University of Nebraska Medical Center

DigitalCommons@UNMC
Theses & Dissertations

Graduate Studies

Spring 5-9-2020

Development of Fluorescent Hyaluronic Acid Nanoparticles for
Intraoperative Tumor Detection
Nicholas E. Wojtynek
University of Nebraska Medical Center

Follow this and additional works at: https://digitalcommons.unmc.edu/etd
Part of the Bioimaging and Biomedical Optics Commons, Nanomedicine Commons, Neoplasms
Commons, Oncology Commons, Pharmaceutics and Drug Design Commons, and the Surgery Commons

Recommended Citation
Wojtynek, Nicholas E., "Development of Fluorescent Hyaluronic Acid Nanoparticles for Intraoperative
Tumor Detection" (2020). Theses & Dissertations. 453.
https://digitalcommons.unmc.edu/etd/453

This Dissertation is brought to you for free and open access by the Graduate Studies at DigitalCommons@UNMC. It
has been accepted for inclusion in Theses & Dissertations by an authorized administrator of
DigitalCommons@UNMC. For more information, please contact digitalcommons@unmc.edu.

DEVELOPMENT OF FLUORESCENT HYALURONIC ACID
NANOPARTICLES FOR INTRAOPERATIVE TUMOR DETECTION
by
Nicholas Erasmo Wojtynek
A DISSERTATION
Presented to the Faculty of
the University of Nebraska Graduate College
in Partial Fulfillment of the Requirements
for the Degree of Doctor of Philosophy

Cancer Research
Graduate Program

Under the Supervision of Professor Aaron M. Mohs

University of Nebraska Medical Center
Omaha, Nebraska
April 2020
Supervisory Committee:
Jered C. Garrison, Ph.D.
Daryl J. Murry, Pharm.D.

Michael A. Hollingsworth, Ph.D.
Joyce C. Solheim, Ph.D.

i

ACKNOWLEDGEMENTS
First of all, I would like to thank my advisor, Dr. Aaron Mohs, for his guidance, support,
and motivation throughout the course of my PhD. His mentorship is greatly appreciated and has
been instrumental in my academic and professional success. Aside from mentorship over my
dissertation project, Dr. Mohs provided me with opportunities that have contributed to my
development as a scientist and a person. Additionally, Dr. Mohs showed the utmost support and
interest my career goals and encouraged me to seek external training opportunities that were
critical for my professional development. Overall, Dr. Mohs is an exemplary PhD mentor and
scientist. I look forward to witnessing the future success of his lab and his career.
My advisory committee (Drs. Solheim, Hollingsworth, Murry, and Garrison) has also
played an integral role in providing essential feedback and collaborations for my thesis project.
Throughout my time at UNMC, they have always gone above and beyond in providing me with
the support and resources to ensure success in my project. Their recommendations were critical
in the success of my research.
I also would like to thank my fellow lab mates and other UNMC peers for their continued
collaboration, support, and friendships. They have truly shown to me what it means to work on a
successful multidisciplinary team, an experience that will benefit me for the rest of my career.
Most specifically, I would like to thank the following people: Denis Svechkarev, Tanner Hill, Josh
Souchek, Xiang Liu, Will Payne, Deep Bhattacharya, Bowen Qi, Maddie Olson, Aishwarya
Bapat, Paul Lovell, and Tim Bielecki.
In addition, the support from UNMC and the Fred and Pamela Buffett Cancer Center
was important during my training and development. Most specifically, I would like to
acknowledge my funding through the UNMC Graduate Studies Fellowship and John Borrlson
Memorial Scholarship. Also, the design of the Fred and Pamela Buffett Cancer Center allowed

ii

for the collaboration between researchers and clinicians to improve the translational potential of
projects.
Finally, I would like to thank my friends and family for support throughout the entirety of
my PhD, especially my mom, Connie, my dad, Jeff, my brothers and sister, Nate, Ben, and
Abbey, my dog, Bolt, and my girlfriend, Maria.

iii

DEVELOPMENT OF FLUORESCENT HYALURONIC ACID NANOPARTICLES FOR
INTRAOPERATIVE TUMOR DETECTION
Nicholas Erasmo Wojtynek, Ph.D.
University of Nebraska Medical Center, 2020
Supervisor: Aaron M. Mohs, Ph.D.
Surgical resection remains to be the primary treatment for the majority of solid
tumors, including breast cancer. The complete removal of the primary tumor, local metastases,
and metastatic lymph nodes dramatically improve a patient’s treatment outcome and prognosis.
Nevertheless, surgeons are limited to tactile and visual cues in distinguishing malignant and
healthy tissue. This can result in a positive surgical margin (PSM), which occurs when tumor
goes undetected and is left behind in the surgical cavity. PSMs decreases a patient’s prognosis
and necessitate additional treatment in the form of surgery, radiation, and chemotherapy. An
emerging imaging modality, known as fluorescence-guided surgery (FGS), holds promise for
real-time intraoperative tumor detection and reducing PSM rates.
Recently, the Mohs lab has developed an FGS contrast agent composed of a selfassembled hyaluronic acid (HA)-based nanoparticle loaded with the FDA-approved nearinfrared (NIR) dye, indocyanine green (ICG), termed NanoICG. The work of this dissertation
details the translational development of NanoICG. Using mouse models of triple-negative breast
cancer (TNBC), a proof-of-concept study demonstrated that NanoICG improves delivery of ICG
to tumors, improving NIR fluorescent signal and intraoperative contrast. These results were
expanded upon in a surgical efficacy study that utilized syngeneic, orthotopic murine breast
tumors. The efficacy of NanoICG was assessed with survival FGS and compared to free ICG,
bright light surgery (BLS), and sham controls. NanoICG significantly-reduced rates of residual
disease after FGS and prolonged survival. This was attributed to (1) the superior intraoperative
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NIR signal that was afforded by NanoICG and (2) the ability of NanoICG to identify small, occult
lesions.
In addition to the efficacy study, a 28-day biodistribution and safety assessment of
NanoICG was conducted in CD-1 mice. Although biodistribution results demonstrated prolonged
retention of NanoICG in the liver and spleen compared to ICG, there was no evidence of
hematologic or histologic toxicity. Taken together, the results of these studies conclude that
NanoICG is a safe and efficacious FGS contrast agent. Future studies will seek to advance the
development via translational animal models (i.e. porcine), investigate mechanisms of tumor
uptake and retention, and analyze the pharmacokinetic profile of NanoICG.
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Chapter 1: Introduction
This chapter is adapted from a previous publication by Wojtynek and Mohs. Reprinted with
permission from [1], © 2020 John Wiley and Sons, Inc.
1.1 Image-Guided Surgery in Oncology
Although the adoption of molecularly targeted therapies has improved cancer survival rates,
surgical resection remains the most effective treatment option for cancer and is the primary
treatment for the majority of solid tumors [2, 3]. It is well-established that the ultimate cause of
death in cancer is not from the primary tumor, but from metastases [4, 5]. As such, the complete
removal of the primary tumor, or a negative surgical margin (NSM), is associated with
decreased rates of local recurrence and improved survival [6–9]. Though surgery is potentially
curative, the detection of malignant vs. healthy tissue remains limited to the surgeon’s
experience and visual/tactile cues. As a consequence, positive surgical margins (PSMs) occur
in roughly 14-36% of tumor resection surgeries, presenting negative prognostic outcomes
surgeries [10, 11]. Additionally, PSMs necessitate further treatment, subjecting patients to
additional side effects and economic burden [10]. As a result, image-guided surgery (IGS) has
emerged as a promising solution for intraoperative margin detection [12].
Imaging modalities such as x-ray, magnetic resonance imaging (MRI), positron emission
tomography (PET), computed tomography (CT), ultrasound (US), and single-photon emission
computed tomography (SPECT) offer valuable information for diagnosis, staging and
preoperative planning. However, the prohibitive cost and sophisticated infrastructure of these
imaging modalities limits translation to the operating room. Additionally, the resolution and
contrast provided by these imaging modalities do not provide sufficient sensitivity and specificity
to identify surgical margins and local metastasis [13, 14]. Intraoperative frozen section analysis
(IFSA) of resected tissues is beneficial in reducing rates of local recurrence and is the gold
standard for margin assessment [15]. Nevertheless, IFSA requires an average of 24-27 minutes
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to obtain results, and final margin status is not definitive until after surgery [16–18]. Thus, there
is a clinical need for an imaging modality that provides real-time intraoperative feedback on
surgical margin status.
IGS is emerging as a promising alternative for tumor margin assessment. IGS is defined,
here, as surgery guided with real-time intraoperative optical imaging feedback. The goals of IGS
are locating the primary tumor, detection of residual disease in the resection margin,
identification of metastatic lymph nodes, and preservation of surrounding healthy tissue [19].
Before surgery, the patient is injected with an exogenous contrast agent which accumulates in
the tumor through passive or active targeting mechanisms while rapidly clearing from healthy
tissues, providing intraoperative contrast to malignant tissues. With the aid of an imaging
system that is specific to the type of exogenous probe, the surgeon uses real-time image
guidance to resect the primary tumor and identify any remaining cancer in the surgical cavity. As
a result, the likelihood of attaining complete tumor resection, or NSM, is increased [20].
The surgical tumor imaging methods with the most promise are techniques utilizing
exogenous probes [21]. Although there are a variety of optical imaging modalities and
exogenous IGS probes under development [10, 12, 20, 22], they generally fulfill the same
criteria: intraoperative image of tumor is displayed in real-time; specific accumulation of contrast
agent in the tumor and rapid clearance from healthy tissues, creating tumor contrast; the
imaging system/contrast agent should identify tumors with high sensitivity and high resolution,
including the detection of low signals and small tumors; image display and imaging system
should not interfere with the surgical workflow [23]. Currently, several optical imaging modalities
are compatible with tumor resection surgery. These include fluorescence, PA imaging, SERS,
multimodal imaging, and theranostics, which integrates therapy with imaging.
1.2 Optical Strategies for Image-Guided Surgery
1.2.1

Fluorescence
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Fluorescence-guided surgery (FGS) is the most commonly utilized optical modality for tumor
margin detection (Figure 1). Fluorescence offers several advantages over traditional biomedical
imaging modalities, namely the absence of ionizing radiation and high spatial resolution [12, 24].
Fluorescence imaging in the NIR window (700-1300 nm) is superior to visible wavelengths due
to low scattering, negligible tissue autofluorescence, and relatively high tissue penetration.
Imaging with light <600 nm is limited by scattering in biological tissues and hemoglobin
absorbance, while imaging with light >1300 nm is hindered by high water absorbance [25]. The
properties of NIR light allow for specific intraoperative imaging of tumors with a high signal-tobackground ratio (SBR), imparting surgeons the ability to use visual and tactile cues in
combination with real-time fluorescence imaging to identify tumor margins.
Though 5-aminolivulinic acid (5-ALA) improved complete resection and prolonged
progression-free survival in a pivotal randomized phase 3 trial, leading to approval by the food
and drug administration (FDA) in 2017 [26, 27], it suffered from inconsistencies in tumor
contrast across the patient population, resulting in poor sensitivity and negative predictive value
(NPV) [28, 29]. This is partially due 5-ALA’s visible emission profile (ex. 405 nm; em. 635 nm).
Aside from 5-ALA, there are two FDA-approved NIR fluorophores: methylene blue (MB) (ex. 665
nm; em. 686 nm) and indocyanine green (ICG) (ex. 780 nm; em. 820 nm). ICG has garnered
the most interest because its relatively lower tissue absorption and higher quantum yield (QY)
are favorable for biomedical imaging [30, 31]. Though ICG is yet to be approved for FGS, it is
under clinical investigation for intraoperative sentinel lymph node (SLN) mapping and tumor
identification [22]. Nevertheless, ICG still suffers from limitations such as poor aqueous stability,
poor photostability, non-specific binding to proteins, concentration-dependent aggregation, and
reliance on the enhanced permeability and retention (EPR) effect for tumor accumulation. These
characteristics result in low intraoperative tumor signal and contrast [30, 32, 33]. Therefore,
other NIR dyes such as cyanine-based and novel fluorophores are being investigated for FGS,
and seek to improve intraoperative tumor signal and contrast (Figure 2) [22, 34].
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Finally, there are several FDA-approved and clinical stage FGS systems that are on the
market. Specific details of FGS systems are reviewed elsewhere [35]. It is worth noting that
these systems offer features that are complementary with surgical workflow, maximizing the
amenability of FGS with clinical practice. As novel fluorophores enter the clinical realm, the field
must align on standardized system performance requirements for FGS systems [36, 37].
1.2.2

Photoacoustic Imaging

PA imaging combines the high contrast and specificity of spectroscopy with the spatial
resolution capabilities of ultrasound to generate 2D and 3D images of organs and tissues [38].
In PA imaging, laser pulses are directed toward biological tissues, where the energy is absorbed
and converted to heat. The heat causes thermal expansion, which leads to the generation of
ultrasonic waves that are ultimately detected by an ultrasound transducer [39]. Endogenous
molecules with high absorption coefficients, such as oxygenated and deoxygenated
hemoglobin, can be visualized with high contrast using PA imaging. As a result, these properties
can be leveraged to generate real-time images of blood flow and vascular networks in tissues of
interest, including tumors (Figure 1) [40–42].
Additionally, exogenous compounds with a high molar extinction coefficient, sharp
absorption peak in the NIR range, high photostability, and low QY, can be used as PA contrast
agents [43]. Interestingly, the properties of ICG make it a suitable PA contrast agent [44].
However, due to the in vivo stability issues associated with ICG, others have sought to improve
PA imaging of tumors with nanoformulations of ICG or the development of novel, tumor-targeted
PA contrast agents [43].
To date, there are over two dozen PA imaging clinical trials that have been completed or are
actively enrolling, with several investigating the use of PA for imaging of solid tumors and SLNs
(NCT03931655, NCT03897270, NCT03630601, NCT03318107, NCT03501823). Results from a
study assessing excised thyroid tumors with PA imaging identified distinct differences in PA
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intensity (hemoglobin, lipid, and water) between malignant and healthy tissue (50 patients), thus
demonstrating the potential application of PA imaging to surgical oncology [45].
1.2.3 Surface-Enhanced Raman Spectroscopy
SERS and surface-enhanced resonance Raman scattering (SERRS) are spectroscopic
techniques that are in development for intraoperative tumor detection applications. SERS relies
on the detection of Raman scattering, inelastically scattered light that is created upon the
interaction of light generated by the Raman probe with the tissue of interest [46]. Each molecule
within a tissue possesses a characteristic Raman scattering profile, otherwise known as a
Raman fingerprint. Though label-free SERS can be used to identify tissue characteristics from
endogenous molecules, it is complex and time-consuming. Alternatively, SERS NPs can be
employed to provide a high-intensity signal during surgery [47–49]. As a result, SERS probes
are utilized for the identification of biological structures, including tumors (Figure 1). Raman
spectroscopy offers distinct advantages over fluorescence, namely resistance to
photobleaching, the narrow peak of Raman signals (1-2 nm), multiplexing capabilities, and fM
sensitivity [50]. Therefore, the use of SERS NPs is a highly sensitive method to simultaneously
detect multiple tumor-associated biomarkers during tumor resection surgery and examination of
resected tumors.
1.2.4

Multimodal Imaging and Theranostics

Although the previously mentioned imaging modalities offer unique benefits for
intraoperative tumor detection, each modality also suffers from a unique set of limitations as
well. Due to these drawbacks, it is not possible to obtain complete information about a tumor
using a single imaging modality. Multimodal imaging minimizes these limitations by imaging
tumors with multiple, complementary imaging modalities (Figure 1) [51, 52]. For example, NIR
fluorescence (NIRF) offers the benefit of high-contrast, real-time imaging of tumors. Relative to
PET, NIRF has lower probe sensitivity and a low depth of detection. Nevertheless, PET is not
well-suited for intraoperative imaging and is more useful for pre- and postoperative settings [13,
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53]. Therefore, the use of PET and NIRF in tandem can bridge the gap between the high
sensitivity and detection depth of preoperative PET imaging with the real-time, intraoperative
imaging capabilities of NIRF [54, 55]. Multimodal imaging is not only limited to NIRF/PET. It can
include any combination of clinically-established (x-ray, MRI, PET, CT or SPECT) and/or
intraoperative (fluorescence, PA, Raman spectroscopy) imaging modalities. Due to their ability
to simultaneously deliver multiple payloads, NPs are well-suited to serve as multimodal imaging
probes, many of which are described in forthcoming sections.
There are several early examples of multimodal imaging. The first successful clinical
demonstration was with the combination of the radiodiagnostic agent 99mTc with ICG for hybrid
radio- and fluorescence-guided detection of SLNs in various solid malignancies. The lymphatic
distribution pattern of 99mTc and ICG were proven to be identical, and thus, combined radio and
fluorescence detection of SLNs was clinically feasible [56–59]. Other studies have followed with
radio- and fluorescently-labeled multimodal imaging probes. A carcinoembryonic antigen (CEA)targeted humanized antibody conjugate, 11In-diethylenetriaminepentaacetic acid (DTPA)labetuzumab-IRDye800CW, was developed for combined SPECT/fluorescence imaging. 11InDTPA-labetuzumab-IRDye800CW was proven to be effective at identifying invisible
submillimeter lung tumors with preoperative SPECT and intraoperative fluorescence dye [60].
Another antibody-dye conjugate, epidermal growth factor receptor (EGFR)-targeted cetuximabIRDye800CW, was utilized for FGS and ex vivo PA imaging of pancreas tumors in a phase 2
clinical study (NCT02736578) [61]. Finally, the silica-based 124I-cRGDY-PEG-Cornell dots (C
dots) containing Cy5 were administered to patients with metastatic melanoma in a first-inhuman clinical trial (NCT01266096). Although capable of dual PET-optical imaging, the pilot
study only assessed the safety and feasibility of using 124I-cRGDY-PEG-C dots as a PET
contrast agent. Due to favorable safety profile and evidence of preferential tumor uptake, 124IcRGDY-PEG-C dots hold high potential as an optical-PET multimodal imaging agent [62].
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NPs hold potential to further drug biodistribution and pharmacokinetics (PK), maximizing the
amount of drug delivered to the tumor, thus improving efficacy and limiting off-target toxicities
[63]. Capitalizing on the multifunctional capabilities of NPs, nanotheranostics combine
diagnostic agents with therapeutic agents. As a result, nanotheranostic agents allow for the
ability to non-invasively monitor treatment in real-time [64]. Nanotheranostics are applicable to
surgical imaging and can serve as adjuvant therapy post-surgery.
Nanotheranostic agents that employ phototherapy are especially relevant to FGS.
Phototherapy utilizes light and exogenous photosensitizers to elicit an antitumor effect, either
through generation of reactive oxygen species (ROS) (photodynamic therapy, PDT) or heat
(photothermal therapy, PTT). Due to the high tissue penetration of NIR light, NIR-responsive
dyes that are used as contrast agents in FGS, such as ICG, are preferred as photosensitizers
[65–68]. Therefore, phototherapy is complementary with the surgical workflow, requiring minimal
additional effort to induce phototherapeutic effects during surgery. As a result, phototherapy can
be used in tandem with FGS, immediately eliminating any residual disease that may remain in
the surgical cavity.
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Figure 1: Optical imaging modalities used for IGS with examples of intraoperative tumor
detection from the literature: fluorescence (adapted with permission from [69], ©2016, Springer
Nature), photoacoustic (adapted with permission from [70], © 2017 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim), Raman spectroscopy (adapted with permission from [47], © 2010,
American Chemical Society), theranostics (adapted with permission from [71], © 2018, Ivy
Spring International Publisher), and multimodal imaging (adapted with permission from [72], ©
2019 Acta Materialia Inc. published by Elsevier Ltd.). Reprinted with permission from [1], © 2020
John Wiley and Sons, Inc.
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Figure 2: Emission profiles of commonly-used dyes and NPs for intraoperative tumor detection
and the emission wavelengths of NPs covered in this review. The majority of dyes fall into the
NIR range. Fluorophores in green text indicate FDA-approved compounds. Red text indicates
the typical excitation wavelength for SERS NPs. The excitation and emission wavelength (nm)
are reported in parenthesis after each dye. Reprinted with permission from [1], © 2020 John
Wiley and Sons, Inc.

10

1.3 Nanotechnology Overview
Recently, there has been tremendous growth in the volume and types of NPs used for IGS
[73]. NPs can be classified into two categories, hard and soft. Hard NPs are composed of
inorganic materials and include quantum dots (QDs), noble metals, metal oxides, and
lanthanide-based NPs. Optical features, such as strong absorption, photoluminescence, or
magnetic properties, are inherent characteristics of the hard NPs, making them useful for
bioimaging applications [74]. Nevertheless, because hard NPs are composed of inorganic
materials, the potential for toxicity and colloidal stability are significant concerns. Therefore, they
are often surface-modified with biocompatible materials, such as polyethylene glycol (PEG), to
improve in vivo safety and performance [75, 76]. On the contrary, soft NPs are composed of
organic materials and include micelles, liposomes, and polymeric NPs. In addition to surface
modification, soft NPs can be loaded with a diverse variety of cargo, such as fluorophores or
therapeutic agents. Most soft NPs can carry hydrophilic and amphiphilic cargo, such as ICG and
other NIR dyes, providing in vivo stability to otherwise poorly soluble molecules. Interestingly,
soft NPs can also be loaded with inorganic NPs as cargo, effectively producing hybrid NPs [74].
There are two primary mechanisms of NP uptake and retention in tumors: passive and
active targeting. Passive targeting of NPs is reliant upon the EPR effect, a phenomenon that
allows for elevated accumulation of macromolecules in solid tumors [77]. The EPR effect is the
product of rapid tumor angiogenesis, which produces underdeveloped tumor vasculature
possessing a defective endothelium with wide fenestrations [78, 79]. As a result, molecules in
the size range of 10-1000 nm, or molecular weights > 40 kDa, extravasate across the vascular
epithelium and passively accumulate in solid tumors . Additionally, NPs can be granted an extra
degree of tumor specificity through conjugation to targeting ligands. Tumor-specific markers are
leveraged for NP targeting during intraoperative tumor imaging. Both hard and soft NPs are
capable of conjugation to targeting ligands such as antibodies/antibody fragments, small
molecules, peptides, and aptamers [80]. Unlike the conjugation of targeting ligands to small
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molecules, the functionalization of NPs is especially advantageous because the fluorophore is
left chemically unmodified, limiting the possibility of altering optical performance [81]. In order to
ensure that adequate contrast is provided during surgery, it is essential that the target of interest
is highly expressed while expression is minimal in surrounding healthy tissues [82].
1.3.1

Challenges and Critical Barriers
To date, there is a substantial body of work that utilizes nanotechnology for cancer

therapeutics and imaging. However, clinical outcomes of nanomedicine trials do not necessarily
reflect the robust results that are observed preclinically [83]. There are relatively few NP
formulations have surpassed clinical hurdles and reached FDA approval: ~50 FDA-approved
NPs, while superparamagnetic iron oxide NPs (SPIONs) are the only nanoparticles approved for
an imaging application, MRI [84–86]. Though the use of NPs for IGS is primarily in the
preclinical development stage, it is necessary to discuss the critical challenges and barriers to
successful clinical translation.
1.3.1.1 The EPR Effect
The high clinical attrition rates of anti-cancer nanoparticles can be partially attributed to
tumor heterogeneity and tumor microenvironment (TME) factors that impact the efficacy of NP
delivery [87]. In nano-imaging, the EPR effect is often cited as the primary mechanism
underlying tumor uptake and retention of NPs [87]. However, the heterogeneity of human
tumors is a challenge to this claim. In reality, the EPR effect has only been reported for some
tumor types, and is variable across different cancers, even among different tumors within the
same patient [88, 89]. In addition, the EPR effect is difficult to predict. It can be influenced by a
complex set of TME factors, including tumor characteristics, vasculature, stroma, macrophages,
lymphatics, and interstitial fluid pressure [87]. Therefore, reliance on the EPR effect alone may
be a poor predictor of tumor uptake and can result in unsatisfactory clinical outcomes. Although
ongoing work is attempting to identify predictive EPR effect biomarkers and enhance EPR effect
mediated tumor-targeting, the most popular solution is to bypass the EPR effect altogether and
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target tumor antigens [90]. As discussed in forthcoming sections, there is a strong pipeline of
targeted NPs for IGS, which decreases the dependence on the EPR effect.
1.3.1.2 Challenges to Translating Multifunctional Nanoparticles
Although multifunctional NPs can extend imaging and theranostic capabilities, they present
several practical constraints. First, each added functionality of a NP requires additional synthetic
steps for conjugation or loading of ligand. As a result, the synthetic yield is lowered with each
step and requires more time to produce the final product [91]. Also, complex synthesis protocols
for multifunctional NPs carry a high risk of batch-to-batch variability. Variations in size and
ligand density could impact target binding, in vivo protein binding, and imaging
performance/therapeutic efficacy. In fact, complexity in NP manufacture poses a unique
challenge to regulatory agencies, making it difficult to develop consistent guidelines for
nanomedicines [92]. These potential issues must be addressed before scale-up to clinical-grade
certified good manufacturing practices (cGMP) [93].
Although the conjugation of multiple targeting ligands and contrast agents to NPs can
improve performance, it can significantly increase the overall cost of a NP. For example, the
annual price for a therapeutic monoclonal antibody (mAb) can be upwards of $100,000 [94, 95].
Although this is the annual cost for a therapeutic regiment, the NP conjugation efficiency can be
less than 10%, and require a substantial amount for effective targeting [96]. Also, imaging
systems required for NP detection can be prohibitively expensive (MRI: >$300,000, CT:
$100,000-300,000, PET: >$300,000, optical imaging: $100,000-$300,000) [97], and the NP may
require specific optimization for effective performance with each imaging modality [51, 98].
Taken together, the costs for the preclinical development of an IGS contrast agent are $10
million [99], and added functionalities can further increase this number.
The most significant hurdle to multifunctional NPs is clinical development. Because FGS is
in its relative infancy, there are a limited number of contrast agents that have reached FDA
approval. However, often looked to as a template for the development of FGS probes are
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molecularly targeted nuclear medicine contrast agents. It is estimated that these agents cost an
average of ~$150 million for development in a single indication [100]. If multifunctional NPs
eventually reach the clinic, a clinical assessment dedicated to each feature of the NP would be
required (i.e., preoperative imaging, intraoperative imaging, therapy). Superiority over the
standard of care would be necessary in each indication, thus setting a high bar for FDAapproval and multiplying development costs [101].
1.3.1.3 Safety Concerns
Finally, concerns over safety and biocompatibility remain a critical challenge to the field.
NP safety must be rigorously assessed alongside efficacy studies. Though there are safety
challenges specific to each type of NP, safety and biocompatibility issues generally can be
attributed to a number of NP characteristics, including composition, shape, surface area,
surface charge, catalytic activity, and/or the presence of bio-reactive groups on the NP surface
[102]. It has been well documented that NPs have the potential to cause internal cellular
damage and elicit unwanted immune responses, both of which can lead to tissue damage and
other toxicities [102]. Another concern is the long-term biodistribution of NPs and the effect of
nanomaterials on human health. This is difficult to assess in preclinical stages and may not
ultimately be known until human studies are completed [103]. Therefore, due to the lack of
human NP exposure data, safety and biocompatibility remain a significant concern.
1.4 Nanoparticle Strategies for Image-Guided Surgery
Recently, there have been great strides in the application of NPs for surgical tumor imaging.
These NPs can be categorized as the following: dye nanoformulations, SPIONs, stimulisensitive NPs, QDs, NIR-II NPs, persistent luminescence NPs (PLNPs), aggregation-induced
emission (AIE) NPs, and SERS NPs as intraoperative optical contrast agents (Figure 3). Details
of each are outlined in Table 1.
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Figure 3: Types of nanoparticles used for intraoperative tumor detection. Reprinted with
permission from [1], © 2020 John Wiley and Sons, Inc.
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1.4.1

Nanoparticle Formulations of Established Fluorescent Dyes

As mentioned above, several NIR dyes are well-suited for biomedical imaging (Figure 2).
However, these dyes suffer from in vivo stability issues, undergo rapid clearance, and lack
tumor specificity, resulting in low tumor accumulation [25]. As a result, several research groups
have developed nanoformulations of NIR dyes (liposomes, micelles, polymeric NPs,
mesoporous silica NPS [MSNs], etc.) in order to improve the uptake and retention in tumors.
As the only FDA-approved NIR dye, ICG is the most commonly used fluorophore in NIR dye
NPs. Our group has sought to improve the tumor retention of ICG through nanoformulation via
self-assembled hyaluronic acid (HA) NPs. As a result of conjugating HA polymers to the
hydrophobic moiety, 1-pyrenebutanamide (PBA), hydrophobic pockets are formed during the
NP self-assembly process. Hydrophobic and amphiphilic molecules, such as ICG, can be
loaded into HA-PBA NPs and retained in the hydrophobic pockets through π-π stacking [104].
Compared to free ICG, NanoICG provided up to 2.9-fold higher intraoperative contrast and
improved surgical outcomes in breast, pancreatic, and prostate tumors [105–109]. Others have
improved the tumor uptake of ICG with active targeting ligands. ICG/MSNs-RGD are MSNs
conjugated to an RGD peptide, targeting αvβ3 integrin in brain tumors. ICG/MSNs-RGD
improved tumor signal 1.7-fold versus non-targeted ICG/MSNs. Although both were effective at
identifying the primary tumor, ICG/MSNs-RGD demonstrated a propensity for identifying
submillimeter tumors that would have gone unnoticed with other methods of tumor detection
[110]. Additionally, a NIR polymalic acid chlorotoxin nanoconjugate (NIA) provided high contrast
to orthotopic brain tumors and improved the completeness of resection (Patil et al., 2019).
Although ICG is primarily used as a NIRF contrast agent, it is also effective at providing
contrast in other modalities. A liposomal formulation of ICG, LipoICG, was developed as a
multispectral optoacoustic tomography (MSOT) contrast agent. LipoICG provided sharp MSOT
contrast to 4T1 tumors 24 h after administration at a resolution of ~35 µm. Additionally, LipoICG
provided a stronger MSOT signal than gold nanorods, a standard MSOT contrast agent, while
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still possessing high biocompatibility [112]. Others have developed multifunctional ICG-based
NPs. CF800 is a liposomal formulation of ICG and iohexol, a combination of FDA-approved
NIRF and CT contrast agents. This dual-modality probe was effective at providing preoperative
contrast enhancement (>200 Hounsfield units) to lung tumors. The CT signal was consistent
with the NIRF during intraoperative imaging, where CF800 provided a TBR >5 [113, 114].
Another liposomal formulation of ICG, LP-iDOPE, provided strong contrast to orthotopic brain
tumors. In addition to surgery, the authors also noted that LP-iDOPE could be used as a PDT
photosensitizer to eliminate any remaining tumor cells in the surgical cavity [115].
Although the use of ICG in FGS is widespread, it is still limited by a relatively-low QY, lack of
conjugatable functional groups, and poor in vivo stability. Other NIR dyes in preclinical and
clinical development have desirable features that can be exploited to develop more effective
FGS contrast agents (Figure 2) [25]. Man-PRx800 is a mannose receptor-targeted NP
conjugated to ZW800-1. Man-PRx800 displayed preferential uptake in LNs and provided high
contrast during surgery. Though the primary use of Man-PRx800 was not for primary tumor
margin detection, it can be beneficial in the identification of metastatic LNs [116]. Our group
developed NanoCy7.5 through direct conjugation of Cy7.5 to HA NPs. Compared to free Cy7.5,
NanoCy7.5 provided 14.8-fold higher contrast in breast tumors. This is a product of not only the
high QY of Cy7.5 but also direct conjugation of the dye to the HA NP, minimizing the amount of
free Cy7.5 escaping from the nanoformulation [106, 108, 117]. Also, NanoCy7.5 was combined
with HA-PBA-GdDTPA in a mixed-micelle formulation, termed self-assembled multimodal
imaging NPs (SAMINs), for dual-modality MRI-NIRF imaging of breast tumors. SAMINs
provided greater T1 MRI contrast and % injected dose vs. Magnevist (gadopentetate
dimeglumine) with a 40× lower dose of gadolinium, while also retaining the ability to provide
sufficient NIRF contrast during surgery [98]. Finally, Jin et al. developed neuroblastoma-targeted
Gd2O3 triangular nanoplates (TNs), conjugated to IRDye800CW, for dual-modality MRI-NIRF
imaging. The neuroblastoma-targeted with Gd2O3 TNs provided a 3-5-fold higher MRI and NIRF
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signal to the tumor vs. healthy surrounding tissue. As a result, resection guided with Gd2O3 TNs
improved 42-day survival vs. controls and non-targeted Gd2O3 TNs [72].
Due to their straight-forward composition with FDA-approved or biocompatible materials,
dye nanoformulations hold high potential as first-generation intraoperative contrast agents. As
NIR dyes other than ICG enter the clinical realm, such as IRDye800 [118], we expect to see an
expansion in the use of dye nanoformulations for FGS.
1.4.2

Superparamagnetic Iron Oxide Nanoparticles

SPIONs are the only NPs that have attained FDA approval for a biomedical imaging-related
indication [85]. SPIONs are composed of either γ-Fe2O (maghemite), Fe3O4 (magnetite), or αFe2O3, with diameters ranging from 10-100 nm [119]. Due to their superparamagnetic
properties, SPIONs are useful as preoperative MRI contrast agents, capable of providing
enhanced T2-weighted contrast to malignant tissues [120]. Furthermore, SPIONs possess an
excellent biocompatibility profile [121]. Past studies have indicated that SPIONs undergo
biodegradation in vivo, limiting long-term cytotoxicity [122]. Therefore, SPIONs are a favorable
platform for biomedical imaging applications and are currently undergoing clinical assessment
for MRI and preclinical development as contrast agents for FGS [120, 123]. In fact, the only
FDA-approved SPION, ferumoxytol (approved for treatment of iron-deficiency anemia in
patients with chronic kidney disease), is also being used off-label as an MRI contrast agent in
patients with renal failure who cannot be given gadolinium, and is under clinical investigation for
the detection of metastatic LNs and hepatic masses [124]. Thawani et al. developed a low-cost
contrast agent termed ICG-coated SPIO-nanoparticle clusters (ISC), combining FDA-approved
SPION and ICG. ISC demonstrated enhanced contrast in preoperative T2-weighted MRI and a
strong intraoperative PA signal in a flank model of GBM. When compared to microscopic
surgery, PA-guided surgery improved complete tumor removal and prolonged survival [125].
SPIONs can be further modified by the addition of targeting ligands and therapeutic agents
[119, 120, 123]. For example, Wang and coworkers coated SPIONs with dSiO2, 800ZW, and a
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CD-146-targeted antibody (800ZW–sPION@dSiO2–YY146). Compared to an untargeted NP,
800ZW–sPION@dSiO2–YY146 generated an increase in NIRF signal and improved T2weighted MRI contrast in a mouse model of gastric cancer [126]. Another group developed a
SPION platform for multimodal imaging and therapy of pancreatic and ovarian tumors. In both
cases, PEGylated SPIONs conjugated to NIR-830 were functionalized with targeting ligands
(ATF peptide for uPAR targeting in pancreatic cancer, and a HER-2-targeting affibody in ovarian
cancer), enhancing T2-weighted MRI contrast and intraoperative NIRF contrast versus nontargeted SPIONs. Additionally, the SPIONs were conjugated with chemotherapeutic agents and
slowed tumor growth in comparison to free drug [127–129]. Finally, Wang et al. demonstrated
the use of HA/ICG-coated SPIONs (IONPs-ICG-HA) for combined FGS, PA, and PTT/PDT.
IONPs-ICG-HA exploited TME features such as hypoxia, low pH, and excessive H2O2
production to trigger OH production by IONPs-ICG-HA. Also, ICG served as a photosensitizer to
improve synergistic PDT/PTT and acted as a fluorescent imaging probe. This, combined with
CD44 targeting provided by HA, resulted in the efficacious treatment of colorectal tumors and
improved PA and NIRF contrast [130]. Though FGS was not the primary objective of the IONPsICG-HA study, it demonstrated the versatility of SPIONs for multimodal imaging/theranostics of
solid tumors.
Due to the safety profile and efficacy of SPIONs, they remain an excellent platform for
surgical imaging. Recent findings have made it clear that modifications to SPIONs (e.g.,
targeting, theranostics) have the potential to improve outcomes. However, further work is
needed to assess the effects of active targeting on the pharmacokinetics and biodistribution of
SPIONs [120, 123].
1.4.3

Stimuli-Sensitive Nanoparticles

During tumor development, cellular processes become increasingly dysregulated to sustain
proliferation and survival. As a result, tumors acquire hallmark characteristics that distinguish
neoplastic disease from healthy tissue [131]. These hallmarks manifest as abnormalities that
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are observed in the TME, such as acidic pH, hypoxia, or the upregulation of proteolytic
enzymes. Consequently, these TME factors can be targeted by delivery systems and exploited
by stimuli-responsive imaging probes for intraoperative imaging [132]. With tumor-specific
fluorescence activation, stimuli-sensitive NPs can maximize tumor signal while minimizing
fluorescence activation in background tissues.
Low pH is a characteristic of the TME. The rapid growth and proliferation of cancer cells
require a continuous source of energy. To maintain high energy requirements, cancer cells shift
their metabolism from oxidative phosphorylation to aerobic glycolysis (Warburg effect),
acidifying the TME (pHTumor = 6.5-6.9 vs. pHNormal Tissues = 7.4) [133]. Recently, Zhao et al.
developed a transistor-like ICG-based pH nanoprobe, termed PINS. At pH ≤ 6.9, PINS
dissociates into protonated unimers, which are highly fluorescent, while at pH ≥ 7.0, PINS are
retained in a non-fluorescent, micellar state. Effectiveness was demonstrated across a variety of
orthotopic and metastatic tumors, in which PINS provided superior contrast vs. a panel of NIR
imaging probes. Also, PINS reduced the number of false positives vs. fluorodeoxyglucose
(FDG)-PET imaging. The surgical utility of PINS was demonstrated, dramatically improving
survival after FGS in models of head and neck cancer and small occult breast nodules with a
100% confirmation rate [69]. Based on this robust preclinical data, PINS (ONM-100) is now
under phase II clinical investigation in patients with solid tumors (Figure 4). Another group has
developed a SiNc-based pH-activatable NP for combinatorial FGS/phototherapy. Upon
internalization into cancer cells, the OFF/ON SiNc NPs were activated by pH-triggered
dequenching of fluorescence, leading to sufficient tumor contrast and cytotoxicity [71].
Another characteristic of tumor cells is high expression of proteases. Proteases, such as
cysteine cathepsins or matrix metalloproteinases (MMPs), have essential roles in facilitating
tumor growth, invasion, and metastasis, chiefly through degradation of the extracellular matrix
[134]. Therefore, proteases have been long sought-after as targets of cancer imaging probes
[135]. Cysteine cathepsin-activatable NPs have recently been reported [136, 137]. LUM015 is a
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PEGylated dye-quencher conjugate linked with a cathepsin-degradable peptide sequence
(QSY21-GGRK-Cy5-PEG). Upon degradation of the GGRK peptide by tumoral cathepsins,
fluorescence is activated through a dequenching mechanism. After demonstrating outstanding
efficacy in a genetically engineered mouse model (GEMM) of soft tissue sarcoma (STS),
LUM015 was administered to 15 patients that underwent surgical resection of STS or breast
tumors and imaged ex vivo. Results demonstrated that that LUM015 was well tolerated at three
doses and provided sufficient contrast to tumors. In the majority of patients, LUM015 provided a
tumor to normal tissue fluorescence ratio >1, an indicator of strong potential as a contrast agent
for FGS. Since this preliminary study, LUM015 has been undergoing various stages of clinical
investigation in multiple indications, including a recently established multicenter phase 3 clinical
trial (NCT03686215) (Figure 4).
In addition to PINS and LUM015, other peptide-based activatable probes have initiated
clinical trials [82]. Therefore, there is a high potential for the use of stimuli-sensitive probes for
FGS. Nevertheless, heterogeneous expression levels of enzymes and conditions targeted by
stimuli-sensitive NPs can potentially limit their efficacy [138, 139]. To address these concerns, it
is essential to stratify patients by stimuli expression levels to identify the full impact of tumor
heterogeneity.
1.4.4

Quantum Dots

QDs are semiconducting nanocrystals consisting of 200-10,000 atoms and are on the order
of 2-10 nm in core diameter, while targeted and coated QDs can be much larger. Their
composition imparts unique optical properties, including broad stokes shift, high QY, long
fluorescence lifetime, and long photostability. The most unique characteristic of QDs is sizedependent tunable emission, allowing for the precise selection of fluorescence emission
wavelength [140].The structure of a QD typically consists of a fluorescent core surrounded by a
semiconductor shell. QDs can be conjugated to biocompatible ligands to improve in vivo
stability, and functionalized with tumor-targeting ligands [141]. Though QDs offer optical
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properties that are desirable for intraoperative imaging, they also suffer from significant toxicity
concerns. Until recently, the composition of QD core material has mainly consisted of heavy
metals (Cd, Hg, Pb, As), which can be released from the core during circulation. Cd toxicity is
the most considerable concern because it is the most commonly used core material [140]. The
primary clinical manifestation of Cd toxicity is renal damage but can also cause bone,
cardiovascular, immune, and endocrine dysfunction [142]. A solution to limit the risk of heavy
metal toxicity is to optimize the QD shell composition to minimize the possibility of Cd2+ release
[143]. However, to eliminate the risk of heavy metal toxicity altogether, the field has been
inclined to develop Cd-free QDs with biocompatible materials (In, Cu, Ag, Zn, S, Se) that have
comparable performance to Cd-containing QDs [144, 145].
Yaghini and coworkers developed an In-based QD platform, termed bio CFQD®, for in vivo
LN imaging. Bio CFQD® was shown to display high QY and colloidal stability in aqueous
environments. After subcutaneous injection into rat paws, bio CFQD® accumulated in regional
LNs located in the thoracic fat pads and exhibited fluorescence retention after LN dissection
[146]. Though a long term biodistribution study indicated that bio CFQD® was retained in the
liver and spleen after 90 days, no organ or hematological toxicity was observed [147]. In the
future, bio CFQD® can serve as an effective platform for intraoperative tumor and SLN imaging.
Several groups have optimized QDs through functionalization with targeting ligands.
Although it was only used for a theranostic application, Ag2Se-cetuximab nanoprobes were
shown to accumulate in orthotopic oral tumors 13 h after injection, and provide greater tumor
signal than non-targeted QDs [148]. An aptamer-based, EGFRvIII-targeted QD, QD-Apt, was
shown to cross the blood-brain barrier (BBB), providing sharp intraoperative contrast to
orthotopic brain tumors. Interestingly, it was demonstrated that the EGFRvIII is highly-expressed
in 41.82% of human gliomas, and 0.00% in normal brain tissue, thus providing potential clinical
relevance to QD-Apt [149].
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There are several examples of QDs that have features of other NPs classes. Fan and
coworkers developed pH-responsive fluorescent graphene quantum dots (pRF-GQDs), which
displayed a fluorescence shift between green and blue at pH 6.8. Though fluorescence was
emitted at a visible wavelength (em. = 440 nm), pRF-GQDs exploited tumor acidosis and
provided contrast to pancreatic, liver, lung, and brain tumor xenograft models. Optimization of
the optical properties (i.e., developing NIR-emitting QDs) could improve the intraoperative
performance of these stimuli-sensitive QDs [150]. NIR-II-emissive recombinant protein QDs
were developed as a mAb-conjugatable QD platform based on recombinant enhanced green
fluorescent protein (EGFP)-protein G. In a proof-of-concept study, the QD was conjugated to
anti-HER-2 mAbs and provided distinct contrast to breast tumors. Though it is an effective
tumor-targeting QD platform, the QD contained Pb, limiting its translational potential. Therefore,
this targeting platform should be applied to biocompatible QDs to improve clinical relevance
[151]. Finally, Gd-Ag2S nanoprobes combined the high penetration depth of MRI with the realtime imaging capabilities of NIR-II fluorescence. The Gd-Ag2S nanoprobes were proven to be
safe for up to one month, were detectable at concentrations as low as 0.025 × 10-3 M with T1weighted MRI, and 4 × 10-6 M with NIR-II imaging. MR contrast-enhancement was observed up
to 48 h after administration to mice bearing orthotopic brain tumors. Gd-Ag2S was able to
provide high intraoperative contrast (TBR ≈ 11) to tumors with minimal background interference.
Histological analysis determined that Gd-Ag2S effectively reduced the quantity of residual
tumors when compared to BLS (4.5% vs. 14%) [152].
1.4.5

NIR-II Emitting Nanoparticles

There is a large body of evidence suggesting that fluorescence in the NIR-I range (700-900
nm) is favorable for biomedical imaging. Though impacted by tissue scattering to a lesser
degree than visible light, NIR-I fluorescence is still not entirely immune to scattering. In
biological tissues, the magnitude of scattering is inversely proportional to the wavelength of
light. Therefore, as wavelength increases, scattering decreases [153]. Biomedical imaging in the
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NIR-II window (900-1300 nm) is superior to the NIR-I window due to a higher resistance to
scattering, and thus, deeper tissue penetration. Also, light in the NIR-II window is less
susceptible to the absorption and autofluorescence that is observed in biological tissues and
endogenous molecules [25, 154]. Consequently, NIR-II imaging has garnered interest for FGS
due to its potential in generating high TBRs with minimal interference.
Nanoformulation of NIR-II fluorophores can improve in vivo stability and maximize the
amount of dye delivered to the tumor. These contrast agents are typically soft NPs loaded with
NIR-II fluorophores. For example, PDFT1032 polymeric NPs consisted of PDFT, a novel NIR-IIemitting polymer surrounded by a DSPE-mPEG shell. PDFT1032 generated high TBRs in
osteosarcoma for up to 3 days after IV injection [155]. The self-assembled, PEGylated SCH NP
platform consisted of four size-tunable NPs based on the NIR-II dye, CH1055. SCH4, the
smallest NP (2 nm), exhibited rapid hepatic clearance and allowed for the identification of
hepatic tumors with an excellent TBR (>7) [156]. H1 NPs, were functionalized with targeting
ligands, allowing for the precise identification of glioblastoma and SLNs [157]. A multifunctional
NP termed HT@CDDP was capable as a theranostic agent for oral squamous cell carcinoma.
HT@CDDP provided sufficient tumor contrast up to 24 h after injection while also suppressing
tumor growth with combinatorial chemo-PTT [158].
Another popular class of NIR-II fluorophores are lanthanide-based NPs. Although lanthanide
NPs provide bright NIR-II emission that is favorable for bioimaging, they are retained in the
reticuloendothelial system (RES) and give rise to long-term safety concerns. Recently, Li et al.
reported on the development of a liposomally formulated NIR-II lanthanide NP. Liposomal
formulation dramatically-reduced the blood, liver, and spleen half-life of RENPs@Lips compared
to other lanthanide NPs. As a result, more than 90% of RENPs were cleared from the
hepatobiliary system 72 h after administration. Additionally, RENPs@Lips provided sufficient
interoperative contrast to identify primary tumors and SLNs in mouse models of melanoma and
osteosarcoma. Taken together, these results demonstrated the potential benefits of using
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nanoformulation to improve PK profile, possibly expanding the use of lanthanide-based NPs to
safe, in vivo use [159].
In addition to simple nanoformulations, there are more complex systems that are utilized for
the delivery of NIR-II contrast agents to solid tumors [160]. Two unique examples include an
SWNT-coated M13 bacteriophage [161] and red blood cell-based probe (RBCp) [162]. Another
innovative NP delivery strategy is in vivo assembly of up/downconversion NPs (U/DCNPs). This
strategy reduces RES scavenging and background interference while maximizing tumor-specific
NIR-II fluorescence signal. The Zhang group developed two such NIR-II NPs. The first, DCNPL1-FSHβ, is a follicle-stimulating hormone receptor (FSHR)-targeted NP for the intraoperative
detection of ovarian cancer. After dual injection of each component, the NP assembled at the
tumor through DNA pairing. Intraoperative NIR-II imaging revealed that DCNP-L1-FSHβ identified
tumors with a tumor-to-normal tissue ratio of 12.5 and provided enough contrast to distinguish
submillimeter lesions in the peritoneal cavity [163][164]. Similarly, the UCNP@Azo/β-CD NP
system was able to increase tumor accumulation 4-fold with in vivo assembly. It resulted in a
1.5-fold increase in SNR compared to ex vivo-assembled NPs in peritoneal ovarian cancer
metastases [165].
Finally, Zhang et al. synthesized a dual-modality NIR-II/PET imaging probe, termed CH4T/SLB–MSN–Mdot/64Cu2+ nanoprobe, consisting of the NIR-II fluorophore, CH-4T, and 64Cu2+
as a PET contrast agent. The hybrid MSN/supported lipid bilayer (SLB)/Mdot formulation
maximized CH-4T NIR-II fluorescence while also serving as a chelator-free scaffold for 64Cu2+.
As a result, NIR-II fluorescence was increased 4.27-fold vs. CH-4T alone. These results were
replicated in a model of squamous cell carcinoma (SCC), where the NPs provided high PET
contrast before surgery as well as sufficient intraoperative NIR-II contrast for tumor recognition
[166].
Though intraoperative imaging in the NIR-II range is an emerging field, we have observed
tremendous growth due to the superior optical properties of the NIR-II windo. Evidence of the
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first clinical study using NIR-II imaging emerged at the end of 2019. This study utilized ICG to
image liver tumors in the NIR-I/II windows. Though off-peak ICG fluorescence was used,
intraoperative NIR-II imaging demonstrated superior tumor detection sensitivity, tumor-to-normal
liver tissue signal ratio, and tumor detection rate compared to imaging in the NIR-I window
[167]. Moving forward, it is likely that innovations in materials science and engineering will drive
further breakthroughs. For example, InGaAs-based fluorescence detection cameras are mostcommonly utilized in NIR-II imaging; however, as other NIR-II-sensitive materials, such as InSb
or HgCdTe, are incorporated into cameras, the detection limit and depth will be improved,
expanding the utility of NIR-II imaging [25]. Nevertheless, to reach clinical translation, NIR-II
imaging systems must be developed for clinical use. Additionally, because many of the NIR-II
fluorophores are novel organic dyes or inorganic nanomaterials, comprehensive safety and
biocompatibility studies are necessary [168].
1.4.6

Luminescent Nanoparticles

Persistent luminescence NPs (PLNPs) are unique in that they do not require a continuous
excitation source. Rather, PLNPs emit light several minutes to hours after the cessation of
excitation. Because a continuous excitation source is not required during FGS, the risk of
autofluorescence and background noise is minimized, allowing for high TBRs. Though there are
over 200 chemical combinations reported in the literature, PLNPs for biomedical imaging
applications are composed of host materials combined with rare earth (RE) and metal transition
cations (dopant), emitting light in the red/NIR window [169]. The underlying physics of PLNPs is
complex and is still under investigation. However, persistent luminescence begins as excited
electrons are generated by exposure to excitation light. Instead of falling back to relaxed energy
levels, the electrons are captured by electron traps, which are characteristic of the PLNP
composition. The energy stored in the trap is gradually released through a discharge process,
and the end result is the continuous generation of light [170].
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Several groups have developed PLNPs for the purpose of FGS. Generally, PLNPs were
based on either ZnGa [171–173] or NaGd [174], complexed with common nanomaterials, and
functionalized with targeting ligands. In each example, PLNPs were exposed to excitation light
before administration and emitted light in the NIR range, which could be observed up to 24 h
after initial excitation. Of note, Qui and coworkers developed NIR upconversion luminescent
nanoprobes functionalized with anti-HER-2 mAbs. After IV administration, the PLNPs provided
excellent contrast to metastatic LNs that penetrated 7.7 mm. Interestingly, the PLNPs were
tracked with SPECT/CT imaging, results from which demonstrated consistency with NIRF
imaging [174]. Though each cited example showed enhanced tumor contrast provided by
PLNPs, only one study reported the effects of PLNP administration on surgical efficacy. Ai et al
developed ZGC, which were ZnGa2O4Cr0.004-based PLNPs for the NIRF imaging of liver tumors.
During surgery, ZGC provided high contrast with long-lasting NIRF liver tumors, and detected
lesions that were smaller than 1 mm. Also, FGS with ZGC prolonged survival vs. traditional
surgery [173].
Finally, it is essential to address the questionable toxicological effects of RE metals. Several
studies have demonstrated that long-term exposure to RE dust may lead to toxic effects in the
lung and long-term disposition in the body [175]. More specifically, it was found that RE oxides
undergo biotransformation in macrophage lysosomes, ultimately resulting in inflammation and
fibrosis. [176]. In order to advance the clinical translation of PLNP, further investigation into their
long-term biodistribution and toxicity are necessary.
1.4.7

Aggregation-Induced Emission Nanoparticles

A characteristic of planar fluorophores, such as ICG, is aggregation-caused quenching
(AQC) at high concentrations/close proximity. In AQC, π-π stacking interactions between
aromatic rings quenches fluorescence, limiting the fluorescence imaging capabilities of these
dyes at high concentrations. However, organic non-planar fluorophores exhibit a quality known
as AIE. Their fluorescence is usually quenched by extensive intramolecular rotations and other
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motions in low concentrations. In high concentrations/close proximity, these motions are
restricted due to π-π stacking, and the molecules regain fluorescence [177]. Additionally, NIRemitting AIEgens possess higher QY, broader Stokes shifts, and stronger resistance to
photobleaching than conventional NIR dyes, while also being more biocompatible than QDs
[178].
Improvements in AIEgen nanoformulations have allowed for their use as surgical contrast
agents. AIE NPs are composed of AIEgens loaded into lipid NPs, which helps encourage
aggregation and improve delivery to tumors. AIE NPs developed by Liu and coworkers were
utilized for NIRF detection of peritoneal metastases. The AIE NPs provided an ultra-high TBR of
~7.2 to malignant tissues. As a result, the AIE NPs were able to identify several lesions that
were 100-500 µm in size [179]. TPE-Th-B NPs also displayed the ability to identify submillimeter
pulmonary metastases of 4T1 breast tumors with high NIRF contrast [180]. Two AIE NPs used
for surgical imaging demonstrated multimodal imaging capabilities. JNJ15 (Polyphorin +
Bacteriopheophorbide NPs) effectively provided NIRF contrast to a rabbit model of head and
neck SLNs. After the excision of SLNs, JNJ15 also provided contrast with PA imaging [181,
182]. A more elaborate combination of multimodal imaging and PDT was demonstrated with
UV-sensitive, DTE-TPECM smart function-transformable NPs. The design of DTE-TPECM NPs
allowed for the unique ability to undergo reversible switching between closed- and opened-ring
structures upon exposure to UV light, allowing for the production of robust PA and
fluorescence/ROS signals, respectively. As a result, this versatile system offered pre-surgical
imaging (PA), intraoperative imaging (fluorescence), and PDT capabilities, ultimately improving
overall survival after surgical resection of 4T1 breast tumors [183]. Finally, two separate AIE
NPs possessed characteristics of other NP classes including NIR-II capabilities [184] and
persistent luminescence [185] in a variety of tumor models. Of note, the NIR-II emitting AIE NPs
(TQ-BPN), showcased the benefits of AIEgens with a superior NIR-II quantum yield (2.8%) vs.
common NIR-II nanomaterials such as SWCNTs (QY = 0.4%). Surprisingly, though the
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maximum emission of TQ-BPN is 808 nm, the off-peak, short-wave infrared (SWIR)
fluorescence produced by TQ-BPN was still effective at providing NIR-II contrast.
There is a strong potential for the use of AIE NPs in FGS. As this NP class grows, it is likely
that the performance of nanoformulations will be improved with higher loading capacities and
functionalization with targeting moieties. Also, because all AIEgens are considered new
molecular entities, it is necessary that rigorous preclinical drug metabolism, pharmacokinetics
(DMPK), and toxicology studies be conducted.
1.4.8

Surface-Enhanced Raman Spectroscopy Nanoparticles

SERS NPs are unique in that they rely on the Raman effect, rather than fluorescence, for
image-guidance. SERS NPs consist of a multi-layered structure composed of a Raman reporter
molecule adsorbed onto the surface of the metal core (Au or Ag NPs), falling into the 100-120
nm size range. The Raman reporter component is responsible for generating a Raman
spectrum unique to the NP. Also, SERS NPs can be further modified with a biocompatible
coating and/or targeting ligands to improve in vivo stability and tumor specificity [186].
There are several methods of SERS NP-guided surgery: non-targeted SERS, targeted
SERS, multiplexed SERS, and multimodal imaging. Regardless of the imaging method, an
enhanced SERS signal serves as tumor indicator and guides resection. Although non-targeted
SERS NPs attribute tumor accumulation to the EPR effect and macropinocytosis, they are still
effective and safe contrast agents [187–192]. Notable highlights include the detection of
microscopic foci as small as 100 µm with 1.5 fM sensitivity [189], and the detection of
premalignant GI lesions with high sensitivity (93.1%) and positive predictive value (89%)[192].
Tumor-targeting ligands improve the detection of cancer by SERS NPs. αTF-SERRS NPs
were conjugated to an anti-ALT-836 mAb and were able to detect lung metastases as small as
200 µm [193]. Also, αvβ3 integrin-targeted SERRS NPs detected orthotopic brain tumors with
fM sensitivity and allowed for the recognition of tiny lesions as small as 5 cells, outperforming
non-targeted NPs [194].
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SERS has the unique ability to employ multiplexed imaging for the detection of multiple
tumor markers in a single sample. This is beneficial in cancer imaging, due heterogeneous
expression of tumor antigens. In order to detect multiple NP flavors, a ratiometric quantification
method is required, comparing the signals of targeted SERS NPs to a non-targeted reference
[195]. Two imaging studies using multiplexed SERS nanoparticles were performed on resected
human tumor samples. The first example applied multiplexed SERS to human nonmuscle
invasive bladder cancer (NMIBC), using three flavors of topically administered SERS NPs
(CD47, CA-9, and non-targeted) with a Raman endoscope system. It was found that both the
targeted and non-targeted NPs differentiated tumor from normal tissue with high accuracy (ROC
AUC = 0.93).The non-targeted NPs exhibited 5-fold deeper penetration and 3.3-fold higher
tissue concentration than the targeted NPs, suggesting a strong EPR effect in NMIBC [196].
The Liu group employed a panel of SERS NPs (EGFR, HER2, CD44, and ER) to perform
multiplexed imaging of 57 human breast tumor samples 10-15 minutes after resection. The
multiplexed SERS NPs enabled discrimination between tumor and healthy tissue, and multiple
subtypes of breast cancer, achieving a sensitivity of 89.3% and a specificity of 92.1% (Wang et
al., 2017). Taken together, these studies showcased the high translational potential of
multiplexed SERS imaging.
Although SERS offers high sensitivity and resolution in the detection of tumor margins, it is
reliant on point spectroscopy, which requires long acquisition times and can result in residual
disease being overlooked. Also, relative other imaging modalities, SERS has a limited depth of
penetration [198]. Therefore, SERS has been combined with other imaging modalities that offer
a wider field of view (NIRF, MSOT) or higher depth of penetration (PET) to maximize the
effectiveness of SERS. Both F-SERS Dots and FRNPs combined NIRF with SERS. Combined
imaging allowed for the quick recognition of tumor with NIRF, while SERS detected residual
tumor with high sensitivity, including microscopic lesions that were not recognizable with NIRF
[199, 200]. SERRS-MSOT-nanostars combined SERS with multispectral optoacoustic
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tomography (MSOT) for the detection of GBM. MSOT allowed for the generation of 3D mapping
while SERS allowed for the detection of GBM with high sensitivity and resolution [201]. Finally,
PET-SERRS NPs were conjugated to 68Ga to combine PET with SERS. PET was useful in the
identification of tumor and metastatic LNs before surgery, while SERS detected malignant tissue
during surgery [202].
Due to the high sensitivity of SERS along with multiplexing capabilities, SERS NPs hold high
promise as effective contrast agents for surgical guidance. In order to break into the clinical
realm, several hurdles must be surpassed. Because the primary components in SERS NPs are
Au and Ag, there are concerns over potential long-term toxic effects of the NPs. Although
previous studies have shown that Au NPs have negligible to mild toxic effects, further long-term
biodistribution and toxicology studies are necessary prior to clinical investigation [203, 204].
Additionally, advancements to SERS imaging systems such as wide-field SERS and endoscopic
systems will improve the ease of use in the clinical setting [50].
1.4.9

Nanoparticles in the Clinic

To date, NPs in clinical development include dye nanoformulations, stimuli-sensitive probes,
and SERS NPs (Figure 4). More sophisticated classes of NPs (QDs, luminescent, AIE, NIR-II,
etc.) have not yet reached the clinic, but hold promise. Due to the commercial availability of
FGS systems and compatibility with the surgical workflow, the majority of NPs undergoing
clinical investigation for intraoperative tumor identification are for FGS indications [20]. However,
it is worth noting that several of these NPs could be compatible with PA imaging, especially
ICG-containing NPs. Nevertheless, PA imaging is more appropriate for applications other than
surgery (i.e. applications that require high depth of detection) and is less amenable to the
operating room setting [14]. Although SERS NPs have been utilized for real-time tumor
identification in resected patient samples, clinical hurdles lie within safety concerns associated
with Au NPs and limited clinical applicability SERS systems [186, 205, 206]. For these reasons,
there has been more clinical progress in the FGS space when compared to PA and SERS.
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The most clinically advanced NP is LUM015, which is undergoing eight clinical trials,
including a pivotal phase 3 study (NCT03686215). As discussed in the stimuli-sensitive NP
section, LUM015 is a pegylated cathepsin-activatable probe that is composed of Cy5 (ex. 658
nm; em. 696), a QSY21 quencher, and a GGRK peptide linker. As a consequence of protease
overexpression in the TME, the probe is cleaved, separating dye and quencher, and activating
fluorescence. The phase 3 trial is a multicenter, single-arm study with the primary objective of
assessing the ability of LUM015 and the LUM2.6 FGS systems to detect residual tumor in 250
breast cancer patients undergoing lumpectomy. The secondary endpoint seeks to determine the
rate of PSMs after FGS. This trial is expected to be completed in early 2020 and will be the first
FGS NP to be tested on a large patient population. To date, the only results reported in the
literature are from a dose-escalation study in 15 breast cancer patients, which reported tumorto-normal tissue ratios of ~4.5 and an acceptable safety profile [207].
Because tumor acidosis is a relatively universal feature of tumors, ONM-100 (PINS), a pHsensitive poly(ethyleneglycol)-b-poly(ethylpropylaminoethyl methacrylate) copolymer NP
conjugated to ICG, is seeking FDA approval as a tissue-agnostic FGS contrast agent. ONM-100
is currently undergoing two clinical trials, with the most advanced being a phase 2a study in 45
patients with breast, head and neck, colorectal, bladder, prostate, and ovarian cancers, and is
estimated to be completed in early 2020 (NCT03735680). The primary endpoint of the study is
to determine the mean fluorescence intensity of tumor vs. non-tumor in patients treated with
ONM-100 while the secondary endpoint to establish the PK profile of ONM-100.
cRGDY-PEG-Cy5.5-CDots are integrin-targeted NPs that are undergoing clinical
development as dual-modality PET/fluorescence contrast agents for SLN mapping [208].
cRGDY-PEG-Cy5.5-CDots are composed of core-shell silica CDots, PEG, Cy5.5 (ex. 679 nm;
em. 696 nm), and an integrin-targeting peptide, cRGDY. There are currently two active clinical
trials for cRGDY-PEG-Cy5.5-CDots, with the most advanced being a phase 1/2 study in 105
patients with head and neck, breast, and colorectal tumors (NCT02106598). The investigators
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hope to utilize the cRGDY-PEG-Cy5.5-CDots to conduct preoperative SLN mapping with PET
followed by fluorescence-guided removal of SLNs. The secondary objective of the study is to
determine whether the cRGDY-PEG-Cy5.5-CDots can image breast tumors during surgery. The
study is estimated to be completed by mid-2020.
The co-administration of carbon NPs (CNP) and ICG seeks to be established as a SLN
mapping strategy. CNPs, 21 nm NPs consisting of activated carbon, accumulate in lymphatic
vessels and LNs, and allow for their identification via visualization of black color [209]. Addition
of ICG could potentially improve SLN mapping through NIRF imaging. Currently, two large trials
are assessing the feasibility of using CNP + ICG for the guided resection of SLNs in patients
with cervical (NCT03778268; 1143 patients) and endometrial (NCT03778255; 635 patients)
tumors. The primary endpoint of the studies is to determine the predictive value of CNP + ICG
vs. CNP alone. The secondary endpoints seek to assess the SLN detection rate, sensitivity, and
false-negative rates. The estimated study completion date is in mid-2020.
Three other NP candidates that have completed late-stage preclinical/translational studies.
LipImageTM 815 is a lipid NP composed of LipidotTM NPs [210] and the NIR dye, IR780 (ex. 650
nm; em. 780 nm). In a prospective proof-of-concept study, LipImageTM 815 was administered to
companion canines with spontaneous STS or subcutaneous tumors that underwent surgery
shortly after. No adverse effects were observed as a result of LipImageTM 815 administration.
Furthermore, LipImageTM 815 provided sufficient contrast to identify tumors in each dog (n = 9)
and resulted in PSMs in only one case. Though a small study, this demonstrates the feasibility
of using LipImageTM 815 for intraoperative tumor detection in spontaneous tumors, which have
more heterogeneity than preclinical cell lines and GEMMs. Further studies on larger populations
are needed to determine the sensitivity and specificity of the probe [211]. Finally, two sets of
previously-discussed multiplexed SERS NPs demonstrated value as ex vivo contrast agents in
identifying disease in resected NMIBC [196] and breast cancer (Wang et al., 2017).
1.5 Conclusion and Future Outlook
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This overview covered the current progress and advancements in the use of NPs for
surgical tumor recognition. Since a prior report published by the Mohs lab [24], there has been a
rapid development of nanotechnology for biomedical imaging with the entrance of several new
technologies into the surgical tumor detection realm (i.e. NIR-II fluorescence, AIE NPs, etc.), as
well the entry of first-generation NPs into the clinic. The use of NPs for surgical image guidance
will likely continue to grow and play a significant role in the field.
However, several critical issues must be addressed to ensure successful clinical translation
of NPs. The field must strictly adhere to rigid preclinical guidelines to maximize the translational
potential of NPs and rule out under-performers. This includes testing NP candidates in clinically
relevant models, such as orthotopic patient-derived xenograft tumors, which better recapitulate
the heterogeneity and tissue-specific characteristics of human tumors. Additionally, strive to
achieve clinical translation with efficacious, simple, and biocompatible (FDA-approved materials
if possible) nanoformulations, while also minimizing NP complexity [212, 213]. Finally, because
long-term biodistribution and safety of NPs are a significant concern, preclinical and clinical
studies must assess these items with rigor [86].
As more NPs enter the clinic, the IGS field must align on clinical trial design. This includes
developing clinically relevant endpoints that seek to assess the effects of the contrast agent on
patient benefit (i.e., survival or PSM rate) rather than merely correlating intraoperative signal
with tumor location [61]. Pogue and coworkers have established a cost-effective clinical trial
framework that takes advantage of the FDA’s exploratory investigational new drug (eIND)
pathway for the early clinical development of contrast agents with first-in-human phase 0
microdose trials [99]. Also, others have developed standard preclinical and clinical benchmark
guidelines for the successful development of novel intraoperative contrast agents [19, 214]. In
addition to contrast agents, several commercially available imaging systems are used for
surgical imaging. Each system varies in its dynamic range and sensitivity, which can lead to
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discrepancies in tumor recognition. Standard detection criteria must be developed to ensure
consistent imaging effectiveness [35].
Although there are several challenges to be addressed, the future outlook of the use of
NPs for surgical tumor detection is bright, with the potential to create high value for cancer
patients [37]. As advances are made at the intersection of engineering, materials science, and
medicine, the in vivo performance of NPs for surgical tumor detection will continue to improve,
and the benefits of NPs will be realized. For example, recent advancements in deep learning
with improvements in neural networks have made substantial impacts in cancer diagnosis,
proving to be a useful tool in digital pathology [215], radiology [216], and the classification of
skin lesions [217]. This technology can be applied to surgical image guidance as a tool to assist
the surgeon in distinguishing between malignant and healthy tissue, increasing the likelihood of
achieving NSMs. Additionally, computational methods can be leveraged for the development
and optimization of NPs, improving their performance [218]. Given opportunities and the
advancements highlighted by this review, we envision that NPs will become fundamental in the
ultimate goal of reducing the incidence of PSMs in surgical oncology.
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Figure 4 Nanoparticles currently undergoing clinical investigation. Reprinted with permission
from [1], © 2020 John Wiley and Sons, Inc.
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Table 1: NPs utilized for intraoperative tumor detection. Reprinted with permission from [1], © 2020 John Wiley and Sons, Inc.
Nanoparticle

Class

Composition

Size (nm)

TQ-BPN

AIE

TQ-BPN + Pluronic F-127

33

L897 NPs

AIE

BPST + DSPE-PEG2000

34

Ex/Em
(nm)
630/808
(SWIR)
711/888

AIE NP

AIE

α-DTPEBBTD-C4 + DSPE-PEG2000

46

Cor-AIE Dots

AIE

Corannulene-PEG-TPP-TPA

HLZ-BTED dots

AIE

DTE-TPECM NPs

Modality

Reference

FGS

[184]

FGS

[219]

635/801

FGS

[179]

47

440/680

[220]

HLZ-BTED

60

805/1034

FGS
PDT
FGS

AIE

DTE-TPECM + Lipid-PEG2000 +
YSA Peptide

68

410/550

[183]

AGL AIE
Nanodots
JNP15

AIE

TPE-Ph-DCM + Lipid-PEG2000

95

AIE

100

AIE

Man-PRx800

DN

7

FGS

[116]

NIA

DN

12

730/795

FGS

[223]

LipImageTM 815

DN

PEG-α-cyclodextrin +
ZW-800-1
PMLA + CTX + ICG +
tri-leucin
Liposomal IR786

363,
405/622
772/788

FGS
PA
FGS

[181, 182]

TPE-Th-B

Polyphorin + Bacteriopheophorbide
NP
TPE-Th-B + DSPE-PEG2000

465/700
(10 h)
750/820

FGS
PA
PDT
FGS

50

793/815

FGS

NanoICG

DN

HA-PBA + ICG

80-150

780/800

[211, 224,
225]
[105–109]

CF800

DN

Liposomal ICG

90.7

735/820

SAMINs

DN

97.8

ICG/MSNs-RGD

DN

HA-PBA-Cy7.5 and
HA-PBA-DTPAGd3+
RGD + MSN + ICG

NanoCy7.5

DN

LipoICG
LP-iDOPE

110

Target (Moiety)

EphA2
(YSA peptide)

Mannose Receptors (PEG/αcyclodextrin)
Various Targets (CTX)

[221]

[222]

[180]

CD44 (HA)

FGS

[113, 114]

98

CD44 (HA)

100

770/837

αvβ3 Integrin (RGD)

FGS
CT
FGS
MRI
FGS

HA-PBA-Cy7.5

100

52

CD44 (HA)

FGS

DN

Liposomal ICG

130

800/N/A

MSOT

[106, 108,
117]
[171]

DN

Liposomal ICG

191

780/811

FGS
PDT

[98]
[110]

[115]

37
RVG&IRDye800Gd2O3 TNs
ZCG

DN

Gd2O3 Triangular NanoplatesRVG-IRDye800
ZnGa2O4Cr0.004

Edge Length = 37.542.5
10

PLNP

NLPLNP

PLNP

Zn1.1Ga1.8Ge0.1O4:Cr3+,Eu3+ @SiO2
+ FA

50

Luminescent
UCNPs

PLNP

NaGdF4:Yb,Tm,Ca@NaLuF4 +
anti-HER2 mAb

137

980/804
(24 h)

HER2 (mAb)

ZGGO:Cr

PLNP

Zn1+xGa2−2xGexO4:Cr + Aptamer

10-80

(Aptamer)

PDFT1032
polymer NPs
H1 NPs

NIR-II

mPEG shell + DFT1032

68

550/680
(5 h)
809/1032

NIR-II

Liposomal H1

80

808/110

112

738/1055

64

2+

775/806
UV LED/
696 (5 h)
Red LED/
696 (15 h)

nAchR
(RVG peptide)
Folate Receptor (FA)

FGS
MRI
FGS
CT
FGS
Theranos
tic
FGS
SPECT/
CT
FGS

[72]
[173]
[171]
[174]
[172]

FGS

[155]

αvβ3 Integrin (RGD)

FGS

[157]
[166]

FSHβ Receptor (FSHβ peptide)

FGS
PET
FGS

CH-4T/SLB-MSNMdot/64Cu2+
DCNP-L1-FSHβ

NIR-II

SLB-MSN-Mdot + CH-4T + Cu

NIR-II

DCNPs (NaGdF4) + DNA + FSHβ

~300 in vivo

808/1060

UCNP@Azo +
DCNP@β-CD
SCH1-SCH4

NIR-II

FGS

[165]

739-775/
990-1050
~808/~1000

FGS

[156]

NIR-II
NIR-II

FGS
PDT
FGS

[162]

SWCNT-coated
virus
HT@CDDP NPs

NIR-II

15 (UCNP@Azo), 8
(DCNP@β-CD)
170, 80, 30, 2
(SCH1-4)
40 (UCNPs)
7 µm (RBCs)
500 x 1
(SWNT)
60-70

808/1060

RBCp

Nd@NaGdF4 DCNPs + Azo or
βCD
Self-assembled PEG + CH1055
NPs
UCNPs@RB@RGD@avidinRBC@ICG@biotin
SWNT + M13 virus (p8) + p3 +
AF584
TQTPA + CDDP + HA

[158]

Core-Shell
Nanoparticles
RENPs@Lips

NIR-II

PEO-b-PCL + NaYF4 + DiR

FGS
Theranos
tic
FGS

NIR-II

FGS

[159]

Ag2Se-cetuximab
QDs
pRF-GQDs

QD

NaYF4/Nd 7%@NaYF4 + DPPC +
Chol + PEG-lipid
Ag2Se QD-OPA-PEG-cetuximab

[148]

QD

Bio CFQD® NPs
QD-Apt

NIR-II

[164]

808/
1000-1300
760/1016

SPARC (p3)

60-90

980/1175

Folate Receptor (Folate)

72
2.8

264, 545/
1064, 1345
720/930

Graphene QD

4

270/440

Theranos
tic
FGS

QD

In-based QD + ZnS + PEG

12.2

405/615

FGS

[146, 147]

QD

ZnS QD-PEG-A32

20

330/605

FGS

[149]

CD44 (HA)

EGFR (cetuximab)

EGFRvIII (A32)

[161]

[226]

[150]

38
Recombinant
Protein QDs
Gd-Ag2S
Nanoprobe
GERTs

QD

30

515/1150

QD

EGFP-Protein G-PbS QDs-anti
HER2 mAb
Gd3+-DOTA-Ag2S QDs

~25

808/1200

SERS

Au + Si +BDT

97

785, 808/
N/A

SERRS-MSOTNanostars
SERS NPs

SERS

Au Nanostar + Si + PEG + IR-780

100

785/N/A

SERS

Au + Si + PEG + IR-780

108

SERRS-NPs

SERS

Au + Si + PEG + IR-780

110

Multiplexed
SERS NPs
Multiplexed
SERS NPs
PEG-R-Si-Au-NPs

SERS

Au + Si + mAb

120

785/N/A

SERS

120

785/N/A

SERS

Au + Si + PEG12 + DyLight 650 +
mAb
Au + Si + PEG

120

785/N/A

αTF-SERRS NPs

SERS

Au + Si + IR-780 + ALT-836

122

785/N/A

68

HER2 (mAb)

FGS

[151]
[152]

785/N/A

FGS
MRI
SERS
Theranos
tic
SERS
MSOT
SERS

785/N/A

SERS

[192]

SERS

[197, 228]

SERS

[196]

SERS

[187, 188]

TF (mAb)

SERS

[193]
[202]

EGFR (mAb), HER2 (mAb), CD24
(mAb), CD44 (mAb), ER (mAb)
CA9 (mAb), CD47 (mAb), IgG4
(mAb)

[227]
[201]
[191]

PET-SERRS NPs

SERS

Au + Si + IR-780 + Ga

132

785/N/A

RGD SERRS

SERS

140

785/N/A

αvβ3 (RGD)

CD47-targeted
SERS-NPs
αFR-NPs

SERS

150

785/N/A

CD47 (mAb)

SERS

[229]

164

785/N/A

Folate Receptor (ab3361 anti-folate
binding protein Ab [LK26])

SERS

[230]

SERRS
Nanostars
F-SERS Dots

SERS

Au Nanostars + Si + IR-780 +
RGDyK
Au + Si + SM(PEG)12 + Dylight 650
+ anti-CD47 mAb
Au Nanostar + Si + (1) αFR-Ab +
IR780 or (2) PEG5000 + IR140
Au Nanostar + Si + PEG + IR-780

SERS
PET
SERS

100-140

785/N/A

SERS

[189, 190]

SERS

Ag + Si + AF610 + mAb

352-363

612, 785/
628(AF610)

[199]

FRNPs

SERS

Au Nanorod + Ag + Si + (PS)A6
DNA

60-80

785/794

ICG@MCNPs

SPIO
N

SPIONs + Carbon NPs + ICG

10

780/816

ATF-PEG-IONP

SPIO
N

SPION + PEG + ATF-NIR-830 +
Dox or Cis

25

800/830

SERS
FGS
PTT
SERS
FGS
PTT
FGS
MRI
PTT
FGS
MRI

SERS

EGFR (mAb), VEGF (mAb)

uPAR
(ATF Peptide)

[194]

[200]
[231]
[127]

39

NF-SION

Theranos
tic
FGS

SPIO
N
SPIO
N

SPION + Oleic Acid + PEG +
Cy5.5-APTES
SPION + ICG + HA

38

675/705

50

780/820

SPIO
N
SPIO
N

SPION + ICG

97

850/N/A

SPION + dSiO2 + 800ZW + PEG +
YY146

146

778/806

CD146
(YY146 mAb)

SPIO
N

SPION + NIR-830 + HER2 Affibody

18-24

800/830

HER-2 (Affibody)

P-GFLG-Cy5

SS

HPMA copolymer-GFLG-Cy5

7

649/666

PINS

SS

PEG-b-P(EPA100-r-ICG1)

26

PNP

SS

SiNc + PEG-PCL

LUM015

SS

QSY21-GGRK-Cy5-PEG

IONPs-ICG-HA
ISCs
800ZW–
sPION@dsiO2–
YY146
NIR-830-ZHER2:342IONP-Cisplatin

H2O2; CD44 (HA)

[232]

FGS
PTT/PDT
PAI
MRI
PA
FGS
MRI

[130]

[128, 129]

Cysteine Cathespins

FGS
MRI
Theranos
tic
FGS

780/820

pH < 6.9

FGS

[69]

40

750/780
650/675

FGS
PDT
FGS

[71]

Not Reported

Self-Quenching/
De-quenching
Cysteine Cathespins

Abbreviations: Aggregation-induced emission (AIE), dye nanoformulation (DN), emission (Em), excitation (Ex), near-infrared-II
(NIR-II), not applicable (N/A),persistent luminescence nanoparticles (PLNP), quantum dot (QD), surface-enhanced Raman
spectroscopy (SERS), superparamagnetic iron oxide nanoparticle (SPION), stimuli-sensitive (SS)

[125]
[126]

[137]

[136]
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Chapter 2: Rationale for Using NanoICG
2.1 INTRODUCTION AND PRELIMINARY DATA
Experiments performed in a published study form the basis for this dissertation
[106] (reprint permission obtained from © 2016 Ivy Spring International Publisher).
Previously, our lab developed a series of self-assembled HA nanoformulations of the
NIR dyes, ICG and Cy7.5, termed NanoICG and NanoCy7.5 [105, 117]. This study
expanded upon these findings and a developed a panel of eight NanoICG and
NanoCy7.5 conjugates of that are detailed in Figure 5. Upon using these contrast
agents to image nude mice bearing triple-negative MDA-MB-231 xenograft tumors, two
lead contrast agents were identified on the basis of the ability to provide intraoperative
contrast (measured with tumor-to-muscle contrast-to-noise ratio [CNR]). (1) NanoICGPBA
(ICG physiochemically entrapped in HA10 kDa-PBA NPs) provided 2.3-fold higher tumor
contrast than free ICG 24 h after IV administration (P < 0.01) (Figure 6B). (2)
NanoCy7.5100-H (Cy7.5 covalently bound to HA100 kDa-aminopropyl 5β-cholanic acid)
demonstrated a 74-fold improvement in tumor contrast versus free Cy7.5 at 24 h (P <
0.0001) (Figure 6H). These two leads were administered to immunocompetent BALB/c
mice bearing orthotopic, syngeneic 4T1 tumors, a more clinically relevant model of
TNBC. The findings of this study are described below. Please refer to the original
reference for detailed methods and results [106].
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Figure 5: (A,B) Transmission electron microscopy images of NIRF HA-based NPs that
were derived from 10 kDa or 100 kDa HA, using either PBA or 5βCA as hydrophobic
substituents to drive self-assembly. NanoICG formulations utilized physicochemically
entrapped ICG, whereas NanoCy7.5 formulations utilized chemically conjugated Cy7.5.
NP nomenclature is as follows: NanoICG refers to NP formulations of ICG. The subscript
“5βCA” and “PBA” refer to the conjugated hydrophobic moieties, aminopropyl-5βcholanamide and aminopropyl-1-pyrenebutanamide, respectively. NanoCy7.5 refers to
NP formulations of Cy7.5. The subscript “100” or “10” refers to 100 or 10 kDa HA,
respectively. Subs “H”, “L”, and “Ø” refer to high, low, or no 5βCA conjugation to HA. (C)
These contrast agents were delivered to MDA-MB-231 tumor bearing mice, followed by
extensive analysis of biodistribution, tumor contrast, relative contrast agent uptake, and
tumor depth detection in tissue-mimicking phantoms. The most promising formulations
were chosen based on these results for subsequent testing in immune-competent
BALB/c mice bearing 4T1 tumors, which were analyzed with multiplexed fluorescence
microscopy in addition to similar analysis as the initial study (Originally published by Hill,
Kelkar, Wojtynek et al. [106]; reprinted with permission from © 2016 Ivy Spring
International Publisher)
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Figure 6: Contrast between tumor and muscle tissue of MDA-MB-231 tumors grown in
nude mice. CNR was variable at 4 h, indicating a wide range of individual tumor and
muscle signal levels. Levels stabilized by 24 h with CNR > 10 for NanoICGPBA and > 100
for NanoCy7.5100-H at 24 h (highest observed). CNR was reduced in NanoICG and
NanoCy7.5100 formulations by 72 h, however NanoCy7.510 formulations showed higher
CNR values, with NanoCy7.510-L being greatest at 72 h. Data was analyzed using oneway ANOVA with multiple comparisons and Tukey’s post-test (mean ± SD) (Originally
published by Hill, Kelkar, Wojtynek et al. [106]; reprinted with permission from © 2016
Ivy Spring International Publisher).
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2.2 METHODS
2.2.1 Nanoparticle Synthesis
ICG-loaded and Cy7.5-conjugated NPs were synthesized as previously
described [105, 117, 233]. Briefly, aminopropyl-1-pyrenebutanamide (PBA) and
aminopropyl-5β-cholanamide (5βCA) were synthesized from 1-pyrenebutyric acid and
5β-cholanic acid by first refluxing in methanol at 60 °C for six hours, followed by
purification and refluxing in 1,3-diaminopropane at 135 °C for six hours. 5βCA-HA
conjugates were synthesized with 10 kDa or 100 kDa HA polymers followed by
conjugation with 5βCA with 10.4 or 25.7 (10 kDa) or 32.1 (100 kDa) wt% by first
dissolving HA 50:50 H2O:DMF containing 10-fold molar excess of EDC/NHS, followed
by dropwise addition of 5βCA and stirring for 24 h. PBA-HA conjugates were
synthesized and purified similarly using 10 kDa HA and 10 wt% PBA. Each polymer
conjugate was purified by dialysis in 50:50 H2O:EtOH for 24 h followed by dialysis in
pure H2O for an additional 48 h. Cy7.5-amine was conjugated to HA or amphiphilic HA
using EDC/NHS chemistry [117], while ICG was physically loaded as described
previously [105]. All NPs were then frozen, lyophilized, and stored at -20 °C.
2.2.2 Tumor Model Preparation
All animal work was conducted within the guidelines of a protocol approved by
the University of Nebraska Medical Center or the Wake Forest University Health Science
Center IACUCs. 4T1 murine breast cancer cells were grown in MEM with 10% FBS, 1X
penicillin/streptomycin, L-glutamine, and 1 μg/mL puromycin. Cells were prepared for
animal injection by mixing with 50:50 media:matrigel. Tumor xenografts were introduced
to 11 week old female female BALB/c mice (Jackson Labs; Bar Harbor, ME) by bilateral
orthotopic injections into left and right inguinal mammary pads (100 µL injections of 2 ×
107 cells/mL) and were allowed to grow at least 9-13 days prior to the mice being
euthanized and imaged.
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2.2.3 In Vivo Near-Infrared Contrast Agent Delivery and Imaging
Contrast agents, including each NP formulation (containing 10 nmol ICG or 1.2
nmol Cy7.5) or corresponding dye at equivalent dose, were injected IV (200 µl) via tail
vein. The quantity of ICG was equal across both NanoICG and ICG groups (10 nmol
ICG/mouse), NanoCy7.5 and Cy7.5 groups were administered 1.2 nmol Cy7.5/mouse
due to the brightness of Cy7.5. Mice were then euthanized at the designated time point
after injection; 4, 24, or 72 h. After necropsy, mouse organ/tissue and tumor specimens
were then imaged using a Pearl Trilogy Small Animal imaging system (LI-COR; Lincoln,
NE) to detect ICG or Cy7.5 (800 nm channel) fluorescence from the contrast agents.
Analysis was performed using LI-COR Image Studio 5.0 software to manually draw
areas of interest around tumors and organs, and average pixel intensity was used to
calculate signal to noise ratio (SNR) and contrast to noise ratio (CNR); SNR = (average
tissue intensity per pixel in an area of interest)/(standard deviation of background area of
interest). CNR = (Tumor SNR – Muscle SNR)/(standard deviation of background).
Relative SNR of NP formulations groups to dye only groups was calculated as (SNRNP
group)/(SNRdye alone group), where the free dye is either ICG for comparison to
NanoICG or Cy7.5 for comparison to NanoCy7.5. This metric was chosen to “normalize”
the signal of each NP formulation to its respective free dye to determine whether or not
NP formulation improves tumor delivery of dye and compare between NP formulations.
2.2.4 Image-Guided Surgery
BALB/c mice had orthotopic 4T1 tumors (2 × 107 cells in 50:50 media:matrigel)
implanted bilaterally into thoracic mammary glands and allowed to grow as described
above. NanoCy7.5100-H (1.2 nmol/mouse) or NanoICGPBA (10 nmol/mouse) or their
respective free dye controls at equivalent dye concentration were injected IV via tail vein.
Mice were then euthanized after 24 h and a simulated image-guided surgical procedure
was performed. The bilateral mammary tumors were identified using a combination of
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visual resection and with the aid of a separate fluorescence image-guided surgery
system, termed (FIGSS), resected under image-guidance, then followed by
reexamination of the contrast enhancing region. FIGSS, which we have previously
described in detail elsewhere [234, 235], utilizes two separate, but integrated
components. The first is a spectrophotometer that is fiber-coupled to a hand-held device
that transmits 785 nm excitation and collects wavelength-resolved fluorescence
emission through the same device [234]. The version used here is capable of 8 (low), 30
(medium low), 80 (medium), 150 (medium high), and 200 (high) mW power and collects
spectra between 800-950 nm. The second component of the system is a real-time video
wide-field imaging system that collects both NIR emission from the contrast agent and
visibile light for anatomical reference [235]. The widefield system uses the laser from the
spectroscopic system as its excitation source. NanoCy7.5 and Cy7.5 required low power
(8 mW) excitation, while NanoICG and ICG required medium power (80 mw) excitation.
Harvested tissue was subjected to additional spectroscopy and imaging analysis.
Spectra from tissues were obtained with the tip of the laser 1 cm from the tissue surface.
2.2.5 Histological Analysis
Tumor tissue from image-guided surgery studies was immediately placed in OCT
mounting media gel and rapidly frozen in liquid nitrogen. These samples were then cut
and processed by the UNMC Tissue Sciences Facility. Sections from each sample were
stained with hematoxylin and eosin (H&E) or were left unstained for NIR fluorescence
microscpy. Samples were analyzed with an Olympus IX73 Inverted Microscope with a
xenon excitation source and imaged with an Olympus DP80 Digital Camera and
cellSens Dimension software. H&E-stained tissue samples were visualized and imaged
with brightfield microscopy. Unstained tissue samples were visualized and imaged for
autofluorescence (FITC filter cube) and NIR fluorescence (ICG filter cube). Exposure
times of each channel were manually adjusted to maintain clear image resolution.
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Background signal from images in the autofluorescence and NIR channels were blackbalanced on an area that contain tissue using an automated algorithm provided by
cellSens Dimension software. NIR signal was pseudo-colored yellow, but with no
additional signal processing, using ImageJ software (https://imagej.nih.gov/ij/).
2.2.6 Dye Release Study
Release of ICG and Cy7.5 from their respective HA NP formulations (lead NPs
based on contrast enhancement studies) was determined in release media, which is
constituted from BSA dissolved in PBS to 42.5 mg/ml BSA. NanoICGPBA, ICG,
NanoCy7.5, or Cy7.5, were dissolved in release media to 20 μM, 20 μM, 13.8 μM, and
20 μM, respectively, based on dye content. Release of free ICG and Cy7.5 from NPs
relative to dye alone was examined via dialysis. Solutions containing NP dye formulation
or dye alone (1 mL) was placed in 100 kDa MWCO dialysis tubing and immersed in 10
mL of release media in 15 ml conical tubes, sealed, and placed on a rocker. Dye
released into release media was measured at 5, 10, 20, and 30 min and 1, 2, 4, 6, 24,
48, and 72 h by taking 600 μL from the conical tube and absorbance spectra were
obtained with a 220 UV-Vis Spectrophotometer (Thermo Scientific). Release media was
subtracted using Thermo INSIGHT software. After spectra acquisition the sample was
returned to the tube. Release of dye from NP was and transport of free dye was
measured as appearance of dye in the release media outside the dialysis tubing. For
ICG and NanoICGPBA, this was measured as Δabs799 = abs799 aliquot – abs799
release media, while for Cy7.5 and NanoCy7.5, Δabs804 = abs804 aliquot – abs804
release media.
2.2.7 Statistical Analysis
Data was analyzed in Prism 6 software (Graphpad; La Jolla, CA). Data from the LICOR Pearl system was converted to Excel for processing. Errors were propagated
according to established rules from averaged SNR values. Biodistribution was analyzed
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using two-way ANOVA with multiple comparisons and Tukey’s test. MDA-MB-231
(Section 2.1) tumor CNR and SNRNP /SNRdye ratios were analyzed using one-way
ANOVA with multiple comparisons with Tukey’s test. For BALB/c mice bearing 4T1
tumors, biodistribution was analyzed using one-way ANOVA, and CNR and
SNRNP/SNRdye ratios were analyzed using Student’s t-test. Significant differences were
considered as P < 0.05. Measurements of individual tumors were used for determination
of tumor sample size (range: N = 4-10 depending on tumor growth). P-values presented
for ANOVA tests are multiplicity adjusted p-values. All graphs show groups with Mean ±
SD. Significance levels are represented as follows: **, p < 0.01; ***, p < 0.001; **** p <
0.0001.
2.3 RESULTS
2.3.1 Assessment of Contrast in Lead Formulations
NanoICGPBA and NanoCy7.5100-H were chosen for further evaluation due to
elevated CNRs observed in mice bearing MDA-MB-231 tumors (NanoICGPBA and
NanoCy7.5100-H) and the high translational value of NanoICGPBA (Figure 6). SNR-based
biodistribution profiles observed in the BALB/c mice bearing 4T1 tumors at 4 and 24 h
were consistent with results in the MDA-MB-231 tumor model [106] (Figure 7).
NanoICGPBA provided a significantly higher SNRTumor versus free ICG at 24 h, while a
significantly-greater SNRTumor value was observed at 4 and 24 h when comparing
NanoCy7.5100-H versus Cy7.5. Additionally, ICG displayed significantly higher SNR
values in the kidney and liver at 4 h. The opposite was observed at 24 h, where
NanoICGPBA provided a significantly higher signal in the spleen in addition to the kidney
and liver. When comparing Cy7.5 to NanoCy7.5100-H, no significant differences were
observed at 4 h except in tumor SNR. At 24 h, NanoCy7.5100-H displayed significantly
higher SNRs in liver, kidney, and bone (Figure 7, Tables 2-3).
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Similarities to MDA-MB-231 xenograft results were also observed in tumor-tomuscle CNR, with a significantly higher difference being observed with NanoICGPBA
versus ICG T 24 h (12 ± 3 vs 27 ± 3) (P < 0.0001) (Figure 8A). Additionally,
NanoCy7.5100-H displayed elevated CNR versus free Cy7.5 at 4 (187 ± 58) and 24 h (246
± 79) (P < 0.0001) (Figure 8B). Due to a decrease in overall NIRF signal observed in
MDA-MB-231 xenografts, 72 h was not included as a timepoint during evaluation of lead
contrast agents in Balb/c mice. Moreover, 4 and 24 h are more practical in during the
clinical development of FGS contrast agents.
Finally, NanoICGPBA and NanoCy7.5100-H were directly compared after dyespecific differences were normalized by calculating the ratio of SNRNP/SNRdye. At both 4
and 24 h post-injection, NanoCy7.5100-H displayed a significantly larger SNRNP/SNRdye
ratio versus NanoICGPBA (0.9 ± 0.3 for NanoICGPBA vs. 4.8 ± 1.6 for NanoCy7.5100-H at 4
h; P < 0.0001) (2.2 ± .0.5 for NanoICGPBA vs. 9.3 ± 2.9 for NanoCy7.5100-H at 24 h; P <
0.0001) (Figure 9). In other words, NanoCy7.5100-H not only provided greater contrast
than NanoICGPBA or Cy7.5, but also displayed a higher relative tumor signal versus free
dye than NanoICGPBA.
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Figure 7: Biodistribution of contrast agents in 4T1 tumors showed similar results
compared to MDA-MB-231 tumors. SNR of both ICG and NanoICG was higher in all
tissues at 4 h (A), however signal remained higher in the tumor at 24 h with NanoICGPBA
compared to ICG alone (B). Similar results were observed between NanoCy7.5100-H and
Cy.7.5 alone between 4 h (C), and 24 h (D). These results suggest that the
biodistribution is not meaningfully different in immune competent mice. NanoICGPBA had
greater tumor SNR than ICG alone at 24 h (29.19 vs. 13.4) (p < 0.001), and
NanoCy7.5100-H had greater tumor SNR than Cy7.5 alone at both 4 (231.30 vs. 47.77)
and 24 h (270.30 vs. 28.02) (p < 0.0001). Data was analyzed using Student’s t-test
(Originally published by Hill, Kelkar, Wojtynek et al. [106]; reprinted with permission from
© 2016 Ivy Spring International Publisher).
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Table 2: Values and significance levels for organ SNR in Balb/c mice for NanoICG at 4
and 24 h (Originally published by Hill, Kelkar, Wojtynek et al. [106]; reprinted with
permission from © 2016 Ivy Spring International Publisher).
NanoICG
Tumor
Muscle
Lung
Heart
Bone
Pancreas
Kidney
Liver
Spleen

ICG
53.68
5.14
29.05
10.57
12.68
24.91
108.3
142.5
12.07

4h
NanoICG
46.46
6.45
27.42
10.7
17.62
48.86
55.95
90.04
23.83

Sig.
ns
ns
ns
ns
ns
ns
***
***
ns

ICG
13.4
1.18
5.69
2.07
4.81
3.24
20.48
19.08
4.69

24 h
NanoICG
29.19
2.14
8.3
4.26
8.25
6.26
26.28
30.87
12.39

Sig.
****
ns
ns
ns
ns
ns
**
****
****
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Table 3: Values and significance levels for organ SNR in Balb/c mice for NanoCy7.5 at 4
and 24 h (Originally published by Hill, Kelkar, Wojtynek et al. [106]; reprinted with
permission from © 2016 Ivy Spring International Publisher).
NanoCy7.5
Tumor
Muscle
Lung
Heart
Bone
Pancreas
Kidney
Liver
Spleen

Cy7.5
47.77
26.72
256.2
74.34
67.33
65.48
283.6
1017
329.1

4h
NanoCy7.5
231.3
43.52
378.8
164.5
116.1
150.3
361.4
937.5
347

Sig.
***
ns
ns
ns
ns
ns
ns
ns
ns

Cy7.5
29.02
12.5
73.86
28.41
34.02
38.6
180.6
467.8
139.4

24 h
NanoCy7.5
270.3
24.58
100.8
42.58
102.6
77.58
170.9
744.3
404.5

Sig.
****
ns
ns
ns
*
ns
ns
****
****
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Figure 8: CNR levels were positive for all contrast agents, indicating greater signal in
the tumor than muscle. CNR of ICG and NanoICG were not significantly different at 4 h,
however by 24 h NanoICG showed significantly greater contrast (p < 0.0001).
NanoCy7.5 showed significantly greater contrast than Cy7.5-amine at both 4 and 24 h (p
< 0.0001). Data was analyzed using Student’s t-test (mean ± SD) (Originally published
by Hill, Keklar, Wojtynek et al.[106]; reprinted with permission from © 2016 Ivy Spring
International Publisher).
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Figure 9: SNRNP/SNRdye for both NanoICGPBA and NanoCy7.5100-H at 4 and 24 h was
similar to that seen in MDA-MB-231 tumors, indicating a similar relative distribution of
NP to free dye for both models. NanoCy7.5100-H showed a higher SNRNP/SNRdye ratio for
both 4 and 24 h than NanoICG (p < 0.0001), indicating that this formulation showed
greater accumulation in the tumor. Data was analyzed using Student’s t-test (mean ±
SD) (Originally published by Hill, Keklar, Wojtynek et al. [106]; reprinted with permission
from © 2016 Ivy Spring International Publisher).
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2.3.2

Image-Guided Surgery
Orthotopic 4T1 tumor-bearing BALB/c mice were administered NanoCy7.5100-H

(1.2 nmol), Cy7.5 (1.2 nmol), NanoICGPBA (10 nmol), or ICG (10 nmol) and underwent
FGS 24 h after injection. Intraoperative imaging demonstrated that NIRF signal was
detectable when the excitation source was directed at the tumors. On the contrary, when
the excitation laser was directed at regions outside of the tumor, NIRF enhancement
was not detectible (Figure 10A). Keeping the wide-field imaging parameters constant,
NanoCy7.5100-H was readily detected in tumor with 8 mW “low” excitation power, while
NanoICGPBA required 80 mW “medium” excitation power for similar intraoperative
detection. Cy7.5 and ICG controls at the same dose, excitation power, and wide-field
imaging parameters, resulted in no (for Cy7.5) and minimal (for ICG) detection of tumor
during surgery. NIRF signal in tumor and benign muscle tissue was quantified with
spectroscopy and is presented in Figure 10B, demonstrating a marked increase in
tumor signal with NanoCy7.5100-H and NanoICGPBA versus free dye controls and nonenhancing benign muscle tissue. The enhanced tissue was confirmed to be tumor by
histological analysis (Figure 10C). Furthermore, NIRF microscopy of frozen section
samples displayed signal for NanoCy7.5100-H and NanoICGPBA, but not free dye controls.
Taken together, these results demonstrate that wide-field imaging can be adjusted to
optimize contrast enhancement for a given contrast agent, while wavelength-resolved
NIR measurements by spectroscopic pen can provide semi-quantitative analysis.
Additionally, Both NanoCy7.5100-H and NanoICGPBA are potential candidates as contrast
agents for the intraoperative tumor detection for TNBC.
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Figure 10: Image-guided surgery in mice bearing orthotopic 4T1 breast tumors.
(A) Surgical (in situ) detection of tumor using FIGSS of NanoCy7.5100-H (upper)
and NanoICGPBA (lower). Red arrowheads indicated the directed location
excitation laser. The main image is when the laser is directed at an enhancing
(i.e. tumor) location, while the image inset (yellow box) shows imaging when the
laser is directed off tumor. (B) Intraoperative analysis is demonstrated with the
examination of resected, contrast-enhancing tissue (left) and further
spectroscopic analysis (right) normalized to 1 s integration time. For comparison,
spectroscopic signals from Cy7.5 and ICG controls are also shown. The inset is
the NIR channel of FIGSS zoomed in from the area in the dashed white box. NIR
fluorescence in the tumor is observed for both NanoCy7.5100-H and NanoICGPBA.
(C) H&E stained specimens from contrast enhancing regions indicated malignant
tissue; scale bar = 20 μm. (D-G) Representative fluorescence micrographs in the
NIR channel after frozen sectioning: (D) NanoCy7.5100-H, (E) Cy7.5, (F)
NanoICGPBA, and (G) ICG. Scale bar = 100 μm (Originally published by Hill,
Keklar, Wojtynek et al. [106]; reprinted with permission from © 2016 Ivy Spring
International Publisher).
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2.3.3

Dye Release Study
The release of Cy7.5 or ICG from NP formulations was compared to each

respective dye alone. Albumin was required both inside and outside the dialysis bag due
to the poor solubility of the NIR dyes. The presence of serum albumin also more
accurately reflects the conditions that the NPs developed in the work interact with upon
systemic administration. Figure 11 demonstrates that both free Cy7.5 and ICG had rapid
transport across the dialysis membrane via albumin with the majority of peak dye
concentration occurring within the first 6 hours. HA-Cy7.5 conjugate more slowly
released compared to Cy7.5, which is likely due to direct chemical conjugation of Cy7.5
to HA. ICG that as physically entrapped in HA-based NPs rapidly released into albumin.
It is not likely that NanoICG diffused across the membrane. A previous study with
NanoICG demonstrated broad scattering due to close packing [105]. Also, ICG spectra
collected from the conical tubes are consistent with albumin bound ICG [235].
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Figure 11: Release of Cy7.5 and ICG from NP formulations. (A) NanoCy7.5100-H (open
squares) and Cy7.5 (filled squares). (B) NanoICGPBA (open circles) and ICG (filled
circles) (Originally published by Hill, Keklar, Wojtynek et al. [106]; reprinted with
permission from © 2016 Ivy Spring International Publisher).
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2.4 DISCUSSION
This proof-of-concept study evaluated the in vivo performance of two previously
described HA-based contrast agents, NanoICG and NanoCy7.5 [105, 117], in two
models of TNBC. This study demonstrated that HA formulations of the NIR dyes, ICG
and Cy7.5, improve their delivery to tumors. As a result, NIRF tumor signal (SNR) and
contrast (CNR) were significantly elevated with dye nanoformulations versus their
respective free dye counterparts. These findings were first established in MDA-MB-231
TNBC xenografts, where a panel of HA conjugates with varying molecular weights and
hydrophobic ligands were tested. Based on the findings from this analysis, two lead
compounds, NanoCy7.5100-H and NanoICGPBA, were identified. Also, because 24 h
presented with the highest tumor contrast for both NanoCy7.5100-H and NanoICGPBA, it
was chosen as the optimal tumor imaging timepoint for both compounds (Figure 6).
Although results were demonstrated in MDA-MBA-231 tumors, these xenograft
models were established in athymic nude mice, which lack functional T-cells, and thus,
have a deficient immune system. Almost immediately after intravenous administration,
NPs encounter a complex and dynamic environment composed of plasma proteins and
blood/tissue components. Interactions between NPs and these components, can led to
immune cell uptake, thus influencing clearance and biodistribution [236, 237], potentially
impacting surgical contrast provided by NanoCy7.5100-H and NanoICGPBA. To properly
evaluate the effects of a competent immune system on the biodistribution and contrast of
the lead NIR HA nanoformulations, biodistribution and intraoperative contrast were
assessed with an orthotopic, syngeneic 4T1 TNBC model in immunocompetent Balb/c
mice. In addition, given that this model is also orthotopic, it is a better recapitulation of
the microenvironment and relevant background tissues in breast cancer.
Results were consistent between the nude and Balb/c mice, suggesting that a
competent immune system has minimal effect on biodistribution and contrast
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enhancement. ICG provided greater tumor contrast than NanoICG at 4 h, but NanoICG
had greater contrast than ICG at 24 h. NanoCy7.5, on the other hand, had greater
contrast than Cy7.5 at both 4 and 24 h (Figures 7-8). Also, high NIRF signals were
observed in the liver, kidney, and spleen, which is consistent with the clearance route of
NPs [238]. Additionally, when normalized for dye, it was found that NanoCy7.5
outperformed NanoICG at both 4 and 24 h (Figure 9). Interestingly, these results were
observed despite that the ICG and NanoICGPBA dose (10 nmol/mouse) was higher than
the dose used for Cy7.5 and NanoCy7.5100-H (1.2 nmol/mouse). This observation can be
explained by two factors. (1) Cy7.5 possesses a higher quantum yield than ICG.
Therefore, it is expected that a Cy7.5-based conjugate would provide a higher NIRF
signal than an ICG-based conjugate. (2) Cy7.5 is directly conjugated to HA whereas ICG
is physiochemically entrapped in the HA NP. As demonstrated by the dye release study,
ICG is released from NanoICGPBA into serum, while Cy7.5 remains bound to the HA NP
(Figure 11). This has a two-pronged effect on the performance of NanoICGPBA. First, the
free ICG that is released from NanoICGPBA is rapidly eliminated via hepatobiliary
clearance [30], thus decreasing the overall bioavailability of dye. Second, because ICG
is gradually released into circulation, it is possible that circulating ICG increases
background signal in non-malignant tissues, decreasing the tumoral contrast provided by
NanoICGPBA. Due to the direct conjugation of Cy7.5 to HA, these effects were minimized
with NanoCy7.5100-H, which followed the biodistribution/clearance route of HA. This can
partially explain stronger CD44 targeting in the tumor and bone by NanoCy7.5100-H [239].
Nevertheless, both lead HA conjugates exhibited feasibility as FGS contrast
agents, detectable with fluorescence imaging, spectroscopic analysis, and fluorescence
microscopy. As expected, NanoCy7.5100-H presented the most robust results, producing
the highest contrast levels and largest spectroscopic signature during FGS. NanoICGPBA
also improved tumor NIRF signal during FGS versus free ICG. Interestingly,
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NanoCy7.5100-H and NanoICGPBA were sufficient at detecting malignant tissue with
fluorescence microscopy, demonstrating potential utility as post-resection contrast
agents during histopathological confirmation of tumor margins. It is also worth
recognizing that these results showcased the ability of both lead contrast agents to be
detected across multiple types of imaging systems. There are several imaging systems
that are under development for FGS, each varying in dynamic range and sensitivity [35].
Therefore, in order to maximize their translation value, it is essential that NanoCy7.5100-H
and NanoICGPBA are detectible across multiple types of imaging systems.
Based on the findings of this study, NanoCy7.5100-H and NanoICGPBA hold
potential as investigational FGS contrast agents. Nevertheless, in order to achieve
clinical translation, this work must be built upon. Although this study provided evidence
that the HA nanoformulations improve delivery of NIR dyes to tumors and increase
intraoperative contrast, their efficacy as FGS contrast agents remains largely
unexamined. Therefore, subsequent studies will have the primary focus on assessing
the ability of HA-derived contrast agents to improve outcome after tumor resection
surgery (i.e. effect on PSM rates, survival). This data is essential in studying HA-derived
FGS contrast agents in a clinically relevant setting, potentially leading to clinical
translation.
In order to move towards the goal of clinical translation, several aspects of this
study must be critically addressed. First, a surgically relevant mouse model must be
utilized to yield a closer representation to human breast cancer, namely, developing an
tumor model that is large enough to be resected, yet small enough to still obtain surgical
margins. Gao and coworkers reported a study that utilized several such models and has
since advanced their research program to clinical trials [69]. Second, in order to properly
simulate FGS, a real-time FGS system with widefield excitation and NIR/color overlay
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features would be necessary. Therefore, all future FGS studies will utilize the LabFLARE RP1 (Curadel; Marlborough, MA) and Fluobeam-800 (Fluoptics, Cambridge, MA)
FGS systems. Finally, although the most robust results were observed with
NanoCy7.5100-H, the work of this dissertation has moved forward with NanoICGPBA
instead. This is due to the high translational value of NanoICGPBA (this will be referred to
simply as NanoICG forthright). As previously mentioned, ICG is the only FDA-approved
NIR dye and is used off-label in FGS studies [22]. In addition, since the NanoICGPBA
formulation consists of physiochemically entrapped ICG, rather than covalently-modified
ICG, there are minimal chemical alterations to ICG. On the contrary, there are currently
no clinical studies utilizing Cy7.5. Also, the NanoCy7.5100-H formulation requires chemical
modifications to the dye. Therefore, the remainder of the work in this dissertation
focuses on the preclinical development NanoICGPBA, the contrast agent with the highest
translational value.
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Chapter 3: Surgical Efficacy of NanoICG
This chapter is adapted from a previous publication by Wojtynek et al. Reprinted with
permission from [109], © 2019 Springer Nature.
3.1 INTRODUCTION
Surgery is the primary treatment modality for stage I-III breast cancer [3, 240].
Complete removal of the primary tumor, or a negative surgical margin (NSM), is critical
in decreasing local recurrence and increasing disease-specific survival [6, 9, 11, 241].
However, roughly 1/3 of women undergoing breast conservation surgery (BCS)
experience positive surgical margins (PSMs), defined as tumor cells present at the edge
of the resection margin [242, 243]. PSMs in breast cancer carry an approximately twofold higher risk of local recurrence and have negative prognostic implications [242–246].
In the occurrence of a PSM, the National Comprehensive Cancer Network (NCCN)
breast cancer treatment guidelines recommend re-excision to achieve negative margins,
mastectomy, or radiotherapy boost, subjecting patients to additional treatment toxicities
and economic burden [11, 247–249].
Imaging modalities such as computed tomography, magnetic resonance imaging,
single-photon emission computed tomography, and positron emission tomography are
useful for diagnosis, staging, and preoperative planning. However, translation to
intraoperative use is limited due to prohibitive costs and complex infrastructure [13].
Intraoperative frozen section analysis (IFSA) of resected tissues can provide information
to surgeons on margin status and has been shown to reduce local recurrence rates [15].
Nevertheless, IFSA can require up to 24-27 minutes to obtain results, and definitive
margin status is not known until after surgery. Also, IFSA can be technically challenging
as benign breast has prominent adipose tissue, which does not freeze well [16–18].
Therefore, surgeons primarily rely on visual and tactile cues to distinguish between
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healthy and malignant tissue, and can unintentionally leave behind residual disease in
the tumor bed [12].
Fluorescence image-guided surgery (FIGS) has the ability to provide surgeons with
real-time feedback on primary tumor, residual disease, and metastatic lymph nodes,
thus increasing confidence in achieving NSMs. [19, 21]. FIGS offers advantages over
other imaging modalities due to high spatial resolution and the absence of ionizing
radiation [12, 24]. Furthermore, in vivo imaging in the near-infrared (NIR) range (7001000 nm) is superior to the visible spectrum due to low scattering, negligible tissue
autofluorescence, and relatively high tissue penetration [25]. Currently, there are three
FDA-approved fluorophores that are utilized for FIGS, with several other non-targeted
and targeted fluorescent probes in clinical development [10, 20, 22, 82]. Of the three
approved fluorophores, indocyanine green (ICG) optimally emits light in the NIR range.
Though currently under investigation for sentinel lymph node (SLN) and tumor detection,
ICG suffers from poor aqueous stability, poor photostability, non-specific binding to
proteins, concentration-dependent aggregation, and reliance on the enhanced
permeability and retention (EPR) effect for accumulation in solid tumors, resulting in
relatively low intraoperative tumor signal and contrast [22, 30, 32, 33].
Recently, we reported the development of NanoICG, an ICG-loaded self-assembled
HA nanoparticle. NanoICG is composed of aminopropyl-1-pyrenebutanamide (PBA)
conjugated to 10 kDa HA, which drives self-assembly into HA-PBA nanoparticles
through hydrophobic interactions. PBA interactions within the HA nanoparticle form
hydrophobic domains [104, 250], which allow for the incorporation of hydrophobic or
amphiphilic molecules, such as ICG [251], through π-π stacking [24]. NanoICG improves
the intraoperative detection of breast [105, 106], pancreas [107] and prostate tumors
[108] by enhancing the tumor signal-to-noise ratio (SNR) and tumor-to-muscle contrastto-noise ratio (CNR), both of which are essential for visual guidance of tumor removal.
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Due to the composition, size, and serum protein interactions of NanoICG and its
components, it is likely that tumor uptake of NanoICG accumulates in tumor through a
combination of CD44-mediated endocytosis [117, 252], the EPR effect [77], and
macropinocytosis [253]. Interestingly, because CD44 overexpression is observed in
most breast cancers and lowly-expressed in normal tissues, it is a favorable target for
breast tumor imaging [254, 255]. Additionally, in vitro and in vivo safety profiles indicated
that NanoICG exhibits negligible toxicity [105, 107]. While NanoICG provides strong
tumor contrast, the surgical efficacy of NanoICG has not been evaluated. In order to
deem suitability for effective clinical translation, we sought to assess the efficacy of
NanoICG to improve the complete resection of orthotopic, syngeneic mouse triplenegative breast cancer (TNBC) tumors in comparison to ICG and bright light surgery
(BLS) (standard of care). Our findings ultimately revealed a marked improvement in
surgical efficacy with NanoICG, demonstrating the utility of using NanoICG for FIGS of
TNBC.
3.2 METHODS
3.2.1 Preparation and Characterization of NanoICG
Indocyanine green (ICG)-loaded hyaluronic acid (HA) nanoparticles (NPs) were
synthesized and characterized as previously described [105–108]. Aminopropyl-1pyrenebutanamide (PBA) was synthesized by refluxing 1-pyrenebutyric acid (Sigma
Aldrich; St. Louis, MO) and in methanol at 60°C for 6 h. This was followed by purification
and further reflux in 1,3-diaminopropane at 135°C for 6 h. HA-PBA NPs were
synthesized by dissolving 10 kDa HA polymers (LifeCore Biomedical; Chaska, MN) in
50:50 H2O:DMF and 10 molar excess of N-hydroxysuccinimide (NHS)/1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC). This was followed by the dropwise addition of
PBA (10 wt%) and stirring for 24 h. HA-PBA was purified with dialysis (3,500 Da MWCO;
Fischer Scientific; Hampton, NH) in 50:50 H2O:EtOH for 24 h and further dialysis in
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ultrapure water for 48 h. The resulting HA-PBA NPs were frozen at -20 °C for 24 h and
water was removed through lyophilization. Finally, ICG was loaded into HA-PBA by
dissolving HA-PBA in 5 mL ultrapure water and 20 wt% ICG in 5 mL DMSO. ICG was
added dropwise to the HA-PBA solution and vortexed. Dialysis against ultrapure water
was used to remove DMSO and excess ICG, and drive NanoICG self-assembly. The
chemical structures of NanoICG components and an illustration of NanoICG are
presented in Figure 12. This was followed by the further removal of excess dye with PD10 desalting columns (GE Healthcare; Chicago, IL), freezing, and lyophilization.
Following formulation, NanoICG was dissolved in ultrapure water and 50:50
H2O:DMSO at a 0.1 mg/mL concentration. The mean hydrophobic diameter, ICG
concentration, and fluorescence intensity were determined with a Zetasizer Nano
instrument (Malvern, Worcestershire, UK), an Evolution 220 spectrophotometer (Thermo
Fischer Scientific, Madison, WI), and a FluoroMax-4 Spectrofluorometer (Horiba, Edison,
NJ), respectively.
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Figure 12: Chemical structure and illustration of NanoICG. Components of NanoICG
consist of 10 kDa HA (black) conjugated to PBA (blue), which form the self-assembled
HA-PBA NP. ICG (green) is loaded into the HA-PBA NP and is retained in the
hydrophobic pockets created by PBA.
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3.2.2 Cell Lines and Cell Culture
4T1 murine triple-negative breast cancer cells were obtained from
American Type Culture Collection (Manassas, VA). Both wild-type and
iRFP+/luciferace (luc)+ 4T1 cells were cultured in RPMI 1640 medium (Corning;
Corning, NY) supplemented with 10% fetal bovine serum (FBS) (GE Healthcare)
and 100 I.U. penicillin/100 µg/mL streptomycin (P/S) (Corning). Cells were
incubated at 37 °C in a humidified incubator with 5% CO2.
To generate 3D 4T1 tumor spheroids, growth factor-free Matrigel
(Corning; Corning, NY) was added to each well of the Nunc™ Lab-Tek™ II
Chamber Slide™ System (Thermo Fischer Scientific; Waltham, MA) volume of
50 µL and was incubated for 30 minutes at 37°C/5% CO2. 4T1 cells were
suspended in pre-warmed RPMI containing 10% FBS, 1% P/S, and 5% growth
factor-free Matrigel. After incubation of chamber slides, the 4T1 cells were
seeded in each well at a density of 2000 cells/well. Tumor spheroids were
allowed to grow at 37°C and 5% CO2 over the course of two weeks, with media
changes every three days.
3.2.3 Induction of iRFP/luc Expression in 4T1 Cells
4T1 cells expressing infrared fluorescent protein (iRFP) and firefly
luciferase (luc) were generated by lentiviral infection using a multiple lentiviral
expression (MuLE) system[256]. The expression vector was generated by
transferring the iRFP expression cassette from pMuLE ENTR CMV iRFP L5-L2
entry vector (Addgene #62157) to pMuLE Lenti Dest Luc2 (Addgene #62179)
destination vector with pMuLE ENTR U6-miR-30 L1-R5 vector (Addgene
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#62113) providing as a source of destination vector-compatible recombination
sequences. Lentivirus supernatants were generated by transfecting the iRFP-luc
vector together with envelope plasmid pMD2.G (Addgene plasmid # 12259) and
packaging plasmid psPAX2 (Addgene #12260) (gifts from Dr. Didier Trono) into
293T cells as described [257]. For lentiviral infection, 4T1 cells were seeded in
24-well tissue culture plates (Corning; Corning, NY) at a density of 2 × 104
cells/well in 0.5 mL RPMI (10% FBS, 1% P/S). On the next day, the media was
replaced with 0.5 mL of lentivirus-containing supernatant and 0.5 mL growth
media, polybrene was added to a final concentration of 4 µg/mL, and cells
incubated for 48 h at 37 °C in a humidified 5% CO2 incubator. After incubation
with lentivirus, cells were expanded in 6-well tissue culture plates (Corning) and
flow sorted twice to select cells with high intensity iRFP expression. iRFP
expression was confirmed with fluorescence imaging of cell pellet and
fluorescence microscopy (Cy5.5 filter cube).
3.2.4 NanoICG In Vitro Uptake Study
After 2D monolayer cultured cells reached 60-70% confluency, or
spheriods reached ~100-200 µm in diameter, growth media was removed from
each well and cells were washed three times with PBS 1X (Corning). Cells were
treated with serum-free media containing either ICG or NanoICG at a
concentration of 1 µM, and incubated for 1 h. After treatment, ICG/NanoICGcontaining media was removed followed by washing with PBS 1X and nuclear
staining with DAPI (ThermoFischer Scientific). Following 5 minutes of incubation,
cells were washed with PBS 1X and imaged with an Olympus IX73 Inverted
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Microscope with a xenon excitation source and imaged with an Olympus DP80
Digital Camera and cellSens Dimension software (Tokoyo, Japan). Treated cells
were imaged with brightfield, ICG, and DAPI filter cubes at 100× magnification.
3.2.5 Animal Models
All animal work was performed under a protocol approved by the UNMC
Institutional Animal Care and Use Committee (IACUC). Tumor models were
established by implanting 2.5 × 104 (early-stage breast tumor study) or 2.0 × 105
(late stage breast tumor) iRFP+/luc+ 4T1 cells suspended in 100 µL 1:1 growth
media:Matrigel (Corning) into the right mammary fat pads of 8 week-old female
BALB/c mice (Jackson Laboratory; Bar Harbor, ME). Tumors were allowed to
grow four (early-stage breast tumor study) or six (late-stage breast tumor study)
days prior to survival surgery.
3.2.6 Bioluminescence Imaging
Bioluminescence imaging (BLI) was utilized to track tumor development
and monitor mice for residual disease, local recurrence, and secondary tumor
metastases after tumor resection surgery. One day prior to imaging, fur was
removed with clippers and depilatory cream. Mice bearing orthotopic iRFP+/luc+
4T1 breast tumors were injected with 150 mg/kg D-Luciferin (Gold Biotechnology;
St. Louis, MO) via intraperitoneal administration. Approximately 10 minutes after
injection, mice were placed under anesthesia via inhalation of isoflurane (1-3% in
O2) (Piramel Group; Mumbai, India). Anesthetized animals were transferred to an
IVIS Spectrum in vivo imaging system (PerkinElmer Inc.; Waltham, MA) where
bioluminescent (BL) signal and brightfield images were captured. After imaging,
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mice were returned to cages where they were monitored until regaining full
consciousness. The area of the BL signal was measured using the ROI tool in
ImageJ software (NIH; Bethesda, MD).
3.2.7 NanoICG Dose Selection Pilot Study
BALB/c mice bearing orthotopic 4T1 tumors were administered NanoICG
(two doses: 10 and 20 nmol per mouse) via tail vein. Mice were euthanized 24 h
after injection and were imaged under two FGS systems: (1) a two-component
system consisting of an excitation laser and NIR/color camera [235]
(Spectropath, Inc; Atlanta, GA) and (2) the Lab-FLARE RP1 FGS system.
Qualitative observation of intraoperative contrast was the major determinant of
dose selection. After FGS, mice were necropsied and whole organs were imaged
with the 800 nm and color channels of the Pearl Trilogy small animal imaging
system.
3.2.8 Survival Surgery and Study Design
Tumor resection surgery was performed on female BALB/c mice bearing
orthotopic iRFP+/luc+ tumors. Mice were randomly distributed into four
experimental groups: (1) bright light surgery (BLS), (2) sham + no contrast
(phosphate-buffered saline, PBS), (3) ICG (20 nmol) (Sigma Aldrich; St. Louis,
MO), and (4) NanoICG (20 nmol ICG equivalent per mouse). Contrast agents
(ICG or NanoICG; prepared in ultrapure water) or PBS (sham) were administered
via tail vein 24 h prior to surgery in a volume of 100 µL. Previous studies
indicated that intraoperative imaging 24 h post intravenous injection was optimal
for ICG and NanoICG [106, 258–260]. The operating table was sterilized and
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covered with sterile drapes prior to surgery. A TP700 TPump Professional Core
Warming and Cooling System (Stryker Corp.; Kalamazoo, MI) was used to
maintain the operating table at 37°C. Mice were anesthetized via inhalation of
isoflurane (1-3% in O2). Once unconscious, the animals were moved to the
surgical stage where the incision area was sterilized by alternating swabbing with
70% EtOH and 10% povidone iodine solution by an assistant.
Surgery was conducted under white light (BLS) or the Lab-FLARE RP1
FIGS system (FIGSS) (Curadel; Marlborough, MA) (sham, ICG, and NanoICG
groups). The color, 800 nm, and merge (cyan pseudo color) channels were
utilized for image-guidance. The surgical assistant was responsible for the
operation of the surgery system, acquisition of intraoperative images, and
adjustment of exposure, brightness, and contrast parameters. Resection with
BLS was determined by visual and tactile cues of malignant tissue, while only
contrast-enhanced tissue was removed in the sham, ICG, and NanoICG groups.
Surgery was deemed complete when identifiable malignant tissue (BLS) or
contrast-enhanced tissue (sham, ICG, and NanoICG) no longer remained in the
surgical cavity. Resected tissues were imaged with the color, 700 nm, and 800
nm channels of a Pearl Trilogy Small Animal Imaging System and images were
analyzed with Image Studio Ver. 5.0 software (LI-COR Biosciences; Lincoln, NE).
The skin incision was closed with Ethilon® 5-0 nylon sutures (Ethicon,
Inc.; Somerville, NJ). Mice were removed from anesthesia, and observed until full
consciousness was regained. Mice were injected with 0.1 mg/kg buprenorphine
(Reckitt Benckiser Healthcare; Hull, UK) via intraperitoneal injection twice daily,
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up to 3 days post-surgery. After a 3-day recovery period, mice were monitored
for the presence of residual tumor and tumor growth with BLI and measurement
of tumor size with calipers. Mice were removed from the study if they reached
one of the following endpoint criteria: (1) 28-day tumor-free survival, (2) tumor
volume ≥ 1000 mm3, (3) tumor size ≥ 1 cm in any direction, or (4) skin ulceration
(Figure 13).
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Figure 13: Design of surgical efficacy study. Reprinted with permission from [109], ©
2019 Springer Nature.
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3.2.9 Calculation of TBR and SNR
Intraoperative tumor-to-background ratio (TBR) and SNR were calculated
with intraoperative images from the Lab-FLARE RP1 system (Curadel) or postsurgical images from the Pearl Trilogy Small Animal Imaging System,
respectively. Mean fluorescence intensity (MFI) values of the tumor and tumor
bed were calculated using an intraoperative image obtained with the 800 nm
channel from the Lab-FLARE RP1 system on ImageJ software. TBR was
calculated as the ratio of MFITumor/MFITumor Bed. SNR was calculated by (Average
Intensity Per PixelTumor)/(SDBackground) [106]. A region of interest (ROI) was
manually generated around each of the suspected tumors (800 nm channel) with
Image Studio software.
3.2.10 Histological Analysis
Resected tissues were stained with black tissue marking dye (Cancer
Diagnostics; Durham, NC), placed in containers prefilled with buffered 10%
formalin (Azer Scientific; Morgantown, PA), and fixed for 24 h. Formalin was
replaced with 70% EtOH following fixation. Samples were paraffin-embedded,
and blocks were cut into 4 µm-thick sections and mounted onto slides. H&Estained slides were analyzed by a board-certified pathologist blinded to the
experimental groups and results of surgical resection. The pathologist was
responsible for determining presence of tumor, margin status, and general
characteristics of resected tissues.
3.2.11 Statistical Analysis
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Statistical analysis was performed with GraphPad Prism 8 software
(Version 8.0.1) (GraphPad Software; San Diego, CA). Chi-square analysis was
used to assess rates of residual disease after surgery. The Kaplan-Meier method
was used to create survival plots and log-rank (Mantel-Cox) tests were used to
assess statistical significance. A two-tailed unpaired t-test was used to analyze
differences in TBR and SNR.
3.3 RESULTS
3.3.1 Results of 4T1 Transfection
Murine TNBC 4T1 cells were treated with a lentiviral vector in order to
induce expression of iRFP and luc. After cells were flow sorted three times to
select for the population of cells with the brightest iRFP fluorescence, the cells
were cultured and assessed with fluorescence imaging. Fluorescence could be
visualized in iRFP+/luc+ 4T1 cells at a microscopic level with fluorescence
microscopy (Cy5.5 filter cube) at a 100× magnification. Additionally, iRFP+/luc+
4T1 cells were removed from culture plates via trypsinization and a pellet was
generated with centrifugation. The resulting pellet could be clearly visualized in
the 700 nm channel of the Pearl Trilogy small animal imaging system. On the
contrary, there was no fluorescence observed in wild type 4T1 cells (Figure 14).
Therefore, it was feasible to use iRFP+/luc+ 4T1 as a tumor model where iRFP
fluorescence and BL could serve as indicators of tumor location and growth.
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Figure 14: Characterization of flow sorted iRFP+/luc+ 4T1 cells. Fluorescence imaging of
cell pellets were acquired with the color and 700 nm channels of the Pearl Small Animal
Imaging System. iRFP+/luc+ 4T1 cells displayed an intense fluorescent signal (a) while
wild-type 4T1 cells did not emit fluorescence (c). Fluorescence microscopy indicated that
iRFP+/luc+ 4T1 cells emitted fluorescence (b) whereas wild type 4T1 cells did not emit
fluorescence (d) (100×; scale bars = 50 µm) Reprinted with permission from [109], ©
2019 Springer Nature.
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3.3.2 NanoICG Characterization and In Vitro Imaging
Physicochemical properties of NanoICG characterization were consistent
with past studies [105–108]. Mean hydrodynamic diameter, zeta potential, and
maximum excitation/emission were determined to be 130.70 ± 11.12 nm, -35.17
± 1.84 mV, and 789/818 nm, respectively (Figure 15). In the absence of the HA
nanoparticle, free ICG exhibits poor tumor uptake and retention. This was
illustrated with 2D monolayer culture and 3D spheroid culture of 4T1 cells, where
fluorescence microscopy revealed minimal uptake of free ICG. However, when
treated with NanoICG, 4T1 cells exhibited a strong NIR signal in both monolayer
and 3D spheroid culture, indicating that the HA nanoparticle improved the
efficiency of ICG uptake into tumor cells (Figure 16).

Figure 15: Characterization of NanoICG. The mean hydrodynamic diameter of NanoICG
was determined to be 130.70 ± 11.12 nm with dynamic light scattering (a). The
maximum excitation/emission were determined to be 789/818 nm (b). Mean zeta
potential was determined to be -35.17 ± 1.84 mV (not pictured) Reprinted with
permission from [109], © 2019 Springer Nature.
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Figure 16: In vitro uptake study of ICG and NanoICG. Fluorescence microscopy images
of 3D tumor spheroids treated with ICG or NanoICG were obtained with the white light,
DAPI, and NIR channels at 100× magnification (scale bars = 50 µm) Reprinted with
permission from [109], © 2019 Springer Nature.
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3.3.3. Dose Selection
In all previous FGS studies with NanoICG, a two-component, first
generation FGS system was utilized [47, 105, 106, 235, 261, 262]. While this
system was useful in assessing the ability of contrast agents to identify tumor, it
is still limited by the small area of excitation light. As a result, real-time FGS with
this system is difficult, requiring long surgery times and possibly leading to
cancerous tissue being overlooked. To surpass this limitation, this study was
performed on the Lab-FLARE-RP1, a system that offers benefits of wide-field
NIR excitation and real-time NIR/color overlay. However, as discussed in detail
by Pogue and colleagues [35], commercially available FGS systems differ in
dynamic detection ranges which may require differential contrast agent dosing.
Therefore, prior to beginning the surgical efficacy study, NanoICG contrast was
assessed in mice bearing 4T1 tumors on the Lab-FLARE-RP1 system via a dose
escalation pilot study. While 10 nmol was an appropriate dose for the first
generation FGS system [105–107, 262], it provided minimal signal on the LabFLARE-RP1 FGS system. However, doubling the dose of NanoICG to 20 nmol
provided sufficient contrast intraoperative contrast on the Lab-FLARE-RP1 FGS
system (Figure 17). Based on these findings, a dose of 20 nmol NanoICG was
used in the surgical efficacy study.
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Figure 17: Determination of optimal NanoICG dose on Lab-FLARE RP1 FGS system.
While 10 nmol provides sufficient contrast on the first generation Spectropath system
(Spectropath, Inc.; Atlanta, GA), signal is weak at this dose on the Lab-FLARE RP1
system. Doubling NanoICG dose to 20 nmol provides contrast that is sufficient for realtime surgical guidance (Spectropath system image adapted from Hill, Kelkar, and
Wojtynek et al.[106]; © 2016 Ivy Spring International Publisher).
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3.3.4 Overall Results
The surgical efficacy of NanoICG compared to ICG, BLS (procedure
control), and a sham control, which included NIR fluorescence (NIRF) imaging
but no contrast agent to control for device bias, were evaluated in an orthotopic,
syngeneic murine model of TNBC. There were no observed abnormalities with
tumor growth. Female Balb/c mice bearing orthotopic iRFP+/luc+ 4T1 tumors
were used for each group (N = 9), except for NanoICG (N = 8). One mouse was
excluded from the NanoICG group due to the presence of chest wall invasion, a
clinicopathologic feature that is uncharacteristic of early-stage breast cancer
[247]. There were no adverse events attributed to the administration of contrast
agent, nor were there complications during surgery.
3.3.5 Effects of FGS on Resection and Post-Surgical Survival
BLI was utilized to track tumor growth before surgery and residual disease
after surgery. The percent change in baseline after tumor resection surgery was
calculated at 3 and 28 days post-surgery using pre-surgery BLI as baseline
measurements. A 100% reduction in BL signal area indicated a complete
resection, while reductions in BL signal <100% indicated the presence of residual
disease (Figure 18A-B). Complete resections were observed in 7/8 mice treated
with NanoICG. In contrast, 0/9 mice from the sham group, 2/9 mice from the BLS
group and 3/9 mice in the ICG group experienced complete resections.
Additionally, there were 4 instances (2 BLS, 2 ICG) where tumor was not
detectible with contrast-enhancement (ICG) or with visualization and palpation
(BLS). In these cases, little-to-no tissue was removed, resulting in an increase in
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tumor size after surgery. All mice with residual disease reached endpoint criteria
prior to 28 days, thus failing to reach 28-day survival (Figure 18A-B, Figure 19).
NanoICG improved complete resection (100% reduction in BL signal) compared
to sham (P = 0.0003), BLS (P = 0.0071), and ICG (P = 0.0235) (Figure 18C).
Furthermore, it was found that NanoICG prolonged survival versus sham (P <
0.0001), BLS (P = 0.0041), and ICG (P = 0.0173), with 87.5% (7/8) of mice
reaching 28-day tumor-free survival. Although no significant differences were
observed between ICG versus BLS (P = 0.2246) and BLS versus sham (P =
0.0992), ICG significantly prolonged survival versus sham (P = 0.0036) (Figure
18D, Tables 4-5).
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Figure 18: Overall surgical efficacy study results. Waterfall plots depict percent change
in BL signal area at a 3 days and b 28 days post-surgery. “#” indicates mouse with
known chest wall invasion. This subject was removed from study. c Residual disease
status after resection. d Kaplan-Meier curve. *P < 0.05; **P < 0.01; ***P < 0.001; ****P
< 0.0001. Reprinted with permission from [109], © 2019 Springer Nature.
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Figure 19: Representative images from each group during pre-surgical BLI,
intraoperative imaging (merge and 800 nm channels), and post-surgical BLI. Color bar
values are reported in arbitrary units (AU) or relative light units (RLU). Reprinted with
permission from [109], © 2019 Springer Nature.
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Table 4: Overall surgical efficacy results. Reprinted with permission from [109], © 2019
Springer Nature.
Group
BLS
Sham
ICG
NanoICG

Median Survival (Days)
14
13.5
24
Undefined

28-Day Survival (%)
22.2
0
33.3
87.5
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Table 5: Results of Kaplan-Meier statistical analysis. Reprinted with permission from
[109], © 2019 Springer Nature.
Comparison
BLS vs. Sham
ICG vs. BLS
ICG vs. Sham
NanoICG vs. Sham
NanoICG vs. BLS
NanoICG vs. ICG

Hazard Ratio
0.50 (95% CI, 0.18-1.37)
0.59 (95% CI, 0.19-1.77)
0.28 (95% CI, 0.09-0.86)
0.10 (95% CI, 0.03-0.36)
0.09 (95% CI, 0.02-0.39)
0.12 (95% CI, 0.03-0.55)

P-Value
0.9920
0.3094
0.0036
<0.0001
0.0041
0.0173

Significance
ns
ns
**
****
**
*
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3.3.6 Assessment of Intraoperative NIRF Signal
NanoICG improved the completeness of tumor resection and, as a direct
result, prolonged survival versus ICG, sham and BLS. Partially contributing to
this result was the improved NIRF signal provided by NanoICG. NanoICG had a
mean intraoperative TBR of 3.92 ± 2.25, which was significantly higher than ICG
(1.96 ± 1.53) (P = 0.0466). This was consistent with visual observations during
FGS: NanoICG provided strong contrast enhancement and more readily
identified tumor in the merge and 800 nm channels. On the contrary, ICG
provided poor intraoperative contrast enhancement and thus, tumors were only
identified in the 800 nm channel with weak fluorescence, making it difficult to fully
resect the tumors (Figure 20A). The improved intraoperative TBR of NanoICG
allowed for the consistent identification of malignant tissue in the tumor bed and
differentiation from normal healthy tissue.
In addition to identifying a greater number of lesions with contrastenhancement than ICG (NNanoICG = 38; NICG = 19), it was found that NanoICG had
an average SNR of 10.43 ± 6.20, significantly greater than the average SNR (800
nm channel) of tissues resected from the ICG group (3.73 ± 3.12) (P < 0.0001)
(Figure 20B). The superior intraoperative contrast-enhancement provided by
NanoICG directly influenced the extent of resection and afforded the opportunity
to identify and excise primary tumors and small, occult lesions. As a result, a
greater number of complete resections were observed after surgery in the
NanoICG group versus ICG and BLS (Figure 18C).
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Figure 20: NIRF signal of tumors resected with FGS. Intraoperative images were
obtained with the Lab-FLARE RP1. a Intraoperative TBR of primary tumor was
quantified using the adjacent tumor bed as reference tissue. b All resected tissues
were imaged with the Pearl Trilogy Small Animal Imaging System and were utilized to
quantify SNR values of the 800 nm channel. Color bar values are reported in AU. *P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Reprinted with permission from [109], ©
2019 Springer Nature.
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3.3.7 Identification of Small, Occult Lesions
Although both NanoICG and ICG were effective at identifying the primary
tumor with NIRF contrast-enhancement in the majority of cases, NanoICG
exhibited a superior ability for the detection of small, occult lesions beyond the
primary tumor. This is evident in Figure 21A (red arrows) where a small,
contrast-enhanced lesion was removed and placed on the skin adjacent to the
tumor bed. Additionally, at the 12 o’clock position of the tumor bed (red boxes),
small, occult lesions can be visualized with contrast-enhancement in the 800 nm
channel. These lesions were otherwise non-palpable and non-visually
identifiable. ICG did not provide sufficient contrast-enhancement to identify
additional lesions in the tumor bed (Figure 21B). These findings were reflected in
observations of the total number of resected specimens that were suspicious for
tumor in each group: NNanoICG = 38, NICG = 19, NBLS = 17 (Figure 21C).
To further investigate detection of small lesions, resected tissues were
imaged with the 700 nm (iRFP) and 800 nm (NanoICG or ICG) channels of the
Pearl Trilogy Small Animal Imaging System. While 4T1 cells expressed iRFP, it
was noted that there was autofluorescence from normal tissue specimens, e.g.
adipose tissue and skin. Additionally, consistent with Figure 21, resected tissues
from the NanoICG group exhibited greater 800 nm NIRF signal than resected
tissues from the ICG group. These images were further analyzed by calculating
the area of tissues identified by NIRF. As expected, no significant differences in
the average areas of resected tissues were observed among the groups (P >
0.05). However, of note, the average size of tissues identified with NanoICG
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(4.39 ± 4.42 mm2; size range = 0.17-14.70 mm2) encompassed a much wider
range, particularly smaller masses, than ICG (3.61 ± 2.87 mm2; size range =
0.56-9.18 mm2) or BLS (4.33 ± 3.43; size range = 0.82-10.36 mm2). This data
suggests that NanoICG has a greater versatility at detecting a large size range of
lesions with NIRF than ICG and BLS.
Finally, NanoICG has a higher sensitivity to detect small, occult tumors
compared to ICG or BLS. As depicted in Figure 21C, NanoICG detected a
greater number of submillimeter lesions than ICG or BLS (NNanoICG = 12, NICG = 2,
NBLS = 2). These lesions were positive for iRFP fluorescence and retained ICG
fluorescence after resection. Interestingly, several small lesions detected with
fluorescence were as small as the 4T1 tumor spheroids (Figure 15). After postresection imaging, H&E-stained sections of resected tissues were assessed by a
board-certified pathologist. Histological analysis confirmed the presence of
cancer in all resected primary tumors (Figure 12D). The majority of resected
submillimeter lesions contained tumor (Figure 21E). Taken together, these
lesions were non-palpable, non-visually obvious, and would have otherwise gone
unnoticed with traditional means of identification, potentially leading to a residual
disease-positive post-surgical outcome. All larger sections (size >1 mm)
enhanced by NanoICG that were assessed with histopathology were deemed
tumor positive. In 4/10 sections (from 3 mice) with submillimeter resected
specimens, NanoICG indicated the presence of tumor, while pathology was
inconclusive as to the presence of tumor. An example of such a potentially falsepositive is shown in Figure 21F, which is suggestive of normal adipose tissue.
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Future studies will investigate true/false positive and true/false negative rates on
a larger population. Ultimately, the combination of (1) improved contrastenhancement and (2) the identification of small, occult lesions, was critical in
NanoICG improving complete tumor resection and prolonging survival versus
sham, ICG, and BLS.
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Figure 21: Identification of small, occult lesions with FGS. Color and 800 nm images
were obtained during FGS with the Lab-FLARE RP1 FGS system. Resected tissues
were imaged with the Pearl Trilogy Small Animal Imaging System to confirm presence of
tumor with iRFP and 800 nm fluorescence. a,b Red boxes and arrows indicate tissues
resected with NanoICG guidance. c Imaging was analyzed with Image Studio software
with which tumor areas were calculated. H&E-stained sections of resected tissues were
analyzed by a board-certified pathologist. Primary tumor from d the NanoICG group
was recognized as tumor (main image: 400×, scale bar = 20 µm; inset image: 40×, scale
bar = 200 µm; green arrow indicates area of 400× image). Representative examples of
e small, occult lesions that were classified as “tumor-positive” (main image: 400×, scale
bar = 20 µm; inset image: 100×, scale bar = 100 µm; green arrow indicates area of 400×
image) or f “tumor-negative” (100×, scale bar = 100 µm). Color bar values are reported
in AU. Reprinted with permission from [109], © 2019 Springer Nature.
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3.3.8 Prediction of Residual Disease with NIRF in a Model of Locally
Advanced Breast Cancer
The aforementioned surgical efficacy study was performed in an orthotopic,
syngeneic model of early stage breast cancer. The area of primary tumor was
relatively contained to the mammary fat pad (except for small, occult lesions that
occasionally grew in chest wall tissue). Therefore, this was representative of
stage I or II breast cancer [247]. However, surgery is still utilized in stage III
breast cancer [3]. A hallmark feature of stage IIIB breast cancer is a T4 tumor
status, namely, extension of the tumor into the chest wall and/or the skin [247].
We sought to establish a model of locally advanced breast cancer with chest wall
invasion by increasing the amount and volume of tumor cells injected into the
mammary fat pad: 2 × 105 iRFP+/luc+ 4T1 cells in 100 µL 1:1 media:Matrigel. As
a result of this modification, tumors rapidly progressed, were large in size, and
consistently invaded into the chest wall.
Consistent with the previous surgical efficacy study, it was observed that the
primary tumor was identified intraoperatively with fluorescence or
visualization/palpation, and subsequently resected. In the case of BLS and ICG,
almost all resections resulted in the absence of residual tumor or fluorescence in
the surgical cavity, respectively. However, after resection of the primary tumor,
NanoICG exhibited the ability to detect remaining invasive disease with
fluorescence. Complete resection of locally invasive cancer in this mouse model
was difficult due the close proximity of tumors to the subclavian vessels and
jugular vein and high blood perfusion in the muscle, which led to hemorrhaging,
thus placing mice at risk for death from exsanguination. Therefore, residual
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invasive disease that was detected with fluorescence was not resected and left in
the surgical cavity. In every case (6/6) that NanoICG identified unresectable
invasive disease during surgery, presence of residual tumor was detected with
BLI after surgery. Interestingly, the fluorescence location from NanoICG was
consistent with the location of recurrence (Figure 22C). Thus, NanoICG could
identify unresectable invasive tumors and also predict the extent and location of
residual disease after surgery. On the contrary, almost all cases of residual
disease-positive outcomes after surgery in the BLS (4/4 mice) and ICG (6/7
mice) groups did not show signs of residual disease presence during surgery
(Figure 22A-B).
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Figure 22: Imaging of locally invasive breast tumors from a BLS, b ICG, and c
NanoICG groups. Yellow circles and red arrows indicate invasive tumor that was
identified with NanoICG. Color bar values are reported in AU and RLU. Reprinted with
permission from [109], © 2019 Springer Nature.
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3.4 Discussion
Although past studies of NanoICG have demonstrated the ability to improve
tumor contrast, none have explored the effects on complete resection and
survival after NanoICG administration [105–108]. The present study sought to
investigate the translatability of NanoICG by assessing surgical efficacy in a
clinically relevant study. An early-stage model of TNBC was chosen due to its
prominence in oncological surgery [3]. In this model, the NanoICG group
experienced a greater number of complete tumor resections compared to ICG,
BLS, or sham, which directly led to prolonged survival. On the contrary, the
majority of mice in the ICG and BLS (Figure 13, Tables 4-5). Although ICG was
ineffective at identifying residual tumor in the surgical cavity, it was still effective
at identifying the primary tumor with weak contrast-enhancement. Therefore, ICG
significantly prolonged survival versus sham. Nevertheless, these findings
ultimately demonstrated that NanoICG is efficacious as an optical contrast agent
for the FIGS of breast cancer.
Directly contributing to improved resection status and prolonged survival was
superior intraoperative contrast provided by NanoICG. In vitro studies
demonstrated that addition of NanoICG to 4T1 cells in 2D monolayer or 3D tumor
spheroid culture led to uptake in almost all cells, resulting in high NIR signal. In
contrast, cells treated with free ICG showed minimal fluorophore uptake, and
thus minimal NIR fluorescent signal (Figure 16). Consistent with in vitro findings,
suspected tumors resected from the NanoICG group presented significantly
greater NIR contrast enhancement with open-field TBR and closed-field SNR
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versus ICG (Figure 15A-B). These measurements are especially important in
assessing the ability of a contrast agent to provide tumor-specific contrast
enhancement. Having a TBR sufficient in aiding the surgeon to differentiate
tumor from healthy tissue is critical in preclinical and clinical testing [214, 263]. It
is generally accepted that a TBR > 3.0 is a sufficient to provide adequate
intraoperative contrast in preclinical FIGS studies and is essential for successful
clinical translation [19]. In the current study, it was found that NanoICG provided
a TBR >3.0 in 7/9 cases while ICG only exceed this threshold in 1/9 cases,
regardless of whether resected tissue originated from the primary tumor or small,
occult lesions (Figures 15-16). Though intraoperative TBR was only calculated
for the primary tumors, SNRs of all resected tissues were calculated and
demonstrated that NanoICG provides superior contrast enhancement of tumor
(Fig. 4b). By these standards, NanoICG can potentially be a candidate for clinical
investigation.
Novel fluorescent probes currently under clinical investigation have been
found to intraoperatively detect submillimeter, microscopic tumors. The
heightened sensitivity to detect lesions containing a small number of tumor cells
plays a major role in identifying difficult-to-detect lesions [69, 264–266]. Similar to
the aforementioned probes, NanoICG improved the detection of small, occult,
submillimeter lesions beyond the primary tumor. These lesions were invisible to
the naked eye and would have otherwise gone unnoticed by traditional means of
detection, and been left unresected in the tumor bed (Figure 16). This finding is
clinically relevant as nonpalpable breast cancer lesions pose as a significant
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hurdle to surgeons. The management of these lesions often requires surgeons to
rely on assistance from radiologists and wire-guided localization (WGL), where
re-excision rates fall between 10-43% [267]. Furthermore, though detectible with
mammographic abnormalities, microinvasive breast cancer, which is defined as
invasive carcinoma measuring less than 1 mm (T1mic tumor status), is
challenging to detect intraoperatively [247, 268, 269].
In a few specimens NanoICG falsely identified tissue that was ultimately
tumor cell-negative. Though initial ex vivo fluorescence imaging suggested that
these lesions contained tumor due to iRFP fluorescence (Figure 16A),
histological analysis by a board-certified pathologist indicated that some resected
submillimeter lesions were actually normal adipose or skin tissue (Figure 16F).
There are two possible explanations for this observation. (1) Although unlikely, it
is possible that tumor cells were not captured in the histological section that was
assessed by the pathologist. Tumor cells may have been present in another
plane of tissue and, thus the cells responsible for the iRFP fluorescence
observed with ex vivo imaging were not present during histological analysis.
Additionally, some samples that were deemed “tumor-negative” were still
questionable and could still have contained a small number of tumor cells. (2)
NanoICG could detect small lesions with high sensitivity. However, because
these lesions were not always found to be tumor, the specificity of NanoICG
decreases at submillimeter sizes. This could have be a product of tissue
autofluorescence [191, 270] or retention in the skin/adipose tissue due to the
lipophilic nature of ICG (logP = 6.05) [271, 272]. Nevertheless, the ability to
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detect submillimeter lesions with high sensitivity was a major contributing factor
to the improved complete resection rate and prolonged post-operative survival
afforded by NanoICG when compared to ICG or BLS. From a clinical standpoint,
false-positives are more acceptable than false-negatives because there is a
lesser possibility of leaving residual tumor in the surgical bed [20, 273].
Ultimately, it is not the primary tumor that goes undetected by the surgeon, but it
is the detection of non-palpable and small, occult lesions that is critical in
obtaining clear surgical margins [20, 69, 274–276]. Therefore, by intraoperatively
delineating difficult-to-detect lesions, NanoICG has the potential to improve NSM
rates after BCS.
Although surgical resection is primarily associated with early-stage breast
cancer, it is also utilized in 86% (21% BCS, 65% mastectomy) of stage III breast
cancer [3]. Therefore, in order to assess the efficacy of NanoICG in stage III
breast cancer, we established a model of locally invasive breast cancer. It was
found that NanoICG consistently identified chest wall invasion in the surgical
cavity while BLS and ICG failed to do so (Figure 18A-C). In the clinical scenario
of late-stage breast cancer, NCCN guidelines recommend irradiation (to the
chest wall, infraclavicular region, supraclavicular area, internal mammary nodes,
and/or any part of the axillary bed at risk) after BCS or mastectomy [247]. Given
the observations of this study, NanoICG could identify the presence, extent, and
location of invasive disease during surgery and serve as an aid to inform postoperative treatment decisions. Therefore, in addition to serving as an optical
contrast for the fluorescence-guided resection of early-stage breast cancer,
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NanoICG could potentially be of value for the treatment of late-stage invasive
breast cancer.
Currently, there are several contrast agents that are undergoing clinical
investigation for the intraoperative detection of breast cancer, including
activatable probes, peptides, and antibody-dye conjugates [34]. NanoICG offers
comparable contrast and survival benefit to these clinical candidates. With the
exception of the nanoparticle, ONM-100 [69], all other probes under clinical
investigation use dyes other than ICG. Although these dyes may offer superior
optical performance and versatility (i.e. conjugatability), they are not FDAapproved and most FIGS systetms are optimized for ICG detection [35].
Additionally, due to its composition and size, NanoICG can be potentially used in
a variety of cancers with active (CD44) and passive (EPR effect) targeting.
Nevertheless, in order to advance into the clinic, further investigation on the
sensitivity and specificity of NanoICG is necessary to determine where it falls in
comparison with clinical-stage contrast agents.
There were several limitations in the current study. Although an orthotopic
model of TNBC was used, it was difficult to establish an anatomically accurate
model of breast cancer. While mice undergo mammary development, they lack
the anatomical and histological complexity of a human breast [277]. By this
regard, it was difficult to accurately represent breast tumor growth and perform
tumor resection surgery with a surgical margin. In reality, the murine model of
TNBC displayed tumor growth that was either very small and localized to the
mammary fat pad or extended beyond the mammary fat pad and, at times,
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invaded into the skin and/or chest wall. This made it difficult to obtain a
histopathological PSM even though the result after surgery was “residual
disease-negative” (Figure 16D-E, tumor cells abut the inked margin). Therefore,
future studies that focus on more anatomically relevant models of breast cancer
could be beneficial. Additionally, the 4T1 model is a syngeneic model of TNBC,
which only comprises approximately 15% of all human breast cancer cases
[278]. Investigating the use of NanoICG as a contrast agent for other molecular
subtypes of breast cancer (HER2, luminal A, and luminal B) would increase its
clinical applicability.
In summary, NanoICG is an ICG-loaded self-assembled HA nanoparticle
that improves the delivery of the NIR dye ICG to solid tumors. The current study
built these previous findings and assessed the efficacy of NanoICG as a contrast
agent for FIGS in a syngeneic, orthotopic model of breast cancer. It was
demonstrated that NanoICG was efficacious as a contrast agent for FIGS by not
only improving complete resections of breast tumors, but also improving postsurgical survival versus ICG, BLS (standard of care), and sham (control). These
results are supported by the superior intraoperative contrast provided by
NanoICG and the ability to identify small, occult lesions. This, in combination of
its ability to detect locally invasive breast cancer and predict recurrence,
demonstrates the clinical utility of NanoICG.
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Chapter 4: Long-Term Safety and Biodistribution of NanoICG
4.1 INTRODUCTION
Tumor resection surgery is the primary treatment for solid tumors due to it being
potentially curative [3]. Complete removal of tumor, metastatic lymph nodes, and local
invasion dramatically improves a patient’s prognosis and survival [10]. Nevertheless, the
detection of tumor during surgery is limited to the surgeon’s visual and tactile recognition
of malignant tissue. As a result, non-visually obvious and non-palpable tumor can go
unresected and left behind in the surgical cavity. This occurrence, also known as a
positive surgical margin (PSM), occurs in 14–36% of tumor resection surgeries, and
significantly reduces a patient’s prognostic outcome. PSMs also necessitate additional
treatment in the form of chemotherapy, radiation therapy, and surgical intervention,
putting the patient at risk for treatment-related toxicities and financial stresses [10, 11].
Although traditional biomedical imaging modalities such as x-ray, computed
tomography (CT), magnetic resonance imaging (MRI), and positron emission
tomography (PET) are useful during diagnosis, staging, and surgical planning, use for
real-time tumor detection in the operating room is difficult due to cost, complex
infrastructure, and long acquisition times [13]. Fluorescence-guided surgery (FGS) has
emerged as a promising real-time intraoperative imaging modality for tumor detection.
As such, there are many types of FGS contrast agents that are undergoing various
stages of clinical development [12, 34].
Over the past decade, nanoparticle-based contrast agents have played a
significant role in the growth of the FGS. Due to their diverse composition, capacity to
carry a variety of imaging agents, and ability for conjugation to targeting ligands,
nanoparticles hold high potential as contrast agents for FGS [1]. Nevertheless, in order
to realize the full potential of nanoparticles in FGS, several hurdles must be overcome to
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reach clinical translation. This includes addressing concerns over the long-term safety of
nanomaterials [103]. Due to their size and high surface area, nanoparticles have been
shown to cause cellular damage and immune system activation, both potentially being
able to cause tissue damage and other systemic toxicities. Toxic effects can be
attributed to several nanoparticle characteristics including composition, shape, surface
area, surface charge, catalytic activity, and the presence of bioreactive groups [102].
Additionally, linked to the safety of nanomaterials is their long-term biodistribution and
retention. As with toxicity, the long-term fate of nanoparticles is largely dependent on
composition and surface properties. Most commonly, intravenously (IV) injected
nanoparticles can be retained in clearance and reticuloendothelial system (RES) organs
(liver, bone marrow, spleen, lungs) weeks after administration [279]. Therefore, the longterm safety and biodistribution of nanoparticle-based FGS contrast agents must be
rigorously assessed prior to clinical translation.
Recently, our group has developed a nanoparticle-based fluorescent contrast
agent for FGS, termed NanoICG. NanoICG is composed of self-assembled hyaluronic
acid (HA) nanoparticles and the FDA-approved near-infrared (NIR) dye, indocyanine
green (ICG). To drive nanoparticle self-assembly, HA is conjugated to the hydrophobic
moiety, aminopropyl-1-pyrenebutanamide (PBA). Though the safety of PBA has not
been independently analyzed, it has not caused toxicity issues in the context of
NanoICG [105–108]. NanoICG’s other components, ICG and HA, are safe and
biocompatible [280, 281].
NanoICG has been shown to improve the delivery and retention of ICG to breast
[105, 106], pancreatic [107], and prostate tumors [262], as well as improve outcome after
surgical resection [109]. In addition to efficacy, preliminary data suggests that NanoICG
possesses a favorable safety profile. In vitro studies with NanoICG demonstrated
minimal cytotoxicity to a variety of healthy human cell lines [105, 107]. Moreover, an in

104

vivo toxicity study was conducted up to 72 h in C57BL/6J mice with a dose of 2 mg/kg
NanoICG. Aside from minor histological abnormalities in the lung and liver, the in vivo
safety profile (including blood chemistry and hematology) of NanoICG was found to be
favorable. The authors suggested that these histologic abnormalities were most likely
related to the mouse strain rather than NanoICG administration [107]. Although these
studies suggest a favorable safety profile, the FDA recommends that toxicity studies with
rodents should be conducted for at least 14-28 days in order to assess effects of longterm disposition [282].
The current study sought to expand upon past findings and the longer-term
safety and biodistribution profiles of NanoICG over a 28-day period in female CD-1 mice.
Because ICG is FDA-approved and deemed safe/non-toxic [32], it was used as a
control. Findings ultimately revealed that NanoICG possesses a favorable long-term
safety profile that is similar to ICG.
4.2 METHODS
4.2.1 Preparation of NanoICG
NanoICG was synthesized and prepared as previously described in Chapter 3
and other prior studies [105–109]. Briefly, 10 kDa HA was directly conjugated to PBA via
n-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
chemistry, driving NP self-assembly of HA-PBA. ICG was entrapped in the HA-PBA
nanoparticle during self-assembly. After synthesis, the mean hydrophobic diameter, ICG
concentration, and fluorescence intensity were determined as previously described in
Chapter 3 and in [109].
4.2.2 Animal Model
All animal work was performed under a protocol approved by the UNMC
Institutional Animal Care and Use Committee (IACUC). Eight-week-old female CD-1
mice (Charles River Laboratories; Wilmington, MA) were utilized for long-term safety and
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biodistribution studies. Mice were housed in a 12 h light/dark cycle at the Fred and
Pamela Buffett Cancer Center animal facility (University of Nebraska Medical Center;
Omaha, NE). Conditions were targeted at a temperature range of 20-23.3 °C and
humidity of 30-70%. Mice were allowed to acclimate for one week prior to study initiation.
Mouse diet consisted of sterile water and Teklad LM-485 mouse/rat feed (Envigo;
Indianapolis, IN).
4.2.3 Study Design
Longer-term safety and biodistribution of NanoICG were simultaneously
assessed in a single study using the same animals. A total of 40 mice were randomly
distributed into two treatment groups (NanoICG and ICG [control]) and further
subdivided by timepoint (4 h, 24 h, 14 days, 28 days). After a one-week acclimation
period, mice were weighed and administered 0.77 mg/kg of NanoICG or ICG via tail vein
(both prepared in ultrapure water immediately before injection. The dose of 0.77 mg/kg
is equivalent to 20 nmol per mouse dose used in preceding studies. A dose of 0.77
mg/kg was calculated based on the average mouse weight in previous studies (20 g).
Since ICG and NanoICG are intended to be used as single-dose contrast agents, a
repeat dosing schedule was not necessary during this study. Up to 1 h after injection,
mice were monitored for acute adverse events. After this observation period, cages were
returned to the climate-controlled housing facility until predetermined timepoints were
reached. At 4 h, 24 h, 14 days, and 28 days, mice were euthanized and necropsied.
Details of the study design are depicted in Figure 23.
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Figure 23: Biodistribution and safety study timeline. At t = 0, mice were administered
0.77 mg/kg ICG or NanoICG. Mice were weighed weekly along with food and water. At 4
h, 24 h, 14 days, and 28 days, mice were sacrificed and necropsied. Blood collected via
cardiac puncture at 14 and 28 das was utilized for blood chemistry and hematology
analysis, respectively.
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4.2.4 Long-Term Safety
Long-term safety was evaluated at 14 and 28 days post-ICG and NanoICG
administration. Every 7 days, mice were weighed and noticeable changes in physical
appearance were assessed. Additionally, food and water were weighed and replaced
every 7 days. Body weight changes were calculated as mean body weight in ICG or
NanoICG groups and as percent change in body weight from baseline (t = 0).
Food/water consumption was calculated as mean weekly food/water consumption (g) for
ICG and NanoICG groups. One cage of mice (N = 5 per cage) was monitored for each
group in the food/water consumption analysis.
Immediately prior to euthanasia, mice were anesthetized via inhalation of
isoflurane (1-3% in O2). Once unconscious, approximately 1 mL of blood was collected
via cardiac puncture. Blood was immediately transferred to either Vacutainer® serum
separation tubes (Becton, Dickinson and Company; Franklin Lakes, NJ) (14 day
timepoint; serum for blood chemistry) or MiniCollect® K2 EDTA blood collection tubes
(Thermo Fischer Scientific; Waltham, MA) (28 day timepoint; whole blood for
hematology). Serum and whole blood samples were immediately brought to the UNMC
clinical laboratory for blood chemistry (albumin, alkaline phosphate [ALP], alanine
aminotransferase [ALT], aspartate aminotransferase [AST], blood urea nitrogen [BUN],
calcium [Ca], creatinine [CRE], and gamma-glutamyltransferase [GGT]) and hematology
(white blood cell [WBC], red blood cell [RBC], hemoglobin [Hb], hematocrit [HCT], mean
corpuscular volume [MCV], mean corpuscular hemoglobin concentration [MCHC], RBC
distribution width [RDW], and platelet count [PLT]) analysis.
After euthanasia, organs (heart, lung, thymus, spleen, pancreas, kidney, liver,
ovary, muscle) were collected for imaging (biodistribution study), weighed, placed in
containers prefilled with phosphate-buffered, pH 7.4, 10% formalin (Azer Scientific;
Morgantown, PA), and fixed for 24 h. Formalin was replaced with 70% EtOH following
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fixation. The organ samples were paraffin-embedded. Blocks were cut into 4 µm-thick
sections and mounted onto slides, which were subsequently stained with hematoxylin
and eosin (H&E). A board-certified pathologist (Samuel M. Cohen, M.D., Ph.D.) blinded
to the experimental groups examined the sections for features of histologic toxicity.
4.2.5 Long-Term Biodistribution
Biodistribution of ICG and NanoICG was assessed at 4 h, 24 h, 14 days, and 28
days. Upon reaching each predetermined time point, unfasted mice were euthanized
and necropsied (time of necropsy and organ collection ranged from 12:00-4:00 PM).
Organs (heart, lung, thymus, spleen, pancreas, kidney, liver, ovary, muscle, bone) were
collected, weighed, imaged with color and 800 nm channels of the Pearl Trilogy small
animal imaging system (LI-COR Biosciences; Lincoln, NE). Images were processed and
analyzed using Image Studio version 5.0 software (LI-COR Biosciences) by manually
defining a region of interest (ROI) around the entirety of each organ. Subsequently, the
mean near-infrared fluorescent (NIRF) signal per pixel was calculated for each organ.
4.2.5 Statistical Analysis
All statistical analyses were performed with Prism 8 Ver. 8.4.1 (460) statistical
software (Graphpad Software, LLC; San Diego, CA). Unpaired Student’s t-tests were
used to compare differences in mean weekly food/water consumption, mean percent
change in food/water consumption, hematology, and blood chemistry between NanoICG
and ICG groups. Two-way ANOVA tests with multiple comparisons were utilized to
assess differences in body weight, percent change in body weight, and mean NIRF
signal per pixel (biodistribution study). A ROUT analysis was used to determine outliers
in lung biodistribution data (Q = 1%). All data is shown as mean ± standard deviation
(SD). Significance levels are represented as follows: * P > 0.05; ** P > 0.01; *** P >
0.001; **** P > 0.0001.
4.3 RESULTS
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4.3.1 Animal Health and Food/Water Consumption
Forty female CD-1 mice were randomly distributed into 2 treatment groups (ICG
and NanoICG) and further subdivided into four time points (4 h, 24 h, 14 days, 28 days;
at each timepoint, animals were selected by group, but randomly within each group). All
mice were administered 0.77 mg/kg ICG or NanoICG IV via tail vein at t = 0. Consistent
with past studies [105, 108, 109, 283], no acute adverse effects were observed as a
result of ICG or NanoICG administration. Likewise, abnormalities in behavior (hypopnea,
tremor, arching of back) or signs of toxicity (loss of appetite, diarrhea, and vomiting)
were not observed throughout the entirety of the experiment. All mice survived up to the
point of euthanasia with no significant differences in mean weight or mean weight
change from baseline between groups (Figure 24A-B, Tables 6-7). Additionally, food
and water consumption were monitored/changed on a weekly basis. There were no
significant differences between ICG and NanoICG in mean weekly food consumption
(155.88 ± 26.77 g/week vs. 120.75 ± 35.94 g/week; P = 0.1680) or mean weekly water
consumption (115.00 ± 40.14 g/week vs. 143.95 ± 7.50 g/week; P = 0.2060) (Figure
24C-D, Table 8). It is worth noting that that there were discrepancies in food
consumption at 14 days and water consumption at 7 and 14 days. Although this may be
a potential sign of concern, taking these data in context with the entire study suggests
that this is most likely due to experimental variability rather a side effect of ICG or
NanoICG administration. In order to support this claim, a larger sample size would be
required.
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Figure 24: Animal safety data over 28-day period including (A) animal weight, (B)
percent change in animal weight, (C) weekly food consumption (D) weekly water
consumption. Panels C and D represent data obtained from single cages from each
group (5 mice per cage).
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Table 6: Weight of CD-1 mice over 28-day period.
Contrast Agent

Day 0

Day 7

Day 14

Day 21

Day 28

Mass (g)

29.85

31.13

31.54

34.42

36.08

SD

3.38

4.81

3.89

4.92

4.97

N

10

10

10

5

5

Mass (g)

28.77

30.01

31.08

31.58

32.44

SD

2.59

3.22

2.74

2.54

4.30

N

10

10

10

5

5

P

>0.9999

>0.9999

>0.9999

0.7293

0.4876

Significance

ns

ns

ns

ns

ns

ICG

NanoICG
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Table 7: Percent change in weight from baseline (day 0) of CD-1 mice over 28-day
period.
Contrast Agent

Day 0

Day 7

Day 14

Day 21

Day 28

% Change

0.00%

4.23%

8.20%

5.44%

7.86%

SD

0.00%

4.81%

5.99%

6.17%

6.67%

N

10

10

10

5

5

% Change

0.00%

3.96%

5.64%

8.01%

13.43%

SD

0.00%

5.86%

4.49%

4.62%

7.87%

N

10

10

10

5

5

P

N/A

>0.9999

0.7853

0.9260

0.4215

Significance

N/A

ns

ns

ns

ns

ICG

NanoICG
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Table 8: Weekly food and water consumption of CD-1 mice over 28-day period.

Food (g)
Water (g)

Day 7

Day 14

Day 21

Day 28

Mean

SD

P

ICG

130.0

200.4

142.1

151.0

155.88

26.77

NanoICG

163.8

64.8

134.3

120.1

120.75

35.94

0.1680
(ns)

ICG

95.0

61.4

136.6

167.0

115.00

40.14

NanoICG

137.8

138.6

142.9

156.5

143.95

7.50

0.2060
(ns)
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4.3.2 Hematology
Hematology values were assessed using blood samples that were acquired from
mice treated with 0.77 mg/kg ICG or NanoICG, 28 days after IV injection (N = 5 per
group). There was no toxicological significance in these results as all tests fell within
reference normal ranges for healthy female CD-1 mice (Figure 25, Table 9) [284].
Additionally, there were no statistically significant differences between ICG and
NanoICG groups except for hematocrit values (P = 0.0383). NanoICG presented with a
higher hematocrit value and tighter distribution (45.32% ± 1.38) than ICG (40.46% ±
4.16). Nevertheless, both values are still within the normal hematocrit range.
Additionally, taken into context with other hematology tests, these results carry no
toxicological significance.
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Figure 25: Hematology values obtained from CD-1 mice 28 days after IV ICG or
NanoICG administration. * P > 0.05; ** P > 0.01; *** P > 0.001; **** P > 0.0001.
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Table 9: Hematology values obtained from CD-1 mice 28 days after IV ICG or NanoICG
administration.
Hematology

ICG

SD

NanoICG

SD

P

Significance

Reference [284]

WBC (10-3/μL)

5.60

0.63

4.86

1.36

0.3018

ns

8.77 ± 2.95

RBC (10 /μL)

7.53

0.47

7.96

0.08

0.0765

ns

8.78 ± 1.12

HGB (g/dL)

12.10

0.96

13.24

1.00

0.1033

ns

14.55 ± 22.05

HCT (%)

40.46

4.16

45.32

1.38

0.0383

*

49.43 ± 6.70

MCV (fL)

52.98

1.88

52.80

2.29

0.8953

ns

56.39 ± 3.75

MCHC (%)

29.96

0.80

29.18

1.38

0.307

ns

29.53 ± 2.65

RDW (%)

16.32

1.36

17.42

0.40

0.1201

ns

16.62 ± 1.09

864.80

240.57

1053.00

236.38

0.2474

ns

1383.53 ± 528.53

-3

-3

PLT (10 /μL)

Abbreviations: White blood cell (WBC), red blood cell (RBC), hemoglobin (HGB),
hematocrit (HCT), mean corpuscular volume (MCV), mean corpuscular hemoglobin
concentration (MCHC), RBC distribution width (RDW), platelet (PLT).
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4.3.3 Blood Chemistry
Blood chemistry values were assessed using serum samples that were obtained
from female CD-1 mice that were treated with 0.77 mg/kg ICG and NanoICG, 14 days
after IV administration (N = 5 per group). There were no statistically significant
differences detected between ICG and NanoICG groups for any values (Figure 26,
Table 10). Albumin, BUN, and calcium levels were found to be within the normal range
for both groups. Several liver enzymes (ALK, ALT, AST) fell outside of normal ranges.
Although this is suggestive of liver injury, hemolysis was observed in several of the
serum samples and was most likely the primary contributor to discrepancies in these
values [285]. Also, no histological toxicity was observed in the liver tissues. Therefore,
these results are not considered to represent hepatic toxicological significance for
humans (Figure 27). Finally, creatinine and GGT values both fell below the level of
detection threshold in both ICG and NanoICG (< 0.2 mg/dL for creatinine, < 3 U/L for
GGT; N = 5 for each group; results not depicted). Because high levels of creatinine and
GGT are indicators of renal and hepatic dysfunction, these results carry minimal
toxicological significance. This finding is further supported by the lack of toxicity
observed in kidney (BUN and histology) and liver (histology) during other analyses
(Figure 27).
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Figure 26: Blood chemistry values obtained from CD-1 mice 14 days after IV ICG or
NanoICG administration.
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Table 10: Blood chemistry values obtained from CD-1 mice 14 days after IV ICG or
NanoICG administration.
Blood Chemistry

ICG

SD

NanoICG

SD

P

Significance

Reference [284]

ALB (g/dL)

2.68

0.11

2.7

0.19

0.8417

ns

2.99 ± 0.62

ALK (U/L)

60.40

12.44

64.8

14.46

0.62

ns

156.54 ± 51.10

ALT (U/L)

956.80

852.52

2187.2

3430.89

0.4588

ns

41.63 ± 13.91

AST (U/L)

944.80

946.65

1853.4

2611.33

0.4854

ns

82.80 ± 39.85

BUN (mg/dL)

21.80

2.59

25.4

2.97

0.0751

ns

12.80 ± 3.81

Ca (mg/dL)

8.18

0.76

7.8

1.62

0.6471

ns

10.73 ± 2.19

Abbreviations: Albumin (ALB), alkaline phosphate (ALP), aspartate aminotransferase
(AST), blood urea nitrogen (BUN), calcium (Ca).
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4.3.4 Histology
Organs were collected from mice that were treated with 0.77 mg/kg ICG or
NanoICG, 28 days after IV administration. After tissue processing, coded H&E-stained
slides were analyzed by a board-certified pathologist that was blinded to the
experimental groups and results of the study. There were no signs of histological toxicity
in all major organs (Figure 27). Red coloration in the spleen was observed in several
subjects treated with NanoICG and ICG. This was indicative of congestion secondary to
anesthesia rather than contrast agent administration. Also, a single subject treated with
NanoICG presented with increased histocytic infiltration throughout lung (Figure 28A).
This most likely is due to the cationic-amphiphilic nature of the drug (CAD)induced phospholipidosis [286, 287]. Nevertheless, drug-induced toxicity (inflammation,
necrosis) was not observed in this subject or in any of the other animals. Also, according
to relative biodistribution results, the lung signal of this subject (3.49E-04 AU) did not
differ from other subjects treated with ICG or NanoICG (Mean lung signal = 3.98E-04 ±
1.24E-04 AU; no outliers identified with ROUT test, Q = 1%) (Figure 28B).
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Figure 27: H&E-stained tissue slides from CD-1 mice 28 days after IV ICG or NanoICG
administration. (A) Representative images of H&E-stained of healthily tissues from ICG
and NanoICG-treated CD-1 mice. (B) One subject treated with NanoICG presented with
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evidence of histocyte infiltration in the lung. All images acquired at 100× magnification
(scale bars = 100 μm).
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Figure 28: (A) Lung histology from subject with histocyte infiltration, 28 days after
NanoICG administration. Image acquired at 200× magnification (scale bar = 50 μm) (B)
Mean lung signal per pixel of all subjects treated with ICG or NanoICG. Subject with
histocytic infiltration is represented by red square. “AU” denotes arbitrary unit.
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4.3.5 Long-Term Biodistribution
In order to assess longer-term biodistribution, CD-1 mice treated with either 0.77
mg/kg ICG or NanoICG were euthanized, necropsied at 4 h, 24 h, 14 days, and 28 days,
and imaged with the color and 800 nm channels of the Pearl Trilogy small animal
imaging system. Mean NIRF signal per pixel was quantified in each organ as an
indicator of ICG tissue retention. Mice treated with ICG displayed elevated signal
relative to NanoICG in all organs at 4 h, with significant differences being observed in
the kidney (5.26E-02 ± 2.02E-02 AU for ICG vs. 3.94E-03 ± 4.09E-04 AU for NanoICG;
P < 0.0001) and liver (6.06E-02 ± 2.47E-02 AU for ICG vs. 1.58E-02 ± 7.21E-03 AU for
NanoICG; P < 0.0001) (Figure 29, 4 h panels; Table 11). At 24 h, the optimal surgical
imaging timepoint for NanoICG [106–109], both contrast agents displayed a similar
pattern of relative organ biodistribution, with a small significant difference being
observed in the liver (1.04E-02 ± 3.06E-03 AU for ICG vs. 8.76E-03 ± 1.56E-03 AU for
NanoICG; P =0.0249) (Figure 29, 24 h panels; Table 12). The results at 4 and 24 h
were consistent with a previous biodistribution evaluation in Balb/c mice [106].
Mean NIRF signals per pixel were diminished at 14 days for most organs from
ICG- and NanoICG-treated animals except for the liver, spleen, and kidney. Contrary to
4 and 24 h results, NanoICG displayed elevated spleen (3.14E-03 ± 4.91E-04 AU) and
liver (7.94E-03 ± 2.60E-03 AU) signals relative to ICG (1.26E-03 ± 1.49E-04 AU for
spleen, P = 0.0006; 3.60E-03 ± 1.03E-03 AU for liver, P < 0.0001) (Figure 29, 14 day
panels; Table 13). At 28 days, the mean signal remained significantly higher in the
NanoICG group (5.65E-03 ± 1.71E-03 AU) compared to that of the ICG group (1.97E-03
± 7.20E-04 AU; P < 0.0001). Also, likely due to RES phagocyte uptake of nanomaterials
[288], NanoICG displayed a significantly elevated spleen signal (3.00E-03 ± 1.13E-03
AU) in comparison to ICG (1.28E-03 ± 1.72E-04 AU; P < 0.0001) (Figure 29, 28 day
panels; Table 14).
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Although 28-day ICG and NanoICG biodistribution was prolonged in the liver and
spleen, histologic or hematologic toxicity was not observed in any subjects. Therefore,
taking all results into consideration, it is likely both 0.77 mg/kg ICG and NanoICG
possess favorable longer-term safety profiles.

126

Figure 29: Relative biodistribution of ICG and NanoICG in CD-1 mice 4 h, 24 h, 14 days,
and 28 days after IV administration of ICG or NanoICG (N = 5 per timepoint). Mean
signal per pixel of each organ were calculated using fluorescence imaging at 800 nm of
collected organs. Insets at 14 and 28 days represent mean spleen and liver signal for
each group. Representative organs from each group and timepoint are arranged in the
following format: heart, lung, thymus, spleen, pancreas (top row right to left); kidney,
liver, ovary, muscle, bone (bottom row right to left). “AU” denotes arbitrary unit. * P >
0.05; ** P > 0.01; *** P > 0.001; **** P > 0.0001.
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Table 11: Mean NIRF signal per pixel (AU) from CD-1 mice 4 h after IV administration of
ICG or NanoICG.
4h

ICG

SD

NanoICG

SD

Significance

P

Heart

3.50E-03

1.07E-03

8.75E-04

2.12E-04

ns

0.9998

Lung

1.11E-02

3.83E-03

1.74E-03

2.25E-04

ns

0.3957

Thymus

5.96E-03

1.70E-03

8.14E-04

2.66E-04

ns

0.9579

Spleen

4.46E-03

8.98E-04

3.63E-03

6.35E-04

ns

>0.9999

Pancreas

5.71E-03

9.24E-04

8.87E-04

1.38E-04

ns

0.9746

Kidney

5.26E-02

2.02E-02

3.94E-03

4.09E-04

****

<0.0001

Liver

6.06E-02

2.47E-02

1.58E-02

7.21E-03

****

<0.0001

Ovary

6.79E-03

2.24E-03

1.79E-03

3.16E-04

ns

0.9667

Muscle

1.87E-03

3.12E-04

4.16E-04

8.27E-05

ns

>0.9999

Bone

5.22E-03

1.20E-03

1.51E-03

1.59E-04

ns

0.9966
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Table 12: Mean NIRF signal per pixel (AU) from CD-1 mice 24 h after IV administration
of ICG or NanoICG.
24 h

ICG

SD

NanoICG

SD

Significance

P

Heart

7.25E-04

1.07E-04

5.87E-04

9.01E-05

ns

>0.9999

Lung

2.09E-03

5.34E-04

6.70E-04

2.75E-04

ns

0.0752

Thymus

1.05E-03

5.33E-04

5.65E-04

1.30E-04

ns

0.9881

Spleen

2.00E-03

4.44E-04

2.99E-03

4.38E-04

ns

0.4521

Pancreas

1.26E-03

3.24E-04

7.62E-04

1.23E-04

ns

0.9845

Kidney

4.70E-03

3.41E-04

3.64E-03

2.55E-04

ns

0.3643

Liver

1.04E-02

3.06E-03

8.76E-03

1.56E-03

*

0.0249

Ovary

1.79E-03

1.42E-04

1.09E-03

2.41E-04

ns

0.8642

Muscle

4.98E-04

7.60E-05

3.22E-04

1.07E-04

ns

>0.9999

Bone

1.81E-03

2.49E-04

1.30E-03

2.22E-04

ns

0.9808
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Table 13: Mean NIRF signal per pixel (AU) from CD-1 mice 14 days after IV
administration of ICG or NanoICG.
14 Days

ICG

SD

NanoICG

SD

Significance

P

Heart

5.10E-04

6.52E-05

4.88E-04

1.37E-04

ns

>0.9999

Lung

5.57E-04

8.64E-05

5.64E-04

9.07E-05

ns

>0.9999

Thymus

5.04E-04

1.31E-04

5.48E-04

1.15E-04

ns

>0.9999

Spleen

1.26E-03

1.49E-04

3.14E-03

4.91E-04

***

0.0006

Pancreas

7.66E-04

1.36E-04

7.54E-04

3.01E-04

ns

>0.9999

Kidney

2.38E-03

4.84E-04

2.56E-03

8.23E-04

ns

>0.9999

Liver

3.60E-03

1.03E-03

7.94E-03

2.60E-03

****

<0.0001

Ovary

8.12E-04

2.51E-04

8.30E-04

4.23E-04

ns

>0.9999

Muscle

2.15E-04

2.42E-05

2.77E-04

6.22E-05

ns

>0.9999

Bone

1.08E-03

1.59E-04

1.10E-03

6.34E-04

ns

>0.9999
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Table 14: Mean NIRF signal per pixel (AU) from CD-1 mice 28 days after IV
administration of ICG or NanoICG.
28 Days

ICG

SD

NanoICG

SD

Significance

P

Heart

4.04E-04

1.18E-04

3.84E-04

6.17E-05

ns

>0.9999

Lung

3.85E-04

1.52E-04

3.65E-04

8.55E-05

ns

>0.9999

Thymus

3.45E-04

1.11E-04

4.57E-04

1.91E-04

ns

>0.9999

Spleen

1.28E-03

1.72E-04

3.00E-03

1.13E-03

****

<0.0001

Pancreas

5.29E-04

1.57E-04

5.71E-04

1.36E-04

ns

>0.9999

Kidney

1.61E-03

3.66E-04

1.78E-03

2.09E-04

ns

>0.9999

Liver

1.97E-03

7.20E-04

5.65E-03

1.71E-03

****

<0.0001

Ovary

5.04E-04

2.13E-04

4.42E-04

1.04E-04

ns

>0.9999

Muscle

1.17E-04

2.26E-05

1.60E-04

4.84E-05

ns

>0.9999

Bone

8.17E-04

3.07E-04

1.13E-03

2.62E-04

ns

0.9822
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4.4 DISCUSSION
NanoICG is an HA-based nanoformulation of the FDA-approved NIR dye, ICG.
Past studies have demonstrated the promise of using NanoICG as a FGS contrast agent
[105–109]. Nevertheless, in order to enter the clinic as an investigational contrast agent,
it is necessary to overcome several preclinical hurdles, including the assessment of
longer-term toxicity and biodistribution profiles of NanoICG [289, 290]. To accomplish
this, a rigorous 28-day evaluation of the safety (hematologic, blood chemistry, and
histologic) and biodistribution of NanoICG was conducted in female CD-1 mice.
According to a previous efficacy study [109], a dose of 0.77 mg/kg ICG and NanoICG
was sufficient to provide contrast during surgical procedures on multiple FGS systems.
Therefore, it was chosen as the appropriate dose for long-term efficacy and
biodistribution assessment. This is below the maximum-approved dose (2 mg/kg in
humans [291]; equivalent to 24.7 mg/kg in mice based on allometric dose conversion
[292]) and LD50 (60 mg/kg in mice [293]) of ICG. Overall results of the study
demonstrated that both ICG and NanoICG possess favorable longer-term safety profiles
at this dose level, supported by hematologic, blood chemistry, and histologic toxicity
data. Although NanoICG exhibited prolonged retention in the liver and spleen, safety
data suggested that this difference in disposition had a minimal impact on toxicity.
Previously, Qi et al. conducted toxicity analyses up to 72 h with a 2 mg/kg dose
of NanoICG in C57BL/6 mice. Findings from that study suggested favorable hematologic
and histologic safety for NanoICG. Nevertheless, signs of inflammation were detected in
the liver and lungs, though this was likely related to background changes in the C57BL/6
strain rather than NanoICG administration [107]. In the present, long-term administration
of ICG and NanoICG were deemed safe according to blood chemistry, hematology, and
histology analysis. Although liver enzyme (ALP, ALT, AST, GGT) levels fell outside of
the recommended ranges for female CD-1 mice [284], suggestive of liver injury, it is
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likely that these results were due to contamination by hemolysis that was observed in
the serum sample [285]. Taken together with the results of liver histology assessment,
which indicated no liver injury, it was concluded that long-term administration of ICG and
NanoICG does not cause liver toxicity.
One subject from the NanoICG group presented with lung histocytic infiltration.
This observation was attributed to likely CAD-induced phosopholipidosis, which is
characterized by the accumulation of phospholipids in lysosomes followed by an
adaptive immune response. It is well-established that CAD-induced phospholipidosis is
not always associated with toxicity in the rodent and is not predictive of human toxicity
[286, 287]. Likewise, CAD-induced phosopholipidosis was not associated with
inflammation or necrosis, nor did it increase the overall NIRF signal in the lung. The
amphiphilic nature of HA-based contrast agents is likely the driving factor for this
observation. Interestingly, previous studies with NanoICG and other HA conjugates have
shown an elevated lung signal. Based on the findings of this long-term safety and
biodistribution study, CAD-induced phosopholipidosis could be a potential mechanism
for such observations [106, 108, 294].
The 28-day biodistribution profiles of ICG and NanoICG were assessed with
fluorescence imaging at 4 h, 24 h, 14 day, and 28 day timepoints. Results at the 4 and
24 h timepoints were comparable to previous reports [105, 106, 108, 283]. At the 4 h
timepoint, ICG displayed an elevated tissue signal compared to NanoICG. This suggests
that ICG is quickly distributed into the tissues from the circulation: its short circulation
half-life (2.5-3.0 min in humans) likely plays a role in this observation [291]. Likewise, it is
possible that the nanoparticle formulation of ICG prolongs circulation time and causes a
delay in tissue distribution and clearance relative to ICG. Although free HA has a short
circulation half-life of 4-5 min [295], it has been shown to prolong circulation half-life and
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slow clearance in drug delivery applications [296–299]. Further comparison of ICG and
NanoICG pharmacokinetic profiles would be required to confirm this theory.
At longer timepoints (14 and 28 days), NanoICG-treated mice displayed a
significantly elevated liver and spleen signal compared to NanoICG, suggesting that
retention of NanoICG is prolonged in clearance/RES organs. There are three possible
causes for this observation. (1) The clearance of NanoICG is delayed compared to ICG.
As a result, NanoICG remains distributed in high-uptake tissues (i.e. liver and spleen) for
a longer period of time than ICG. (2) NanoICG is retained in resident RES phagocytes in
the liver (Kupffer cells) and spleen (red pulp macrophages). After IV administration, RES
phagocytes may phagocytize NanoICG via the opsonization pathway [288]. The
phagocytized materials are then processed and degraded in the lysosomes. Chemically
inert materials, such as ICG, can remain sequestered in cellular compartments, which
can significantly-slow down clearance [279]. Nevertheless, HA has been shown to
reduce the immunogenicity of the protein corona [300]. Therefore, RES uptake may also
occur through alternative mechanisms. (3) It is well-established that CD44 is a
phagocytic receptor on macrophages [301]. Because HA is a natural ligand for CD44
[302], it is also possible that NanoICG is phagocytized by RES phagocytes and retained
by the spleen and liver in a CD44-dependent mechanism. Nevertheless, a previous in
vitro dye release study in serum demonstrated that ICG is released from NanoICG fairly
rapidly (roughly 6 h) (Figure 11, Chapter 2) [106]. Therefore, it is possible that the in
vivo use of NanoICG results in a mixture of free and nanoparticle-entrapped ICG in
circulation, each of which may follow separate mechanisms of tissue distribution and
clearance.
There are two limitations in the current study. Although the results demonstrate
the longer-term safety of NanoICG, more extensive toxicologic evaluation still must be
considered during the development process of NanoICG. Several studies have

134

illustrated shortcomings of rodent models, such as CD-1 mice, at predicting human
toxicity. There is general consensus that adverse events in mouse models can predict
human toxicity. However, the absence of toxicity in rodents holds weak value in
predicting the same in humans [303–305]. Therefore, in order to strengthen the findings
of this study, secondary safety assessments in animal models with stronger homology to
humans (i.e. porcine, canine) would be beneficial. Nevertheless, because NanoICG is
composed of FDA-approved (ICG) [280] and biocompatible (HA) [281] materials, there is
a low likelihood for human toxicity. Also, though the safety of the third NanoICG
component, 1-pyrenebutanamide (PBA), remains to examined independently, it seems
to have minimal toxicity when conjugated to HA. Secondly, although relative
biodistribution of ICG and NanoICG was determined with fluorescence imaging, issues
such as quenching, scattering, and relatively low penetration depth limit its value in
determining the true concentration of ICG and NanoICG in tissues. Additionally, though
fluorescence imaging in the NIR range is less susceptible to background interference,
there is still the possibility that tissue autofluorescence can contribute to the overall
organ NIRF signal. Therefore, quantitative analytical methods, such as mass
spectrometry, would be more appropriate options to assess true biodistribution and
determine the accuracy of whole organ fluorescence imaging [306].
Based on the overall results of this study, NanoICG has a favorable longer-term
safety profile in CD-1 mice. Though it was shown to have increased longer-term
retention in the liver and spleen, no significant hematologic, blood chemistry, or
histologic toxicity was observed. Taken in combination with previous efficacy work [109],
NanoICG is a potentially safe and efficacious FGS contrast agent.

135

CHAPTER V: CONCLUSION AND FUTURE DIRECTIONS
5.1 CONCLUSION
Surgery plays an integral role in the treatment of solid tumors. The complete
resection of the primary tumor, sentinel lymph nodes, and local metastasis improves
treatment outcome and a patient’s overall prognosis [6, 9, 240]. Although surgical
resection can be a potentially curative therapeutic modality, 14-36% of procedures result
in PSMs (about one third of lumpectomies). This issue is mainly due to a surgeon’s lack
of intraoperative visual aid in tumor detection. Accordingly, detection of malignant tissue
is limited to visual and tactile cues [10, 11]. Although they carry value in diagnosis,
staging, and surgical planning, traditional biomedical imaging modalities such as x-ray,
CT, MRI, and PET are poorly translatable to the operating room due to long acquisition
times, complex infrastructure, and high cost [13]. Fluorescence-guided surgery using
NIR fluorophores has emerged as a promising modality that can close the gap between
pre- and intraoperative imaging. As such, a variety of small molecule, peptide, antibody,
and nanoparticle-based probes are in various stages in preclinical and clinical
development as FGS contrast agents [1, 34], and hold high promise in decreasing PSM
rates and improving outcomes of tumor resection surgeries.
As illustrated by previous chapters, NanoICG, a self-assembled HA-based
nanoparticle loaded with the FDA-approved NIR dye, indocyanine green, is a safe and
efficacious FGS contrast agent [109]. A study published by Hill, Kelkar, Wojtynek et al.
established the foundation for this dissertation [106]. Based on preliminary studies in
nude mice bearing MDA-MB-231 xenografts, 24 h was chosen as the optimal imaging
timepoint for NanoICG. In order to assess the effect of a competent immune system on
imaging, NanoICG was administered to Balb/c mice bearing orthotopic, syngeneic 4T1
tumors. Results from this study demonstrated that NanoICG improves the delivery of
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ICG to 4T1 tumors, providing a significantly higher level of NIRF signal and contrast
versus free ICG. Additionally, this study provided evidence from the first simulated FGS
procedure with NanoICG, demonstrating feasibility as an FGS contrast agent.
To expand upon these findings, efficacy of NanoICG was assessed with a
surgical resection study in an orthotopic, syngeneic model of TNBC [109]. As opposed to
the proof-of-concept study, the surgical efficacy study sought to test NanoICG versus
ICG and controls with clinically relevant study endpoints of residual disease status and
post-surgical survival. Results demonstrated that NanoICG reduced residual disease
rates and prolonged post-surgical survival versus ICG and controls. This result was
attributed to the superior tumor contrast provided by NanoICG as well as the ability to
identify small-occult lesions in the surgical cavity. In addition, NanoICG predicted the
extent and location of residual disease in a locally advanced model of breast cancer.
Taking preclinical recommendations into consideration [19], NanoICG holds strong
potential as an FGS contrast agent.
Although surgical efficacy of NanoICG was demonstrated, concerns over the
safety of nanoparticle-based delivery systems remain a significant hurdle to clinical
translation [1]. Therefore, the long-term disposition and safety (hematology, blood
chemistry, and histology) of NanoICG were evaluated in CD-1 mice and compared to
free ICG. The biodistribution and safety of NanoICG and ICG at earlier timepoints (4 and
24 h) were largely-consistent with previous reports [106, 107, 307]. Likewise, long-term
timepoints (14 and 28 days) suggested that NanoICG was safe and non-toxic. Also,
although NanoICG exhibited retention in the liver and spleen 28 days after systemic
administration, safety in these organs was not compromised. Therefore, overall results
from this study suggested that NanoICG has a favorable safety profile.
In summary, the work of this dissertation has proven that NanoICG is a safe and
efficacious FGS contrast agent with strong translational potential. Although first-
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generation FGS contrast agents are dominated by antibody-dye conjugates and peptidebased probes [34], nanotechnology is playing an integral role in the advancement of this
field [1]. The broader implications of this work demonstrate the value of nanotechnology
to FGS. In addition, while the majority of next-generation nanoparticle-based FGS
contrast agents in development would be considered new molecular entities, NanoICG is
composed of FDA-approved and biocompatible materials. Nevertheless, there are
several immediate and distant studies that are necessary for addressing scientific
questions as well as furthering the development of NanoICG as a FGS contrast agent.
These future directions are described below and are illustrated in Figure 30.
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Figure 30: Potential future directions for NanoICG research and development. These
include sensitivity/specificity/PPV/NPV testing, alternative animal models such as pigs
and spontaneous canine tumors, expansion of NanoICG use into breast cancer
molecular subtypes other than TNBC, multimodal imaging, pharmacokinetics,
determination of tumor phenotypes that influence uptake and retention of NanoICG, and
first-in-human studies.
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5.2 FUTURE DIRECTIONS
5.2.1 Alternative Animal Models
A limitation to preclinical FGS studies is the overreliance on mouse models.
These models are poor representations of the anatomical and histological complexity of
human disease [109]. Therefore, future FGS studies should seek to utilize alternative
animal models to improve translatability. Although it is difficult to fully recapitulate human
breast cancer, there are large animal models that hold promise in the assessment of
NanoICG and other intraoperative contrast agents. Porcine models of cancer are
emerging as anatomically- and physiologically-relevant models of cancer [308]. These
models are being generated through genetic engineering techniques (i.e. TALEN and
CRISPR/Cas9) in several types of cancer, including a BRCA1-knockout breast cancer
system [309]. Due to the size of the porcine tumor models, imaging studies can be
conducted in a clinical setting, and allow for the in-depth analysis of histopathological
surgical margin status with contrast agents [310, 311]. Also, the size of porcine models
would necessitate a higher dose of NanoICG. As a result, this would require the scale-up
of NanoICG synthesis as well as development of certified good manufacturing practice
(cGMP) protocols.
In addition, spontaneous tumors in companion animals (i.e. canine, feline) hold
high potential to serve as an intermediary model between small mammals and humans
[312]. Along with displaying a better anatomical and physiological representation of
human disease, spontaneous tumors also more accurately reflect the heterogeneity in
human tumors that is not observed with tumor xenograft models. Also, cell lines are
often preselected for the high expression of a target protein; spontaneous tumor models
decrease the bias [37, 212]. As described during the introduction, LipImageTM 815 was
tested in canines with spontaneous STS and subcutaneous tumors. Although a small
sample size was assessed, the study effectively described the sensitivity, specificity,
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PPV, and NPV rate of LipImageTM 815 in a heterogenous population, providing a higher
degree of translational relevance than xenograft models [211, 224, 225]. Additionally,
both porcine and spontaneous tumor canine models would double as an opportunity to
assess the long-term toxicity, biodistribution, and pharmacokinetics of NanoICG. This
would partially fulfill nonclinical testing required by the FDA [289]. Taken together, both
porcine and companion animals can serve as anatomically-relevant models to assess
the efficacy of NanoICG.
5.2.2 Assessment of Sensitivity, Specificity, PPV, NPV
As observed in the Chapter 3 and [109], NanoICG displayed a decrease in
specificity at the submillimeter level. As such, some tissue identified by NanoICG
fluorescence was determined to be benign healthy tissue rather than tumor. Additionally,
the NanoICG dose selection study (Figure 17) demonstrated that differential dosing is
required for each individual FGS system due to discrepancies in dynamic detection
ranges between instruments [35]. Taken together, comprehensive assessment of
sensitivity, specificity, positive predictive value (PPV), and negative predictive value
(NPV) of NanoICG on commercially available FGS systems would be necessary. These
studies would accomplish the following: (1) expand upon previous findings [109] and
fully characterize the confidence of NanoICG in distinguishing malignant and healthy
tissues; (2) determine characteristics of true/false positive lesions; (3) assess accuracy
of NanoICG with rigorous statistical methods (i.e. receiver operator characteristic) and
compare to gold standard (histopathology); (4) Determine the performance of NanoICG
on clinical FGS systems. The Rosenthal group has performed several rigorous
preclinical and clinical studies characterizing the ability of cetuximab-IRDye800CW to
identify tumors [264, 265, 313–315]. Generally, results from these studies were valuable
in confirming results observed in previous studies that utilized preclinical mouse models.
Also, they served as predictors to the performance of cetuximan-IRDye800CW in the
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clinic. In the case of NanoICG, these studies would be essential in arriving at a go/no-go
to clinic decision. Additionally, if possible, performing studies in clinically relevant animal
models (i.e. porcine, spontaneous canine tumors) would be beneficial in predicting
accuracy and efficacy in the clinic.
5.2.3 Mechanisms of Uptake
Another area of NanoICG and HA NPs that requires detailed investigation is the
determination of factors that govern tumor uptake and retention. There are a number of
active and passive targeting mechanisms that are discussed below. It is possible that
uptake and retention of HA NPs is mediated by CD44 targeting due to HA being a wellknown CD44 ligand. CD44 is a cell surface glycoprotein that has roles in cellular
adhesion and motility [316]. The overexpression of CD44 in cancer has been associated
with tumor progression, metastasis, and drug resistance [254, 317, 318]. In fact, it is
overexpressed in the majority of breast tumors [319], while only being expressed in low
levels in healthy tissues [320]. For these reasons, CD44 has emerged as a therapeutic
target in breast cancer. Likewise, HA has been established a popular delivery vehicle in
oncology drug development [299].
Several previously-published studies have demonstrated CD44 targeting by HAbased optical contrast agents. Kelkar et al. found that pretreatment of the TNBC cell line,
MDA-MB-231 with free HA hindered the uptake of HA-Cy7.5 conjugates [117]. These
findings were expanded upon in a similar experiment by Bhattacharya et al., which
pretreated CD44+ (MDA-MB-231, RKO, PC3) and CD44- (LNCaP) cell lines with free HA
before treatment with HA-based contrast agents. Free HA decreased the HA conjugate
uptake in CD44+ cell lines while uptake was unaffected in CD44- LNCaP, suggesting a
CD44-mediated uptake of HA-based optical contrast agents [252]. Additionally, past
studies with NanoICG were conducted in tumor models with high CD44 expression
[105–107, 109, 307]. Although identification of targeting mechanism was not the primary
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goal of these studies (hence lack of CD44- control group), there is evidence that
NanoICG uptake could possibly be CD44-mediated.
Nevertheless, there are several other potential mechanisms for NanoICG tumor
uptake and retention. Although CD44 is the primary receptor for HA, there are several
other receptors that have been identified. Receptor for hyaluronan-mediated motility
(RHAMM) (also known as CD168) is poorly-expressed in healthy tissues while it is highly
expressed in tumors, and is associated with tumor metastasis [321]. Also, hyaluronan
receptor for endocytosis (HARE), lymphatic vessel endothelium receptor-1 (LYVE-1),
intracellular adhesion molecule-1 (ICAM-1), serum-derived hyaluronan-associated
protein (SHAP), brevican, neurocan, hyaluronan-binding protein 1 (HABP1), and toll-like
receptors (TLRs) have all been shown to interact with HA [322]. Therefore, it is possible
that these other receptors (especially RHAMM) may play roles in NanoICG tumor
targeting.
Aside from receptor-mediated uptake, passive mechanisms may also play roles
in NanoICG uptake and retention. As discussed in Chapter 1, many nanomedicines and
nano-imaging agents attribute heightened tumor delivery to the EPR effect [78, 323].
Given that NanoICG falls within the optimal EPR effect size range (10-1000 nm) [323], it
is possible that the EPR effect plays a role in its tumor retention. Additionally,
micropinocytosis, the bulk, non-specific endocytic uptake of extracellular fluid, has been
shown to play a role in several functions in cancer cells including motility and nutrient
uptake [324]. In fact, several nanoparticle drug-delivery studies have attributed tumor
cell uptake to micropinocytosis [325–327]. Because nanoparticles in the size range from
a few to several hundred nm can enter cells via micropinocytosis [328], it is possible that
this mechanism contributes to NanoICG uptake.
As discussed above there are a number of potential active and passive
mechanisms by which NanoICG enters and resides in tumors. Although past studies
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have suggested CD44-mediated uptake as well as the EPR effect, it does not rule out
other mechanisms of tumor uptake. Therefore, future studies should focus on identifying
all potential mechanisms of uptake and retention. In order to accomplish this, in vitro
(tumor spheroids), in vivo (patient-derived xenograft models), and ex vivo (human breast
cancer tissue samples) studies would be necessary. For example, the Pogue group
conducted a histopathological study to assess distribution of a molecularly-targeted FGS
probe relative to the target. Findings demonstrated that the probe and target had similar
distribution patterns throughout the tumor, suggesting a strong correlation between
probe uptake and target expression [329]. Identification of tumor factors that contribute
to uptake and retention will not only be important for elucidating the biological
mechanisms of NanoICG, but also be integral in the stratification of patients by tumor
characteristics that would best benefit from NanoICG in future clinical trials.
5.2.4 Application to Other Breast Cancer Subtypes
To date, all published breast cancer NanoICG studies have utilized models of
TNBC (4T1, MDA-MB-231) [105, 106, 109], which only accounts for 15% of all breast
cancer cases [278]. The remaining 75% of cases are comprised by three additional
molecular subtypes, which are based on immunohistochemical staining for
estrogen/progesterone receptor (ER/PR) and human epidermal growth factor receptor 2
(HER2). These subtypes include luminal A (ER/PR+, HER2-), luminal B (ER/PR+,
HER2+), and TNBC (ER/PR-, HER2-) [330, 331]. The molecular subtypes of breast
cancer are considered in therapy decisions, as each carry distinct characteristics and
differ in prognosis. Luminal A carries the best prognosis, followed by luminal B, HER2,
and TNBC. Additionally, molecular subtype plays a role in surgery, with TNBC and
HER2 having the largest risks for local recurrence after lumpectomy or mastectomy
compared to luminal A or B subtypes [332]. It is essential to assess the impact of FGS
on tumors from each molecular subtype of breast cancer, potentially expanding the use
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of NanoICG. Identifying differences in molecular subtype (i.e. response to FGS) is
important in determining the ideal phenotype of breast tumor for HA-based imaging.
5.2.5 Multimodal Imaging
The benefits of multimodal imaging were previously described in Chapter 1
(Section 1.2.4). Although NanoICG is an effective FGS contrast agent, intraoperative
fluorescence is not without limitations. Compared to other imaging modalities such as
MRI, CT, or PET, NIRF imaging has a relatively low depth of penetration [13]. As a
result, NIRF imaging can have shortcomings in the detection of deep-seated malignant
lesions. Therefore, combination of FGS with complimentary pre-operative imaging
modalities could potentially improve the efficacy of NanoICG. Previous work performed
by the Mohs group developed mixed micelle formulation consisting of magnetic and
NIRF HA nanoparticles for dual MRI (preoperative) and NIRF imaging (intraoperative) or
breast tumors [333]. Additionally, because ICG is a known PA contrast agent [43], PA
could potentially be used for non-invasive detection of NanoICG as well. Further
development of multimodal HA-based contrast agents for dual MRI/PET/PA/FGS could
leverage the benefits of each imaging modality and improve rates of tumor detection.
Also, as discussed in Chapter 1 (Section 1.4.5), fluorescence imaging in the NIRII window carries greater benefits than the NIR-I window due to lower scattering and
higher tissue penetration [25]. Although the peak emission wavelength of ICG lies in the
NIR-I range, it is still detectible via off-peak imaging in the NIR-II window [334]. In fact,
the first example of clinical NIR-II imaging utilized ICG as a contrast agent. In this pilot
study, NIR-II imaging of ICG provided greater contrast to liver tumors than the NIR-I
window [167]. Therefore, future investigation into the NIR-II imaging of NanoICG is
warranted.
5.2.6 Pharmacokinetics
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In order to enter clinical trials, FDA guidelines recommend pharmacokinetic (PK)
data (plasma drug concentration) from systemic exposure to test species [289]. The
goals of these studies are to characterize PK profile, determine first-in-human dose, and
predict any potential drug-related toxicities [335]. Aside from these development goals,
there are several scientific questions these studies would address as well. First, as
discussed in Chapter 4, there is a difference in the biodistribution profiles between ICG
and NanoICG. ICG displayed elevated signal in organs at 4 h compared to NanoICG. It
is possible that a longer circulation half-life/slower clearance for NanoICG contributed to
this observation. Moreover, a difference in PK profile between NanoICG and ICG could
partially explain the heightened tumor signal afforded by NanoICG (prolonged circulation
times can increase NanoICG bioavailability, and thus, more opportunity for tumor uptake
to occur; active and passive tumor targeting mechanisms may also contribute to this).
Another observation discussed in Chapter 3 was the NanoICG dose required by
various FGS systems (Figure 17). The two-component, first-generation FGS system
utilized in early studies required a 0.39 mg/kg dose for adequate tumor contrast [105–
107, 307]. However, due to a difference dynamic detection range, the Lab-FLARE RP1
FGS system required a 0.77 mg/kg dose for adequate contrast [109]. Because most
commercially available FGS systems differ in dynamic detection range [109], it is likely
that differential dosing of NanoICG would be required on a system-by-system basis.
Likewise, because clearance from background tissues at a predictable rate is central to
the contrast provided by NanoICG, it is necessary to assess the effect of dose on PK
profile. In circulation, ICG is 99% bound to serum proteins [336, 337], which causes it to
be cleared almost entirely by the liver. Increasing dose can saturate serum protein
binding and yield a mixture of free and bound ICG in circulation, each of which is cleared
by different organs (kidney, free ICG; liver, bound ICG, which is still the majority of ICG
in circulation). As a result, a non-linear PK profile can be observed at higher dose levels
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(AUC is not proportional to dose) [338, 339]. Due to the observation that ICG is released
from NanoICG in serum (Figure 11) [106], it is likely that mixture of free NanoICG,
bound NanoICG, free ICG, and bound ICG exists in circulation following IV
administration. Therefore, the pharmacokinetic behavior of NanoICG could potentially
differ from ICG. Therefore, it is necessary to (1) characterize the impact of
nanoformulation on PK profile and whether changes in NanoICG dose yield predictable
changes in contrast.
This study has been initiated in Sprague-Dawley rats. Catheterized (jugular vein)
rats were administered either ICG or NanoICG at high dose (1.55 mg/kg) and low dose
(0.39 mg/kg) at t = 0. Blood was collected and plasma extracted at the following
timepoints: 2 min, 5 min, 10 min, 15 min, 30 min, 1 h, 2 h, 4 h, and 6 h (N = 3 per
timepoint for each contrast agent and dose). An ultraperformace liquid chromatography–
tandem mass spectrometry (UPLC-MS/MS) analytical method was developed and
validated for ICG detection in plasma and tissues. A similar analytical method is
currently under development for the detection of NanoICG. After both methods are fully
developed, the PK profiles of NanoICG and ICG will be compared. Also, tissue samples
obtained in the 28-day biodistribution study (Chapter 4) will be analyzed for true ICG
concentration. Preliminary analyses of plasma samples obtained from the 0.39 mg/kg
ICG group are consistent with reported ICG PK profiles [340].
5.2.7 First in Human Studies
It is beneficial to put the work of this dissertation into perspective. The overall
goal of this work is to develop an optical contrast agent for FGS, potentially improving
surgical oncology outcomes in breast cancer. Therefore, it is useful to view the progress
of NanoICG development in context of the “5R” drug development framework [341, 342].
Although applied by a situational basis to the development of individual drugs, the goals
of 5R framework is to critically evaluate preclinical and clinical drug candidates. The 5Rs
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include the “right target”, “right tissue”, “right safety”, “right patient”, and “right
commercial potential” (beyond the scope of this work). To increase the likelihood of
successful clinical development, drug candidates (or in this case, contrast agents)
should fulfill each category.
NanoICG is at the stage of the research where most Rs are in progress of being
fulfilled. (1) “Right Target”. As discussed in previous sections, NanoICG likely employs a
combination of active (CD44) and passive (EPR effect) targeting mechanisms.
Confirmation of these theories will be confirmed by mechanistic studies. Given that
CD44 is overexpressed in most breast cancers [254, 255] and lowly expressed in normal
tissues, it is a feasible target for breast cancer tumor imaging. (2) “Right Tissue”. There
is strong evidence that NanoICG reaches the correct tissues (breast tumor) and is
cleared from the incorrect tissues (healthy background tissues). This was illustrated by
the intraoperative contrast provided by NanoICG [105–107, 307]. Also, because surgical
efficacy is dependent upon contrast agent reaching the correct tissue, improved rates of
complete resection and prolonged survival further strengthen this argument [109]. PK
analysis will further characterize the disposition of NanoICG. (3) “Right Safety”. As
illustrated in a previous publication [107] and Chapter 4, NanoICG possesses a
favorable safety profile and causes minimal toxicity. Assessment of the safety profile
through long-term safety studies in large animal models (6+ months in porcine, canine,
non-human primate, etc.) would expand upon these findings. (4) “Right Patient”. Due to
the minimal background afforded by NanoICG as well as elevated CD44 expression,
FGS of breast tumors would be an appropriate application for NanoICG [106, 343].
Future mechanistic work would determine ideal breast tumor phenotypes (CD44
expression, molecular subtype, etc.) and allow for patient stratification during clinical
investigation. Taken together, NanoICG is headed on the right track for successful
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development. Preclinical work in the near-future (mechanistic studies, PK analysis, longterm safety) will be important arriving at a go/no-go to clinic decision.
Due to the practical and economic risks associated with developing novel, and
relatively unknown contrast agents, the FGS field has been inclined to take advantage of
the exploratory investigational new drug (eIND) pathway, particularly via phase 0
microdose trials [344]. Phase 0 microdose trials include the administration of less than
1/100th of pharmacologically active dose no greater than 100 μg or 30 nmol, and are less
rigorous in terms of preclinical animal testing requirements [345]. Because less drug is
required and there is a lower likelihood of achieving toxic in vivo drug concentrations, the
costs and toxicity risks are lower in Phase 0 microdose trials versus traditional Phase 1
first-in-human investigations. The Pogue group has outlined an eIND framework for the
development of optical contrast agents. This streamlined approach includes establishing
a relationship with the FDA, developing cGMP protocols, conducting toxicity testing in
mammals (single dose in rats), and filing for eIND approval [99]. As such, several
contrast agents that are currently undergoing clinical investigation have entered first-inhuman studies via the eIND pathway, leading to valuable safety and preliminary clinical
imaging data [118, 346]. Given these early examples, the eIND pathway is a feasible
route for the clinical development of NanoICG and could serve as a gateway to future
dose-escalation, clinical pharmacology, and efficacy studies.
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