that the concentration injected in the eye (153 uM after dilution
in the anterior chamber) is above the linear range of the QBB tracer (73 uM). Therefore, despite strong
QBB signal in the injected eye for all three mice, the concentration of the dye in the eye was too high to
perform accurate quantitative analysis. Upon further evaluation of the fluorescence histology of 3 animals
that underwent 4 sessions of PAI after tracer injection into the right eye, we see the fluorescence signal in
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the right eye in the lens and in the deeper layers of the retina, and not in the left eye shown in Error!
Reference source not found.. This result suggests that the BODIPY fluorescence signal was detectable
after laser irradiation and tissue processing. Due to the large size of BSA and the low permeability of the
lens, this finding indicates that there was either a large amount of free BODIPY in the stock tracer solution
even after filtration, or, that the BODIPY is becoming unbound from the hybrid tracer in vivo. Since there
is a clear spectral change that occurs when BODIPY is bound to BSA, we can assume that the latter is the

more likely reason.

When studying lymphatic drainage specifically, the signal of the contrast agent in the lymph node is more
relevant. If quantification of agueous humor drainage regardless of which pathway is taken is desired, then
a lower injected concentration in the eye is needed. The in vivo photoacoustic images of the injected mice
showed results similar to our previous experiments using a tracer containing only QC-1 conjugated BSAY
where the QBB was detected in the right lymph node in all three mice imaged. However, when tested for
validation, no fluorescence signal was detected in the right lymph node in the low nor high power confocal
scans. Since we were able to validate these same results in our previous study,'” we attribute these results

to there being a fault in the hybrid tracer.

The relatively weak entropic binding of the BODIPY to the BSA compared to the covalent binding with
QC-1 may explain these results. By using a BODIPY dye that can covalently bind to BSA without
competing against the QC-1 binding may improve the post-mortem fluorescence imaging validation
required for the lymphatic drainage. The BODIPY molecule we used was the lab-made version of the
pentamethyl BODIPY dye by Invitrogen (D3922) which is primarily used for lipid binding. We hypothesize
that under physiological conditions, stronger entropic forces are present and the affinity of the BODIPY to
the BSA is not strong enough to keep the BODIPY bound to the BSA in in vivo conditions. Future
experiments using BODIPY forms that covalently bind to proteins such as thiol-reactive BODIPYs (ie

BODIPY iodoacetamides, BODIPY maleimides and BODIPY methyl bromides)® 1% should be tested for

74



double labeling of BSA to determine if the stability of the hybrid tracer withstands physiological conditions

while still maintaining photoacoustic and fluorescent properties in vitro.

Despite the promising results of the in vitro characterization of the QBB tracer in Chapter 3, the post-
mortem fluorescence imaging was not able to validate the photoacoustic signal detected in vivo in the lymph
node. Further experimental work adjusting the methods of BODIPY labeling are required to develop a more
physically stable, hybrid photoacoustic-fluorescent contrast agent for the use of dynamic lymphatic imaging

in vivo.
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