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Abstract

Recent advances in bioimaging and nanomedicine have permitted the exploitation of molecular
optical imaging in image-guided surgery; however, the parameters mediating optimum
performance of contrast agents are not yet precisely determined. To develop ideal contrast agents
for image-guided surgery, we need to consider the following criteria: 1) excitation and emission
wavelengths in the NIR window, 2) optimized optical characteristics for high in vivo performance,
3) overcoming or harnessing biodistribution and clearance, and 4) reducing nonspecific uptake.
The design considerations should be focused on optimizing the optical and physicochemical
property criteria. Biodistribution and clearance should first be considered because they mediate the
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fate of a contrast agent in the body such as how long after intravenous injection a contrast agent
reaches the peak signal-to-background ratio (SBR) and how long the signal lasts (retention).
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Introduction

Despite advancements in oral medications, surgery remains the primary treatment option for
controlling the progression of many diseases from dysplasia to carcinoma.1-3 Surgeons
currently perform complex long-duration surgical resections without the aid of real-time
image guidance. The common colloguialism we use for “extremely precise” is surgical
precision, which is currently limited to anatomical structures and palpation with surgeons
experience to perform complex surgeries.* There are times, especially in the resection of
cancerous tissues, when eyesight alone is not enough to complete a complicated surgical
resection successfully—we define successful as the complete removal of disease tissue and
the avoidance of nerves, blood vessels, and other vital tissues.?

Surgeons currently utilize many pre-surgical imaging modalities including computed
tomography (CT), magnetic Resonance Image (MRI), single-photon emission computed
tomography (SPECT), or positron emission tomography (PET)® for deciphering the
surgical field and for locating specific tissues, but subtle nuances after pre-surgical imaging
can have severe consequences which could lead to additional surgical procedures,
incomplete resection, poor patient outcomes or even death. It is undeniable that the
development of biomedical imaging modalities has contributed significantly to the outcome
of surgical procedures by locating the disease tissue prior to surgery. Unfortunately, the
surgical field remains an ever-changing space where real-time imagery is required while the
patient is undergoing an operation to minimize morbidity and mortality. To avoid this, we
require the development of a real-time approach to the imaging of surgical field but there
remain significant obstacles in developing successful optical contrast agents, including the
high background associated with current molecular imaging technology.

High Background in Molecular Imaging

Molecular imaging exploits the radioactive property of various elements or compounds for
visualization. Depending on the exact atomic or molecular characteristics, clinicians are able
to observe the signal using positron or photon detecting equipment with appropriately
radiolabeled contrast agents. In order for surgeons to clearly visualize their target, the
molecular imaging contrast agent must offer high signal to background for optimum
delineation of meaningful signal from surrounding tissue which offers a more precise image
of the surgical field leading to increased surgical efficacy. Most clinically utilized contrast
agents including 18F-FDG (PET) or 9°™T¢ (SPECT) to target diseased tissue with properly
detectable signal, however, the percent injected dose (%ID) taken up by non-target (normal)
tissue and organ remaining in the body after several hours of circulation and clearance is still
high, i.e., nonspecific background. As shown in Figure 1,5 elevated non-specific uptake of
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the contrast agent makes deducing meaningful signal more difficult. The major organs
including liver, kidneys, spleen and lung display equal or higher signals compared to the
targeted tumor. Reducing the background associated with any contrast agent remains a
paramount and very difficult research endeavor. The perfect contrast agent would exhibit
high signal to background in the desired tissue with the remaining amount being cleared
through renal filtration or hepatobiliary clearance with minimal off-target absorption.

Why Optical Imaging via Fluorescence?

Conventional PET scan, as shown in Figure 1, provides whole body imaging to find disease
target, commonly using radiolabeled 18F-FDG or other radioactive contrast agents such

as 150, 11C and %4Cu.10. 11 The proton-rich radionuclides spontaneously convert a proton to
a neutron, resulting in the emission of a positron. This modality, similar to SPECT (usually
exploits gamma rays emitted from 99MTc, 123 111|n 201T] 67Ga or 133Xe) poses significant
safety concerns and must be utilized sparsely to avoid unhealthy radiation exposure to the
patient. MRI utilizes high magnetic fields to noninvasively image diseased and healthy
tissues. Unfortunately, these various imaging techniques fail to offer the desirable spatial
resolution required for operative guidance and translating the currently employed imaging
technology into a real-time setting exposes the patient and surgical team to harmful levels of
radiation during long-term procedures. Research endeavors are underway to develop a
harmless and effective strategy for surgical imaging—one of the most promising methods is
optical-based imaging using NIR fluorescence and herein we discuss the design concepts
that must be considered for the development of these fluorescent compounds.

NIR Window of Optical Clarity

Molecular imaging encompasses a highly broad category of techniques that; however, a
more specific type of molecular imaging, optical imaging, relies on the photophysical
properties of a contrast agent to report, usually through fluorescence, on the location of the
targeted tissue. Optical imaging allows for a very detailed image with high spatial resolution
to be obtained in real-time if the correct imaging agents are utilized. Furthermore, optical
imaging has been shown to be useful for image-guided surgery and allows target specific
tissues inside the body using laser light excitation combined with corresponding
fluorophores with excitation and emission in the NIR region of optical clarity. The NIR
window is the optical range of the electromagnetic spectrum which is characterized by
wavelengths between 650 nm and 900 nm and is depicted in Figure 2. Absorption and
scattering properties of tissue greatly affects the photon penetration into living tissue;
however, the NIR region of the electromagnetic spectrum overcomes this obstacle and can
significantly improve in vivo imaging. Understanding the NIR window and the optimized
excitation and emission wavelengths along with the molecular characteristics required for
NIR wavelengths are key in developing ideal contrast agents for image-guided surgery.

There are several advantages of working in the NIR region of the spectrum. First, the
endogenous chromophores present in living tissues absorb and scatter visible light, limiting
light penetration to only a few millimeters. However, NIR light has a much lower tissue
absorption coefficient, which permits its deeper penetration to several centimeters. Since
common biological systems do not feature the capacity to absorb this wavelength of light it
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is innocuous to human cells and tissue resulting in an inherently safer imaging modality.
Additionally, the scattered light from the excitation source is greatly reduced in the NIR
region since the scattering intensity is proportional to the inverse fourth power of the
wavelength. Low background noise and low scattering of NIR fluorescence result in a high
SBR, thereby allowing highly sensitive detection. Further advantages of NIR imaging
includes low interferences from Raman scattering and reduced possibility of sample
degradation.

Many biological compounds fluoresce within the ultraviolet (< 400 nm) and visible
(400-650 nm) regions which makes observing contrast agents in this range nearly
impossible; however, NIR-fluorescent compounds avoid this issue by being spectrally
distinct from the native biological fluorescence (autofluorescence) which offers outstanding
SBR. It has been convincingly demonstrated that native tissue greatly interferes with the
extraction of meaningful signal in the red-shifted visible region. Therefore, the lower limit
(> 650 nm) of the NIR window is bound by biological autofluorescence. The upper end of
the NIR region (< 900 nm) of optical clarity is bound by absorption arising from vibrational
characteristics of water (> 950 nm). These advantages along with the availability and low
cost of long-wavelength diode lasers and detectors for the NIR light, have led to increasing
research interest in the design, development, spectroscopic characterization and application
of novel NIR fluorophores.12

Small Molecule Optical Contrast Agents

Engineering optical contrast agents that satisfy the physical, chemical and biological
requirements is a difficult process but remains crucial in maximizing the surgical
implementation of image-guided surgery.13 The performance of contrast agents depends
strongly on their physicochemical properties (i.e. molecular weight, total polar surface area,
hydrogen bond donors/acceptors, acidic/basic pKa, distribution/partition coefficient and
stability), which heavily influence their in vivo fate with slight structural modifications
posing significant biological perturbation.14-23

Efficient optical properties are the very basic requirements for developing new contrast
agents and there are several crucial parameters such as high solubility, high extinction
coefficient, large Stokes’ Shift, high quantum yield, and high photobleaching threshold that
directly influence the potential obtainable signal during the imaging process.24 2
Correspondingly, the first essential task is to optimize these parameters in the process of
developing novel contrast agents.

The aqueous optical profile and water solubility normally go hand-in-hand; therefore, the
first design consideration is either to avoid a highly hydrophobic core or alternately
incorporate a charged group onto the fluorophore. Following these design parameters
drastically increases the aqueous solubility and can increase the quantum yield (up to 10x).
Judicious placement of charge is necessary as superfluous intrinsic charge can reduce the
efficacy of biological targeting moieties due to steric hindrance, electrostatic repulsion or
general bio-incompatibility. Therefore, fluorophores should be designed to have high
aqueous solubility, while maintaining target recognition.
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Additionally large extinction coefficient and quantum yield values are paramount for optical
contrast agents, especially at the tissue depths required for image-guided surgery. The
extinction coefficient—measure of the absorption at a particular wavelength by a compound
—accurately represents the ability of a compound to absorb radiation and can be determined
using the Beer-Lambert equation?®. For optical imaging, typical satisfactory extinction
coefficients in aqueous systems are between 100,000 and 200,000 M~cm™=1. This range of
extinction coefficients results in reasonable photon absorption by the fluorophore.

Last but not least, high photobleaching threshold is a very important area of consideration.
Conventional fluorophores are highly susceptible to photobleaching which places severe
limitation on the fluence rate and consequently the sensitivity and length of detection. For
example, the NIR fluorescent indocyanine green (ICG) rapidly photobleaches in warm
serum when fluence rates exceed 50 mW/cm? .27 However, hybrid nanoparticles (quantum
dots, etc.) and multivalent polymeric nanomaterials commonly have higher resistance to
photobleaching compared to small molecules with ability to withstand fluence rates one to
two orders of magnitude higher. Because yu fluence rates improve the signal-to-background,
contrast agents with higher resistance to photobleaching will yield improved fluorophores.

Classes of NIR Fluorophores

Among the optical contrast agents explored to date, the NIR region has gained considerable
numbers of ideal fluorophores with potential for translation in image-guided surgery.
Fortunately, there are several classes of fluorophores that offer appealing characteristics for
further modifications towards designing contrast agents within the NIR window. The
general molecular structures seen in Figure 3 represent a selection of chromophores that
fluoresce in the NIR region. These fluorophores have general properties that either make
them more appealing or limit their overall utility as bioimaging agents.

Nile red and nile blue are notoriously solvatochromic (change absorption spectrum when
changing solvent or environment), highly hydrophobic fluorophores that can be modified in
several positions to achieve water solubility;28 however, analogs synthesized and evaluated
to date fluoresce in the NIR albeit with low quantum yield in aqueous systems or in the
presence of proteins. These limitations have precluded them from being extensively
evaluated in vivo.2%-32 Another class of compounds centers on the cyclic oxobutanal ring
and is referred to as squaraine or squaric acid fluorophores.33 The extreme electrophilicity of
this cyclic butane ring is susceptible to nucleophilic attack, which irreversibly diminishes the
optical properties of the compound, unless the core is protected by one of several methods
including rotaxane encapsulation34 which reduces the overall applicability in small molecule
bioimaging. Contrary to the squaraine class of fluorophores, the tricyclic fused structures of
phenoxazine and phenothiazine are highly structurally and optically stable even in the
presence of nucleophilic species due to the aromatic core. The synthetic difficulty associated
with this class limits the versatility and overall applicability in image-guided surgery.
Furthermore, the emission wavelengths of the oxazine class is too low and cannot be used
due to interfering native tissue absorption and autofluorescence.3 36 The boron-
dipyrromethane (BODIPY) class of fluorophores exhibits excellent characteristics from high
stability and above-average quantum yield but suffers from having a highly hydrophobic
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core and broad absorption/emission spectra. These fluorophores have been successful in vivo
due to their NIR emission, high quantum yield and ability to be synthetically tailored to
several applications.23: 37-41 currently, however, high background during intravenous
injection limits the scope for this molecular class.23

Cyanine fluorophores are broadly defined as two heterocyclic nitrogen atoms that are
connected via an electron deficient polymethine bridge. Monomethine cyanines display one
methine unit, in this case defined as (=CH-), between the heterocyclic structures, this class
of compounds displays absorbance within the ultraviolet and visible regions with low
fluorescence quantum yield. Elongating the central chromophore length by sets of 2
methylene groups yields tri-, penta-, and heptamethine cyanines. The wavelengths of most
trimethine cyanines are too low to be effective in NIR imaging in biological systems;
however, penta- and heptamethine cyanines have near-infrared absorbance and fluorescence
characteristics that are a function of their exact heterocyclic structure and moieties within
the polymethine chain which can be tuned to offer high quantum yield and molecular
brightness with a high degree of structural amenability toward manipulating the
pharmacophore in the generation of successful NIR fluorescent contrast agents.

State-of-the-art in Image-Guided Surgery

Figure 4 shows two of the most highly used optical contrast agents, methylene blue (MB), a
fused phenothiazine compound, and ICG, a heptamethine cyanine dye. Surgeons have found
ways to utilize the FDA approved 1CG:42-47 however, the high background signal in vivo,
structural and optical instability and the lack of ability for a targeting functionality has
opened several avenues for the manipulation of the chemical structure. MB, perhaps the
second most widely researched compound in image-guided surgery not because of its NIR
fluorescence but its color staining properties#8: 42 unfortunately suffers from non-dependable
optical properties.>0-57 The absorption and fluorescence characteristics are at appropriate
wavelengths during in vitro experimentation; however, the redox state of the compound
allows for the reduction of the central imine to the corresponding amine which destroys the
NIR fluorescence of the compound. These non-optimum properties along with low
extinction coefficient and non-amenability to the addition of a targeting ligand limit the
overall utility of this particular contrast agent. In order to develop robust NIR fluorescent
contrast agents for image guided surgery, the general structure of ICG was modified to
include a central cyclic ring for increased optical and chemical stability along with a
zwitterionic character to minimize cellular accumulation and prevent off-target

localization. 1415 Additionally, a reactive carboxylate moiety was added for structural
manipulation toward targeted imaging.16 The engineered molecule is depicted in Figure 4
and is known as ZW800-1 and is among the carbocyanine class of NIR contrast agents for
targeted imaging once conjugated to a biological targeting ligand.16

Background Retention

Optical contrast agents have been designed to satisfy the optical property criteria and their
capacity to luminesce using fluorescence light through skin and tissue has been convincingly
demonstrated, but only a few fluorophores exhibit the ultralow background required for
clinical translation.14-16. 25. 58-64 Optaining this high signal to background depends on the
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clearance pathway from the body and there are structural constraints that allow compounds
to be cleared through renal filtration—the pathway for obtaining clear background.

Renal clearance, involving the kidney, is the ideal route as it minimizes retention and
toxicity risks within the body.5% There are three steps that comprise the process of renal
clearance: glomerular filtration, tubular secretion, and urinary excretion.56 67 The molecular
shape, conformation, size and surface charges are important determinants of renal clearance,
more specifically glomerular filtration.2 Intravascular agents with a hydrodynamic diameter
(HD) smaller than 6 nm are usually successfully filtered when the surface charges are
neutral or zwitterionic, while injected molecules with an HD > 8 nm are not filtered through
kidneys at all.>8: 68 Large molecules or highly charged molecules undergo some level of
hepatobiliary excretion, which generally involves catabolism and biliary excretion, and
contaminates the gastrointestinal (GI) tract and increase non-specific uptake. Although the
overall size is smaller than 6 nm, cationic charged molecules trap in the negatively charged
filters and vasculature, and increase background signal significantly.

The comparison between ZW800-1 and ICG shows a prime example of the clearance
pathway leading to elevated background signal. ZW=800-1 displays unique and exciting
biological and physiological properties in vivo.14-16 The highly charged yet neutral character
prevents cellular accumulation and minimizes protein interactions allowing for complete and
rapid clearance through renal filtration as shown in comparison to ICG in Figure 5. The
biodistribution pattern associated with ICG is more common among alternate NIR
fluorophores with high non-specific uptake shown through the high signal in the liver and
duodenum evidenced by the high fluorescence signal in Figure 5.

Uptake and Persistent Background Retention (PBR)

The focal point of optical imaging combined with appropriate contrast agents is to produce a
high SBR: increase the target signal while decreasing the background signal and noise.
While the focus of optical imaging is typically on generating signal, it is the SBR, and more
often background, which dictates the performance of an injected contrast agent. From the
moment an exogenous contrast agent is injected intravenously, it is likely non-specifically
contributing to background signal and degrading overall performance. The SBR is adequate
for imaging only after specific binding to the desired target and clearance of this non-
specific background from tissue.

Although virtually all published mathematical models of contrast agent biodistribution and
clearance suggest that background is cleared in a relatively short period of time, especially
for small molecule contrast agents, in reality there is a phenomenon of persistent
background retention (PBR) that results in 10-30% of the injected dose remaining non-
specifically in tissues throughout the body.5% "OWhile the mechanism for PBR is presently
unknown, it appears to be a strong function of molecular size, shape, charges, and charge-to-
mass ratio.24 Therefore, in order to improve the SBR of an injected molecule thus improve
its intraoperative use, reducing PBR is desperately needed through structural manipulating
of its size, charge, absorption and clearance as the rapid biodistribution and complete
elimination.
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Conclusions

Although surgery is the main path in curing almost half of all cancer patients, none can
perfectly image the desired target due to high levels of background signal that results in
extreme difficulty during surgery. Designing the best possible contrast agent is essential in
maximizing the use of optical imaging to detect, target, and diagnose specific cancer cells in
vivo. Therefore a thorough understanding of the molecular and tissue properties helps in
designing the ideal contrast agent. Monitoring the surgical field though the visualization of
near-infrared fluorescence stands firm as a leading alternative and arguably most viable
option for real-time-guided surgery.
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Sidebar title: Signal-to-Background Ratio (SBR) or Signhal-to-Noise Ratio
(SNR)

[SBR or SNR is of significant importance in molecular imaging, and many efforts have
been focused to improve SBR for better targeting and imaging. The use of NIR
fluorescence light is an important approach to lower background signal
(autofluorescence) because absorption and scatter are low in the NIR wavelength range,
photon attenuation is minimized and target detection up to 5 mm below the tissue surface
is possible. Because autofluorescence is low in the NIR window, so too is the background
on which targets are detected. Also the use of a right NIR fluorophore improves SBR to
the target by lowering non-specific binding in the reticuloendothelial system
(mononuclear phagocyte system; macrophage system) with efficient biodistribution and
clearance.]
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Figure 1.
(@) PET imaging. 100 uCi of scVEGF/Cu (top row) or inVEGF/Cu (bottom row) were

injected into 4T1luc tumor-bearing mice in the left axillary fat pads. Radioactivity for each
resected organ was obtained 2 h post-injection. (b) SPECT imaging. 100 uCi of scVEGF/Tc
(left) or inVEGF/Tc (right) were injected into 4T1luc tumor-bearing mice 1 h prior to
imaging and resection. Arrows mark left mammary fat pad tumor; arrowheads and dotted
boxes indicate nonspecific uptake. H, heart; L, liver; scale bar, 1 cm [Adapted from Backer
et al.> Copyright permission from Nature Publishing Group].
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Figure 2.

In vivo optical properties of injected fluorophores along with wavelength.
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Figure 3.

Chemical structures of various classes of small molecule fluorophores that have been
explored for biophotonic imaging, their general hydrophobicity maps, highlighted
characteristics concerning their potential for in vivo performance and the overall optical

properties concerning the general core structure.
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700 nm NIR Fluorophore 800 nm NIR Fluorophore 800 nm NIR Fluorophore
Methylene Blue (MB) Indocyanine Green (ICG) ZW800-1
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o _ ONa:
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Optical Property MB ICG ZW800-1
Peak A, (hm) 665 807 772
Peak A, (hm) 688 822 788
Extinction Coefficient (&, M1cm™) 49,500 121,000 249,000
Quantum Yield (¢, %) 9.6 9.3 15.1
Quenching Threshold (uM) 20 10 10
Molecular Brightness (& x ¢, Mlcm™) 4,752 11,253 37,599

Figure 4.
Current state-of-the-art NIR fluorophores used in image-guided surgery. The chemical

structures of three NIR fluorescent contrast agents and the corresponding optical properties.
The negatively charged moieties are highlighted in red and the positively charged regions
are designated in blue.
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Figureb.
Biodistribution and clearance of ICG and ZW800-1. ICG shows elevated nonspecific uptake

in liver and duodenum, while ZW=800-1 represents ultralow background and renal clearance.
Animals were housed in an AAALAC-certified facility and were studied under the
supervision of BIDMC IACUC in accordance with approved institutional protocols
(#101-2011 for rodents and #046-2010 for pigs). NIR fluorophores were injected
intravenously into ~20 g CD-1 mice (10 nmol), ~250 g SD rats (50 nmol), and ~35 kg
Yorkshire pigs (1 pmol) 1 h prior to imaging. Shown are color and 800 nm NIR fluorescence
images of surgically exposed organs taken by the FLARE intraoperative imaging
system.14-16 NIR fluorescence images have identical exposure times and normalizations.
Abbreviations used are: Bl: bladder; BD: bile duct; Du: duodenum; In: intestine; Ki:
kidneys; Li: liver; Sk: skin; St: stomach; Ur: ureter. Scale bars = 1 cm.
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