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Bioimaging tools enable the visualization of small anatomical features as well as 

structures that may be obscured by other tissue. One such group of tools are fluorescent probes, 

molecules that emit detectable signals when stimulated by an excitation source. Incorporating 

fluorescent conjugates for clinical purposes would enable direct usage for the diagnosis, 

detection, or treatment of diseases. The development of specific targeting agents is feasible due to 

the number of nanomaterials and biological products that contain fluorophores. Specific targeting 

agents can target a particular region of interest, such as a cancerous tumor for removal or vital 

nerve structure for avoidance during image-guided surgery.  

As a result, fluorescent guided surgery (FGS) allows a surgeon to remove or avoid 

specific areas during surgical interventions without damaging surrounding tissue or structures. 

Many different biomaterials, each with unique and useful properties, can be utilized as a platform 

for fluorescent contrast agent design, such as avoiding vital anatomical structures. During surgical 

intervention, the location of nerves is of high concern for surgeons, as damaging those structures 

can result in severe consequences for the patient. Herein, the fluorescent contrast agent 

NervelightTM, consisting of a near-infrared (NIR) fluorescent dye attached to the naturally 

occurring protein, nerve growth factor, can be utilized for nerve targeting and visualization. 

Nerves are at high risk for damage during surgery; avoidance of these areas is critical to 

preserving nerve function.  
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Nanomaterials can also be used as platforms for NIR dyes to target ligands bound at the 

cell surface providing tissue specificity. In this study, carbon or silica-based nanomaterials were 

used as a scaffold for imaging a CD44+ cancer cell line. A targeted fluorescent nanomaterial 

design may provide specific targeting to CD44+ cancerous tumors for surgical removal via 

hyaluronic acid, a known CD44 targeting ligand, and the NIR fluorophore sulfo-Cy5 dye. 

Fluorescent contrast agents can be useful in labeling an area for avoidance or surgical removal in 

bioimaging applications. 
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CHAPTER 1: OVERALL INTRODUCTION 

 The field of theranostics and bioimaging techniques have emerged as vital tools for a 

variety of applications in the clinic. Bioimaging can be defined as a method used to non-

invasively visualize biological processes1. The ability to detect changes in anatomical structures, 

disease detection, and tracking fluorescent probes are a few of the many achievements 

bioimaging can provide. Bioimaging is important in the clinic for detecting disease or changes 

within cells or organs2. These various bioimaging applications can enhance and improve the 

monitoring of diseases and patients in the clinic. Visualizing cellular structures provides a 

significant benefit to medical personnel by helping them to distinguish between healthy and 

cancerous tissue in a patient. During surgery, it becomes essential to identify vital anatomical 

structures, such as nerves and blood vessels, to avoid potential damage. Evaluating cellular 

structures or organ systems, bioimaging has the potential to show injury or damage to these 

different structures3, 4. Bioimaging can monitor the cell-surface interactions in regenerative 

medicine and track cellular responses to damage. Tracking of damage caused by 

neurodegenerative diseases, bioimaging has the potential to visualize the damaged cells and the 

response that occurs5. These are only a few areas in which bioimaging has emerged as a potential 

tool for use in the clinic. 

 Fluorescent probes play a significant role in bioimaging applications and have emerged to 

advance the field of theranostics within the clinic. Currently, magnetic resonance imaging (MRI), 

ultrasound, and radioisotope labeling are used in the clinic to visualize physiological changes in 

the body. Fluorescent bioimaging is highly sensitive, less invasive than traditional visualization 

methods, and enables safe detection6. These advantages of fluorescent bioimaging would provide 

enhanced visualization of the pathological and pathophysiological changes within the body or 

cells in real-time. These benefits are most apparent during surgical procedures. The use of near-

infrared (NIR) dyes and associated instrumentation allows integration of the visible surgical field 
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with the NIR image, allowing a surgeon to visualize the fluorescent location overlayed with the 

visible natural anatomy. Combining the surgical and NIR fields enables the non-targeted 

anatomical regions to as references for the targeted and labeled regions. Imaging in real-time 

allows for intraoperative guidance that can be used for various applications, such as the 

delineation of tumors. Bioimaging techniques with fluorescent probes have shown to be 

promising modalities for monitoring various biological processes7-9. The utilization of NIR 

probes enable improvements to provide targeting to a region of interest. Ultimately, bioimaging 

applications can visualize these specific regions of interest, especially in the surgical field, to 

avoid vital anatomical structures or remove a tumor. 

 Fluorescent Guided Surgery (FGS) offers great potential in theranostics and optical 

imaging to improve surgical outcomes by enabling enhanced visualization of tissue and effects of 

disease real-time. NIR fluorescence imaging in the emission spectrum of 700-900 nm can provide 

surgeons with advantages of low scattering, low tissue autofluorescence, and high signal to 

background ratios10-12. These advantages are beneficial for oncological surgeries to delineate 

cancerous tissue to be surgically removed while highlighting vital structures in the surgical area 

to be avoided. Current imaging modalities such as ultrasound and MRI can be helpful in imaging 

where a cancerous tumor is located around other major tissue, but fluorescent probes during 

surgery can allow surgeons to visualize tumors or vital structures in real-time, reducing the 

potential of post-surgical consequences. NIR fluorescent probes can be designed and developed 

to target specific diseases and further enhance these current imaging modalities. 

Each bioimaging application includes a fluorescent probe modified to target a specific 

region of interest. In this project, two main directions were evaluated, each with a different 

fluorescent probe and a different region of interest. The first project was an evaluation of a nerve-

specific contrast agent to label at-risk nerve sites intraoperatively to preserve nerve function. 

Avoiding vital anatomical structures during surgery is crucial to prevent damage to those nerve, 
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therefore avoiding any negative effects on a patient’s quality of life. Proteins found 

predominately on nerves were utilized as a platform for a nerve-specific fluorescent probe. In the 

second project, a silica-based fluorescent nanoparticle was synthesized to target CD44+ cancer 

cells for use in tumor removal. Silica nanoparticles are largely considered non-toxic, 

biocompatible, and have surfaces that can be easily modified with various biomolecules, ligands, 

or proteins. Common biomolecules, such as hyaluronic acid or folic acid, can be attached to the 

nanoparticle’s surface for specific targeting to cell surface receptors. Many cancer types have an 

upregulation of various cell receptors that can be exploited for specific targeting.  

Both projects are dependent on the intended application for incorporation in the clinic. 

The intended application determines the best route of administration, of which there are two: 

local and systemic. The local route of administration is administering the contrast agent at the 

target site during the surgery. Visualizing nerve structures in a specific region would be best 

through the local administration route, ensuring the contrast agent reaches the target site. Since 

nerves are present throughout the body, the agent may not reach the intended surgical location 

site through the systemic administration. An additional advantage of the local administration 

route is that a surgeon can reapply the contrast agent to an area during the surgery. The systemic 

route of administration is administrating the contrast agent at a location away from the target site, 

usually through circulation in the bloodstream which will eventually bring the contrast agent to 

the intended target location. Systemic administration would allow a tumor to be visualized and 

result in accumulation of the contrast agent at the tumor site. Intravenous administration can 

potentially enable the fluorescent probe to be more efficiently delivered to the target site since 

tumors proliferate near vasculature allowing for binding to the cancerous tissue. For 

implementation in the clinic, systemically injecting a fluorescent probe with specific targeting 

capabilities would allow for visualization of the tumor during the surgery. As the goal of cancer 

surgery is the removal of the tumor, systemic administration may be the better choice of 
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administration as the fluorescent probes could accumulate on the entire tumor, thereby identifying 

the extent of the cancerous tissue. Ultimately, bioimaging with fluorescent probes is characterized 

by numerous exciting applications for use in the clinic including nerve imaging and tumor 

delineation, which can both benefit from advancements in visualization of biological processes.  
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CHAPTER 2: NERVE IMAGING INTRODUCTION 

The nervous system is a complex part of the human body that coordinates 

communication, movement, control, and regulatory actions within the body. The system encodes 

cues from the surrounding environment to produce signals sent throughout the body, allowing 

organisms to interact with their surroundings13. Cues from the surrounding environment induce a 

fast response to many different signals and stresses. These controls enable the sensory 

components to detect and receive environmental cues, leading to the processing and transmission 

of the signals to the motor components, which are necessary to provide a proper body response. 

Organisms can distinguish between hot or cold and pain or non-pain to specific signals or stimuli 

based upon the complexity of the environmental cue. This system is an informational processing 

system encompassing both internal and external sources, with transmission through signal 

patterns along specific pathways14. The ability for signals to be continuously transported through 

the body is provided by highly specialized types of cells. 

 The function of the nervous system includes retrieval of surrounding information, 

processing or transmitting a cue, and response production, which are all completed by the vast 

networks of nerves throughout the body. Nerve cells found throughout the nervous system share 

three components: the soma, the axon, and dendrites14. Since these cells transmit information 

between one another, the vast network of nerve cells is formed throughout the entire body, 

allowing for the communication and control to be governed by these specific cells. One example 

of how nerves transmit information is through the axon of one nerve cell to the dendrite of a 

neighboring nerve cell via the synapse between the two cells14. These synapses and affiliated 

exchanging of information between neurons are crucial for everyday tasks to occur and allow for 

the coordination of movement, control, and regulatory responses. Damage or injury to nerves can 

significantly impact how the neurons behave and potentially halt or alter the transmission of 

information between nerve cells, leading to the loss of motor or sensory function15. Injury or 



7 

damage to a nerve site can inhibit the proper function of the nerve, resulting in the loss of signal 

transmission can lead to lasting consequences to an individual. Nerve detection as an aid for 

surgeons during surgical intervention is critical to help reduce accidental nerve damage.  

 Many surgeries commonly use electrophysiologic monitoring or neuromonitoring to 

assess the functional integrity of nerves at a specific surgical site16-25. This neuromonitoring 

system is beneficial during surgery for locating nerve presence in specific areas by triggering a 

nerve impulse. There are different methods and techniques for neuromonitoring that are 

commonly used in surgeries, such as electroencephalography18, 26, electromyography18, 24-31, and 

evoked potentials18, 22, 25, 26, 28. Typically, these monitoring techniques are selected by the surgeon 

with specialized monitoring staff to provide an alert when a nerve is present in the area16. The 

instrumentation and techniques available for surgeons through neuromonitoring can be beneficial 

for detecting changes in the electrophysiological signal of nerves (Figure 1). While the detection 

of changes in nerve signal is crucial, visualization details and location are not displayed with 

these techniques. There is a limited ability of visualization, but the electrode location can inform 

a surgeon that there is a nerve is in the area. 32, 33. Multimodality neuromonitoring enables the 

combination of individual submodality strengths, including electromyography and evoked 

potentials, to detect nerve presence in a region of interest27-30, 34, 35. With the detection of both 

sensory and motor nerve impulses, surgeons will be alerted of nerve presence, decreasing the 

potential risk of nerve damage. Motor nerves function as effectors of information that are carried 

by neurons from the central nervous system to the peripheral tissues and organ systems, while 

sensory nerves function by transmitting impulses from sensory receptors in internal organs to the 

central nervous system and account for around 10 million nerves in the human body36. As the 

number of sensory nerves can be significantly greater than the number of motor nerves, 

neuromonitoring techniques are useful for nerve detection during surgery. The addition of 

imaging can provide an added visualization aspect. Nerve imaging during surgery would be a 

valuable method to detect both motor and sensory nerves present in an area of interest.  
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Figure 1. Neuromonitoring technniqe of nerve presence. Electrodes are placed in the region of 

interest to detect nerve impulses displayed on a monitor. Created using biorender.com. 

As neuromonitoring methods and techniques do not provide a direct image of the surgery 

site, only providing nerve impulse detections in an area, nerve imaging can play a critical part in 

surgical intervention. Nerves are small structures, buried within different types of tissue, and have 

many extruding branches that can make surgical interventions difficult without compromising 

any nerve branches12. Imaging by an ultrasound modality in conjunction with electromyography 

has been used in peripheral nerve surgeries to visualize peripheral nerves prior to making an 

incision and allowing for preoperative visualization of a target site37, 38. Ultrasound and magnetic 

resonance imaging (MRI) are very common imaging modalities used in many clinical 

examinations and surgeries. Combining these modalities can help visualize peripheral nerves that 

can be difficult to locate only with neuromonitoring techniques39-43. The high resolution is 

essential to distinguish the complex architecture and functional profiles of nerves. However, 

clinical contrast agents targeting nerves specifically are not yet approved44. Furthermore, small 

nerves and branches still may not be completely identified using these different imaging 

modalities, leading to the risk of nerve damage. Enabling visualization of nerves during a surgical 

intervention potentially reduces accidental nerve damage.  
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 Nerve damage resulting from surgical intervention is a negative outcome that can and 

should be prevented45, 46. Detrimental effects of nerve damage succumbed during surgery can 

have lasting effects for patients and could result in the loss of function of a specific movement or 

sensation. Many nerve sites are susceptible to surgical damage due to tissue innervation or 

anatomical nerve variability between patients leading to discrepancies in where a nerve is 

located47, 48. The mechanism of injury to a nerve during a surgical procedure may be attributed to 

different mechanical forces such as stretching, compression, contusions, or transections of a 

nerve49. Reduction of these mechanical forces on at-risk nerves during surgery would inevitably 

increase a patient’s quality of life following surgery. Nerve damage presents a patient with 

undesirable impacts on daily life since nerves generate signals that govern both pain and motor 

function; the loss of function can greatly impair daily life activities47, 50-58. Reducing the risk of 

nerve damage during surgical intervention would allow for a patient’s quality of life not to be 

affected by minimizing the loss of nerve function or associated pain. Pain in areas with high 

concentrations of nerves following surgery may lead to persistent pain. Persistent pain from a 

surgically induced neuropathic pain is estimated to be impact between 10-50% of patients, 

following common surgical operations47, 59. Neuropathies following surgeries can be attributed to 

the consequences of inflammation, stretching, transection, or contusion of a nerve resulting in 

loss of function or pain47, 49. Understanding the potential consequences of surgery and 

maximizing the surgeon’s awareness to nerves in areas with high nerve presence is critical. 

Across various surgeries, the nerve damage was found in 20,000 to 600,000 patients in the United 

States, which resulted in post-surgical neuropathies and loss of nerve function10, 60. Although 

neuromonitoring and ultrasound or MRI imaging enable some nerves to be found during surgery, 

fluorescently labeling nerves during surgery would allow for an improvement of visualization of 

nerves. 
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 Fluorescent-guided surgery (FGS) has continued to develop and emerge as a promising 

technology for use in the clinic by enabling enhanced visualization of specific anatomical 

structures intraoperatively. FGS can assist surgeons to distinguish between nerve presence, 

primary tumor tissue, and possible metastatic tumor tissue (Figure 2). A wide variety of contrast 

agents, probes, and targeting moieties are constantly being studied and developed for clinical 

effectiveness. A few of these dyes are FDA approved and commercially available for use in the 

clinic. Due to of their availability, these dyes are frequently investigated in FGS and include 

Methylene Blue61-67, Indocyanine Green (ICG)68-73, and 5-aminominolevulinin acid (5-ALA)74-77, 

among others. Each of these dyes have their own properties while functioning in the near-infrared 

(NIR) window that allows for use in FGS. These dyes allow differentiation between tumor and 

healthy tissue types, enabling surgeons to distinguish between each type during surgery. The use 

of fluorescent dyes for targeting to specific tissue types can provide another surgical tool to aid 

surgeons during surgical intervention. The usage of the FGS technology intraoperatively during 

surgical intervention can be beneficial when used in conjunction with other technologies, such as 

ultrasound and MRI39, 78-81. The combined use of these modalities during a surgical procedure 

enhances the delineation of the tumor vs. healthy tissue or anatomical location of nerves and 

blood vessels when compared to the sole use of current modalities. Sensory nerves can be 

commonly missed by current technologies (ultrasound, MRI, and electromyography techniques), 

leading to the increased risk of nerve damage. Image-guided surgery can be a helpful technique 

during surgeries to prevent both nerve damage and removal of healthy tissue. 
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Figure 2. Fluorescent Guided Surgery (FGS) modality as a promising technology in the clinical 

setting.  Reprinted by permission from Springer Nature Customer Service Center GmbH: 

Springer Nature, Nature Review Clinical Oncology (Image-Guided Cancer Surgery Using Near-

Infrared Fluorescence, Alexander L. Vahrmeijer, Merlijn Hutteman, Joost R. van der Vorst, 

Cornelis J. H. van de Velde & John V. Frangioni), COPYRIGHT (2013). 

 

Use of both image-guided surgery (MRI and ultrasound) and fluorescent guided surgery 

provides another level of detection of anatomical features for a surgeon. Utilizing NIR fluorescent 

light, which is invisible to the eye and requires specific lasers to excite and a detector to measure 

the response, can give surgeons a real time aid during surgery by fluorescing tissue at specific 

wavelengths between 700-900 nm10, 11. There are image-guided surgery instruments that are 

developed for NIR FGS which are FDA approved and currently being used in the clinic. These 
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instruments include the Fluoptics FluobeamTM, the Curadel Lab FLARETM, and others10, 82-85. 

Although there are only a small number of clinically approved image guided surgery instruments, 

research has rapidly grown in this area with new contrast agents being developed for use with 

these instruments10, 85. Fluorescent image-guided instrumentation utilized intraoperatively has 

advantages over the use of ultrasound or MRI alone. These can include identifying specific 

differences between healthy and diseased tissue, direct tissue contact, and providing 

intraoperative imaging guidance that facilitates the avoidance of anatomical structures, such as 

nerves and blood vessels10, 12. The ability for these instruments to be used intraoperatively and 

provide guidance during surgery is particularly beneficial during surgical interventions in areas 

where nerve damage is a large risk.  

 The aid of fluorescence imaging during a surgery benefits the surgeon by indicating a 

certain area to avoid (nerves) or to remove (tumor). In the case of avoiding a nerve area of 

interest, surgeons can decrease the number of nerve damage incidences occurred during surgery 

by the labeling of at-risk nerve sites. Nerve-specific contrast agents have become a promising 

intraoperative tool to be used in the image-guided surgery realm to prevent damage to nerve 

structures86. Designing nerve-specific fluorescent probes would enable these high-risk sites to be 

visualized during surgery. Nerves can be buried under muscle or other tissue structures leading to 

low visualization, but the nerve fluorescent probes utilized in image-guided surgery instruments 

can detect these hidden nerve sites12, 32, 87-92. The ability for visualization of these hidden nerve 

sites is crucial during a surgery. For example, in the head and neck region, the facial nerve 

courses through the parotid gland leading to difficulty in surgical operations on the gland93. 

Therefore, the design and development of nerve-specific fluorescent contrast agents would as an 

additional tool during surgical operations, especially in oncological procedures, that could 

minimize the risk of nerve damage.   
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Oncological procedures can present challenges for surgeons. Cancer tumors can hide vital 

anatomical structures, such as nerves, blood vessels, and other small organs which can pass 

through or under a tumor mass. Nerve bundles and small nerves can be visually obscured as they 

extend from an area of healthy tissue to an area of cancerous tissue. Image-guided surgery 

techniques would allow for the labeling of the hidden nerve sites within a tumor, enabling the 

tumor to be removed without causing damage to the nerves. The ability for fluorescent nerve 

contrast agents to function at nerve sites is due to proteins or biomarkers that allow for specific 

binding and prevent unspecific binding to other tissue.  

 The design and development of nerve-specific fluorescent contrast agents is essential for 

targeting high-risk sites for visualization during surgery. As nerve structures are quite small and 

are typically buried within the tissue layer, targeted fluorescent agents would allow for 

significantly improving visualization of nerves in the surgical field12. Different nerve regions are 

of significant interest for NIR-nerve specific contrast agents. These include the axon, myelin, and 

endoneurium regions present on all nerves32, 86. Each of these areas could be used for 

development to specifically target nerves for visualization.  

Axonal targeted NIR contrast agents are absorbed through the axon where proteins or 

other substances are transported from the neurosome to nerve endings through retrograde axonal 

transport 94. Specifically targeting nerve endings or the neurosome area on a nerve can allow for 

the transport of fluorescent contrast agents through a nerve. Retrograde nerve tracers, such as a 

subunit of the cholera toxin conjugated to the AlexaFluorTM 488, have been seen to label nerve 

axons following injection for detection of nerve damage, ultimately providing evidence that real-

time intraoperative visualization of a nerve can be done through axonal retrograde transport32, 95. 

Additionally, binding to axonal regions may be required at the terminal ends of nerves due to the 

insulating layer, the myelin sheath, surrounding the axons,32. Targeting the myelin region is 

another area of potential interest for specific binding that can allow for systemic injection of a 
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particular contrast agent. Since myelin covers many nerve axons, targeting the myelin region 

could allow for cargo to be transported to the nerve body32, 96, 97. The agents targeting the myelin 

region will need to be carefully designed to prevent disruption of the myelin sheath and to not 

penetrate the blood brain barrier (BBB). Styryl pyridinium derivatives98, distyrylbenzene 

derivatives99-102, coumarin derivatives103-106, and oxazine derivatives82, 107-109 are good candidates 

for targeting nerves through the myelin region. Nerve-specific agents need to be further 

researched to enable specific targeting to a nerve, but many provide low toxicity, complete 

clearance, low non-specific binding, and good tissue penetration. Targeting different regions of a 

nerve by systemic administration are characterized by a few disadvantages including low tissue 

penetration, low signal-to-background (muscle) ratio (SBR), low signal-to-noise ratio (SNR), and 

lengthy circulation times from systemic injections. Nerve molecules naturally produced in the 

body, such as proteins, are another group of candidates in the development of nerve-specific 

contrast agents. 

 Neurotrophic factors are proteins that are present in the nervous system that each have 

specific roles to support the survival of the system. Each of these factors have specific receptors 

that mediate its respective biological activity110. Proteins that act as naturally occurring ligands 

found within the nervous system would be of significant benefit for use in development of nerve 

specific targets. Some neurotropic factors include nerve growth factor (NGF), brain derived 

neurotrophic factor (BDNF), and neurotrophin-3 (NT-3). These factors have specific receptors, 

tropomyosin kinase receptors A, B, and C (TrkA, B, and C), that function as key regulators in the 

nervous system survival and growth. (Figure 3). Neurotrophins and Trk receptors are not only an 

essential part of the nervous system, they also play a broader role in the immune system111.  The 

Trk receptors can be found within the nervous system at different expression levels. For instance, 

the peripheral nervous system (PNS) has high expression levels of TrkA and TrkC, while the 

central nervous system (CNS) is characterized by high TrkB expression levels112, 113. Therefore, 
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the next generation of nerve-specific contrast agents could utilize the naturally occurring 

neurotrophic factor proteins as a backbone to improve binding and ultimately the visualization of 

nerves.  

Figure 3. Neurotrophins and their binding receptors. Created using biorender.com. 

 

Lastly, the location of the injection of contrast agents plays a role in the binding 

effectiveness of a nerve-specific contrast agent. Depending on the end goal of a conjugate and the 

type of disease, systemic or local routes of administration may provide a better delivery route to 

the targeted tissue. The route of administration for the delivery of conjugates to nerves is 

determined by the location site and composition of the nerve-specific contrast agent. During 

surgery for visualizing nerves, local administration allows a contrast agent to be directly applied 

at the target site, enabling the intended amount to accumulate at the site109, 114. Direct 

administration of a contrast agent during surgery would label only the at-risk nerves during 

surgery rather than potentially labeling all nerves by systemic injection. Systemic injection is 

often used in the clinic due to the ease of administration, but a higher dose is often needed to 

reach the intended target site due to circulation time as once the contrast agent reaches the site, 

the SBR and SNR may be much lower114. Specific clinical scenarios, such as nerve preservation, 
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could allow for a lower dose to be administered due to direct application at the target site and the 

potential for a surgeon to reapply the contrast agent during surgery to an area. Optimization of the 

direct administration technique is needed before integration into a surgical procedure, especially 

for surgeries that have limited timeframes. By optimizing the direct application approach for at-

risk nerve sites, local administration could improve the labeling and resulting visualization of at-

risk nerves during surgical intervention reducing nerve damage complications.  

 In developing nerve-specific fluorescent contrast agents, imaging of nerves would 

significantly reduce the risk of nerve damage and consequential outcomes. Prevalence of chronic 

pain and loss of nerve function are a few of the consequences of nerve damage following surgical 

interventions47, 50-58. Visualization of nerves during surgeries would aid surgeons with an imaging 

tool that can supplement their skillset by indicating where at-risk nerve sites are located. This 

additional tool has the potential to impact many patients as surgical procedures are a common 

treatment for oncology patients to remove all cancerous tissue and preserve other vital structures, 

including nerves12, 61, 115, 116. Many neurological diseases may also benefit from the development 

of nerve-specific contrast agents that can be utilized to label damaged nerve tissue or 

inflammation117-120. Nerves are quite small, found in nerve bundles, and can be buried in the 

surrounding tissue, all factors that make real-time visualization challenging without the use of 

fluorescent imaging. A nerve targeting agent would need to be selected with a good emission 

profile, non-toxic, and provide a high SBR in the NIR emission window for nerve selectivity over 

other tissue10, 11. Despite challenges, there is a clinical need to develop a NIR nerve-specific 

contrast agent to assist in visualizing nerves during surgical intervention, preserving nerves, and 

reducing the risk of nerve damage and post-surgical consequences. 
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CHAPTER 3: TARGETED INTRAOPERATIVE FLUORESCENT IMAGING OF 

FACIAL NERVES 

Abstract 

Purpose: Nerve damage during surgical procedures can significantly affect a patient’s quality of 

life. There is an increased need to preserve nerve function and FGS is a promising candidate. FGS 

enables surgeons to precisely maneuver their instruments around hidden nerve sites during 

procedures. Nerve visualization to help ensure the safety of nerves, especially during head and neck 

procedures, is a clinical need and solving it could improve the quality of life for numerous patients 

every year. 

Procedures: Evaluating a nerve-specific fluorescent contrast agent may provide a solution to 

visualize facial nerves during intraoperative procedures. This agent, NervelightTM, consists of an 

800 nm NIR dye attached to a naturally occurring protein, NGF. The performance of NervelightTM 

will be compared to the performance of a control dye intended for a similar purpose. 

Results: In these studies, topical application of NervelightTM on the targeted facial nerve provided 

evidence of specific labeling after just minutes. These results show that NervelightTM could 

successfully serve as an image guiding tool during surgery.  

Conclusions: Fluorescent imaging of nerves can enable surgeons to visualize at-risk nerves during 

head and neck procedures. The development of NervelightTM would improve a clinical need of 

preserving nerve function and reducing nerve damage. 

 

Introduction 

Cancer continues to impact patients around the world with high mortality and morbidity 

rates1. Research continues to be done related to cancerous tumors and a variety of new treatment 

options and research opportunities allow scientists to explore new ways to combat disease. Head 

and neck cancers (benign or malignant) which total to 4% of cancers are localized to the throat, 
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mouth, larynx, nose, salivary glands, and eyes. There are three major salivary glands (parotid, 

submandibular, and sublingual), and roughly 80% of salivary gland cancers begin in the parotid 

gland2, 3. Resection of these tumors are difficult due to the presence of small anatomical structures 

and complicated further by the location of these features. Surgery is a common strategy for acute 

and chronic diseases, including cancer4, 5, however, many surgeries are completed under white light, 

and shaped predominantly a surgeon’s skill of knowing the location of small structures. Intra-

operative guidance allows for visualization of small structures, such as nerves. Nerve damage is a 

major cause of pain and loss of function of nerves after surgical interventions, some of which 

include prostatectomies6-9, head and neck surgeries10, 11, and breast cancer surgeries12-16. The 

resulting damage can lead to loss of function, weakness, chronic pain, or paralysis of nerves10, 15-21.  

The need for surgeons to perform surgical procedures consistently and reliably on patients without 

instigating complications has become a critical issue to solve. FGS is becoming a popular tool to 

aid surgeons during surgical procedures4, 17. 

Unintentional nerve damage is a significant risk of surgical procedures and can have lasting 

consequences for the patient. This is especially concerning in areas present with many nerve 

branches, such as the facial nerve area.  Nerve anatomy is expansive and highly variable between 

patients. Add in the challenges of visually locating and tracking nerves during surgery and it is 

clear why surgeons face significant challenges when attempting to completely resect tumor and 

spare surrounding nerves10, 17, 22. Nerves can be found embedded in the muscle tissue challenging 

nerve detection which leads to an increased risk of nerve damage which then leads to adverse 

consequences such as pain or loss of nerve function, consequences that may persist long after the 

surgical procedure is complete. 

Injury to the facial nerve from surgery or trauma impairs the nerve’s ability to properly 

function which can result in paralysis of the facial muscles, restrictions in facial movement, 

weakness, and functional impediments such as constant drooling, loss of feeling, and an impaired 
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blink reflex10, 23. The consequential injury of the facial nerve can be devastating to a patient, in 

which simple tasks such as smiling, which requires muscle movement on the face, would be 

impossible. The facial nerve or the seventh cranial nerve is responsible for a multitude of facial 

expressions including anger, pain, fear, smiling, salivating, as well as the movement of the mouth, 

lips, and ears24. The facial nerve encompasses motor, sensory and parasympathetic fibers and is 

one of the most common nerves to be impacted by disease24. As illustrated in Figure 4 A-B, the 

anatomy of the facial nerve is complex, with five main branches (Temporal, Zygomatic, Buccal, 

Marginal, and Cervical). The preauricular incision method is a commonly performed clinical 

procedure that can easily expose the facial area (Figure 4 C)25.   

 

 

Figure 4. Facial nerve anatomy (A) Map of facial nerve branches and location of an injury 

determines extent of function loss. Adapted from “Trigeminal Nerve”, by BioRender.com (2021). 

Retrieved from https://app.biorender.com/biorender-templates. (B) Rat facial nerve locations. 

Adapted from “Rat Head (lateral)”, by BioRender.com (2021). Retrieved from 

https://app.biorender.com/biorender-templates. (C) Live rat image of the Buccal and Marginal 

branches conducted on the Curadel Lab FLARETM.  

 

Nerve damage causes 10-50% of patients to experience some type of chronic neuropathic 

pain following surgery26, 27. The need for facial nerve preservation by preventing unintentional 

nerve damage following surgical procedures is critical. Fluorescently labeling this nerve would 

reduce the chances of damage and therefore reduce the consequences affiliated with that damage. 
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FGS provides the necessary intraoperative optical tool allowing surgeons to visualize nerves in real 

time, ultimately reducing nerve damage during surgeries15, 17. 

In this study, we examine the ability of a contrast agent termed NervelightTM, an NIR dye 

conjugated to a naturally occurring nervous system protein, NGF, to fluoresce the facial nerve intra-

operatively. NGF is found to bind readily to TrkA receptors that is present in nerves28-30. This nerve-

targeted contrast agent would provide a tool to aid surgeons during surgery to reduce the risk of 

nerve damage. Here, we evaluated the function of the NervelightTM in a dose-range study on the 

facial nerve, using local delivery in the open surgical cavity. The goal of this study was to 

investigate the nerve fluorescent capacity of NervelightTM as an image guiding tool which surgeons 

can use to decrease the risk of unintentional nerve damage during head and neck procedures. 

Materials and Methods 

NervelightTM contrast agent 

NervelightTM is the conjugation of a naturally occurring nervous system recombinant protein, NGF, 

to a NIR fluorescent dye, provided by Manzanita Pharmaceuticals (Woodside, CA).  Analytics and 

conjugation were completed by Abzena Pharmaceuticals (Bristol, PA), and to confirm the function 

of NGF after conjugation to a NIR dye, a neuronal survival bioassay was conducted (Pamela Lein, 

PhD Laboratory, University of California at Davis; Davis, CA). The sample absorption and 

emission spectra of the NervelightTM were performed on the ThermoFisher Scientific Evolution 

220 UV-Visible Spectrophotometer (Waltham, MA, USA) and a Horiba Scientific FluoroMax-4 

(Edison, New Jersey, USA). Both NervelightTM and an NIR unmodified control dye were examined 

with a dose-range study of three doses: 1.75 nmol, 0.87 nmol, and 0.35 nmol of NIR dye. 

Animal model 



32 

All animal work was performed under an approved protocol by the University of Nebraska Medical 

Center Institutional Animal Care and Use Committee (IACUC). Male Sprague-Dawley rats were 

purchased from Charles River Laboratories (Wilmington, MA) ranging in body weight from 320-

400g. All applicable institutional and/or national guidelines for the care and use of animals were 

followed. 

Topical application procedure and study design 

Sprague Dawley rats were euthanized and separated into two experimental groups (n = 9 rats per 

group): (1) NervelightTM contrast agent and (2) unmodified NIR control dye. Rats were anesthetized 

using 4% isoflurane in oxygen and monitored for the duration of the procedure. A preauricular 

incision25 was made along the left side of the face to expose the Buccal and Marginal branches of 

the facial nerve. Anesthetic levels were lowered to 3% in oxygen following surgery and animals 

were continuously monitored by toe pinching. NervelightTM or control dye equivalent doses (50 µl 

of the 1.75, 0.87, and 0.35 nmol of NIR dye) were topically applied to the exposed nerve branches 

for 10 mins (Table 1). Following 10 mins of incubation, three washes of 100 µl Phosphate Buffered 

Saline (PBS) (Corning; Corning, NY) was administered to the area to remove any unbound agent.  

 

Dose NervelightTM NIR Control Dye Equivalent 

1.75 nmol of NIR dye 50 μg/ml 1.67 μg/ml 

0.87 nmol of NIR dye 25 μg/ml 0.83 μg/ml 

0.35 nmol of NIR dye 10 μg/ml 0.33 μg/ml 

Table 1. Doses of NervelightTM and NIR control dye equivalent. 

Near infrared fluorescence imaging 
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Intraoperative imaging was performed by a FGS imaging system. The Curadel Lab 

FLARETM (Curadel, LLC; Natick, MA, USA) was used to capture the visible color and NIR 

fluorescence (NIR range of 800-1000 nm), using the exposure times of 50, 138.04 and 200 ms. 

FGS images were collected at timepoints of 0+ (immediately following PBS washes), 15, 30, and 

60 mins after washing steps that followed the topical application. The nerve and muscle mean 

fluorescent signals were quantified using the ImageJ 1.52v software (National Institutes of Health, 

Bethesda, MD, USA) by the following equation: 𝑆𝐵𝑅 =  
𝑚𝑒𝑎𝑛 𝑛𝑒𝑟𝑣𝑒 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑠𝑖𝑔𝑛𝑎𝑙

𝑚𝑒𝑎𝑛 𝑚𝑢𝑠𝑐𝑙𝑒 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑠𝑖𝑔𝑛𝑎𝑙
 31. 

Following the 60-minute timepoint, the rats were euthanized by decapitation and the nerves 

and organs were excised for imaging using the LI-COR Pearl Trilogy small animal imaging system 

(LI-COR; Lincoln, NE, USA) with both white and 800 nm (785 nm excitation, 820 nm emission) 

channels. The fluorescent intensity was determined for the nerve and organ regions of interest and 

were analyzed by Image Studio Version 5.0 software (LI-COR Biosciences, Lincoln, NE, USA).  

The SNR values were quantified by the following equation: 𝑆𝑁𝑅 =
𝑚𝑒𝑎𝑛 𝑜𝑟𝑔𝑎𝑛 𝑓𝑙𝑢𝑜𝑟𝑒𝑠𝑐𝑒𝑛𝑡 𝑠𝑖𝑔𝑛𝑎𝑙

𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
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Histological Analysis 

The resected nerves and organs were placed in Tissue-Tek O.C.T. Compound gel (Sakura 

Finetek USA; Torrence, CA). Frozen O.C.T. samples were sectioned on a Cryostat Tissue 

Sectioning System (Leica Biosystems; Buffalo Grove, Il) at 8 µm sections. Samples were air dried 

for 30 minutes, placed in cold acetone for 10 minutes, and air dried for an additional 30 minutes. 

Fluorescent images were captured using the Olympus IX73 inverted Fluorescent Microscope 

utilizing the brightfield, FITC (513-556 nm emission), and NIR (700-1000 nm emission) channels 

on the Olympus fluorescent microscope (Olympus Life Sciences; Waltham, MA). Further 

confirmation of the nerves was completed by histology (Hematoxylin and Eosin staining) and 

immunohistochemistry (IHC) techniques with a nerve-targeting antibody, TrkA. For histological 
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staining, samples were (1) placed in Mayer’s Hematoxylin Solution (IHC World; Woodstock, MD) 

for two minutes, (2) rinsed in running water for two minutes, (3) rinsed in 95% ethanol solution for 

30 seconds, (4) counterstained in Eosin Solution (IHC World; Woodstock, MD) for 45 seconds, (5) 

95% ethanol solution rinse, (6) two 5 minute changes of 100% ethanol solution, (7) cleared in two 

5 minute changes of xylenes, and (8) dried and sealed with Cytoseal 280 mounting media (Richard-

Allan Scientific; Kalamazoo, MI) and covered (Thermo Scientific Company LLC). For 

immunohistochemistry staining, (1) sections were encompassed by a hydrophobic barrier by an 

ImmEDGE Hydrophobic Barrier Pen (Vector Laboratories; Burlingame, CA), (2) PBS wash, (3) 

100 µl of 0.2% Triton X-100 solution (Sigma-Aldrich; St. Louis, MO) for 10 minutes, (4) PBS 

wash, (5) 100 µl 0.3% Hydrogen Peroxide solution (Fisher Scientific; Waltham, MA) for 5 minutes, 

(6) PBS wash, (7) 100 µl  Blocking Buffer solution [10% Goat serum (IGT-SER-10ml Innovative 

Grade US Origin Goat Serum; Novi, MI), 1% Bovine Serum Albumin (Sigma-Aldrich; St. Louis, 

MO) and 89% PBS] for 1 hour, (8) PBS wash, (9) 100 µl of 1:1000 Trk A primary antibody (abcam; 

Cambridge, UK)  overnight at 4 °C, (10) PBS wash, (11) 100 µl 1:1000 Peroxidase-conjugated 

AffiniPure Goat Anti-Rabbit IgG secondary antibody (Jackson Immuno Research Laboratories; 

West Grove, PA) for 2 hours, (12) PBS wash, (13) 100 µl of ImmPACT DAB Peroxidase Substrate 

(Vector Laboratories; Burlingame, CA) for 5 to 8 minutes, (14) rinse under water, (15) 

counterstained in Hematoxylin solution, (16) rinse under water, (17) dried and mounted. This 

process was adapted from the antibody manufacturer’s standard IHC protocol (abcam, United 

Kingdom). The Olympus IX73 inverted fluorescent microscope was used for imaging both 

histological and IHC sections via the brightfield channel. 

Data Analysis 

All statistical analysis was performed using Microsoft Excel version 16051.15 (Microsoft 

Corporation). ANOVA: single factor was used to compare NervelightTM dose-dependency and to 

compare time-dependency of NervelightTM or NIR dye. Unpaired t-tests were used to compare SBR 

values between the contrast agents at each timepoint within the 0.87 nmol group as well as 
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comparing the NervelightTM and NIR control dye organ SNR values within dose groups. P-values 

< 0.05 were considered statistically significant.  

Results 

Chemical and optical characterization of NervelightTM  

The chemical structure of NervelightTM (Figure 5 A) consists of the conjugation of an NIR dye to 

a lysine residue (away from the binding site to TrkA) on the recombinant NGF protein (9 possible 

lysine sites on a NGF monomer) via an amide bond. The spectral measurements of NervelightTM 

were performed to confirm presence of the NIR dye (Figure 5 B). The absorbance spectra was 

collected between 600 and 900 nm; the observed maximum at 788 nm was similar to the NIR dye 

absorption maximum. The fluorescence emission collected between 798 and 900 nm 

demonstrated an emission peak at 797 nm, consistent with the location of the emission peak of 

the NIR dye. The fluorescent properties of NervelightTM provided confirmation of dye presence in 

the contrast agent.  
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Figure 5. (A) NervelightTM structure after conjugation with a NIR dye. (B) Absorbance and 

fluorescence spectra of 50 µg/ml NervelightTM dose.  

 

 

NervelightTM facial nerve topical application procedure 

NervelightTM and unmodified NIR control dye were evaluated on rat Buccal and Marginal 

facial nerve branches. A dose-range study was performed to evaluate the upper and lower bounds 

of the NervelightTM agent. Figure 6 provides the topical application and imaging timeline for 
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NervelightTM on the facial nerve. Intraoperative images were captured at the timepoints of 0+ 

(immediately following PBS washes), 15, 30, and 60 mins post-topical application and washes.  

 

 
Figure 6. Schematic timeline of NervelightTM topical application procedure and associated imaging 

on the facial nerve. Created using Biorender.com. 

 

NervelightTM dose range finding study 

 

Three different doses of NervelightTM and NIR control dye equivalent (00.35, 0.87, and 

1.75 nmol of NIR dye) were evaluated at several timepoints following topical application, 

Representative intraoperative images are shown in Figure 7. In each of the NervelightTM panels, 

we observed strong fluorescent signal on the nerve sites immediately following the incubation 

timeframe. The fluorescent signal in the nerve areas with the higher doses (0.87 and 1.75 nmol) of 

NervelightTM appeared to at these sites. The highest dose (1.75 nmol) showed the most fluorescence 

signal at the 60 min timepoint. In contrast, the NIR control dye equivalent was observed to be 

washed off by PBS after application. Following 15 minutes of intraoperative imaging, the NIR 

control dye was observed to dissipate nearly entirely from the facial area, while the NervelightTM 

signal remained present. The representative images suggest that the detectable NervelightTM 

fluorescent signal was present for 60 min and was found to highlight the exposed facial nerve 

branches post-topical application. 
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Figure 7. Representative time course intraoperative images of NervelightTM and NIR control dye 

in the facial nerve area on anesthetized rats. Three doses (0.35, 0.87, and 1.75 nmol of NIR dye 

equivalent) were evaluated. BN: Buccal Nerve, MN: Marginal Nerve, and PG: Parotid Gland 

 

 

Analysis of NervelightTM dose-dependency and time-dependency   
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The analysis of the NervelightTM and unmodified NIR control dye was done by examining 

the SBR and dose response curves. These curves provide necessary details regarding the nerve 

signal intensity in comparison to the signal observed in the muscle tissue. The dose response curves 

were analyzed to evaluate whether NervelightTM was dose dependent. The results in Figure 8 A-H 

provide evidence that this NervelightTM contrast agent is not dose-dependent in either the Buccal 

or Marginal nerve sites as the differences in fluorescent signal were not statistically significant 

between dose levels. Since NervelightTM did not show dose-dependency, further evaluation was 

focused on the intermediate dose, 0.87 nmol, to determine if time had any effect on the nerve signal. 

NervelightTM and the NIR dye equivalent were not observed to have a time-dependency over the 

procedure timeframe (Figure 8 I-J), suggesting that time does not influence the fluorescent nerve 

signal. To determine if NervelightTM provides higher nerve signal over the NIR dye at any of the 

timepoints, comparisons were made between the groups. The intermediate dose group of 

NervelightTM was observed to have higher nerve targeting at the 15 min (t(4) = 3.2, p = 0.03) and 

30 min (t(4) = 3.6, p = 0.02) timepoints on the Buccal nerve (Figure 8 I) and at the 60 min timepoint 

(t(4) = 5.9, p = 0.004) on the Marginal nerve (Figure 8 J) post topical application.  
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Figure 8. Dose response curves of the Buccal and Marginal nerves at each dose and timepoint in 

the form of SBR values (A-D) Buccal nerve branch, (E-H) Marginal nerve branch at 0+ minutes, 

15 minutes, 30 minutes, and 60 minutes dosed with NervelightTM and control dye equivalent. 

Time-dependency of 0.87 nmol intermediate dose, Buccal (I) and Marginal (J). *p < 0.05, **p < 

0.01. 

 

Determination of nerve fluorescent intensity signal 

The nerve branches, muscle tissue, parotid gland, contralateral nerve, and clearance organs 

were excised for determination of fluorescence signal intensity. The fluorescent images were 

acquired under the LICOR Pearl imaging system, where the intensity signal was calculated for each 

organ. Relatively high signal intensity of NervelightTM was seen in the buccal and marginal nerves. 

Figure 9 presents the calculated SNR values of the nerves, surrounding tissue, and clearance 

organs. The facial nerve can interact with the parotid gland depending on the nerve orientation; 

therefore, signal was seen in the parotid gland at all NervelightTM doses. The 0.35 nmol dose SNR 
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did not show any significant difference in values between the NervelightTM and unmodified dye 

groups (Figure 9 A). Within the 0.87 and 1.75 nmol doses, both had higher nerve signal intensity 

values in the NervelightTM group compared to the unmodified control NIR dye group. NervelightTM 

was observed to have a stronger statistical significance of nerve fluorescent signal intensity in 

comparison to the unmodified NIR control dye within the buccal nerve at the 0.87 nmol dose (t(4) 

= 5.7, p = 0.004)) as well as in the 1.75 nmol dose for both the buccal nerve (t(4) = 13.3, p = 0.0002) 

and marginal nerve (t(4) = 2.9, p = 0.04) (Figures 9 C-E). This could suggest higher interaction at 

the nerve sites within the 0.87 and 1.75 nmol doses with NervelightTM. 

 Figures 9 B, D and F provide SNR values of the excised clearance organs. The kidney 

and spleen were observed to have a higher SNR value in all three dose groups. These elevated 

signals support that the clearance mechanism of NervelightTM and NIR control dye is suggested 

through the kidney and spleen. The heart and lungs were excised to provide details about potential 

non-binding of the contrast agents and low SNR values were observed in these organs. To assess 

biodistribution of the fluorescent conjugates all organs were imaged at 60 minutes post topical 

application on the LI-COR Pearl (Figure 10). SNR values were quantified from the biodistribution 

images by drawing regions of interest around each organ tissue.  
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Figure 9. SNR of nerves, surrounding tissue, and clearance organs of NervelightTM and NIR 

control dye. (A-B) 0.35 nmol dose (C-D) 0.87 nmol dose, (E-F) 1.75 nmol dose. *P < 0.05, **P 

< 0.01, ***P < 0.0001. 

 



43 

 

 
Figure 10. Representative biodistribution of NervelightTM and unmodified NIR control dye excised 

organs.  1= Buccal nerve, 2= Marginal nerve, 3= parotid gland, 4= heart, 5= lung, 6= liver, 7= 

spleen, 8= kidney, 9= contralateral nerve, 10= muscle. 

 

 

Fluorescence and histological analysis of nerve sections 

Nerve sections were analyzed under the Olympus fluorescent microscope for confirmation 

of NIR signal. Sectioning of the nerve provides that the NervelightTM contrast agent has the ability 

to target the nerve. Figure 11 shows histological analysis of the facial nerve sections. 

Determination of co-occurrence between the NIR and TrkA antibody would suggest targeting of 

the contrast agent to nerve tissue. Standard H&E staining of the facial nerve (Figure 11 A-B) allows 

the structure of the nerve to be seen. After further examination of the facial nerve section, TrkA 

primary antibody was seen to co-occur with the NervelightTM NIR signal. Figure 11 C-D show 

darker brown staining corresponding to the TrkA receptors and NIR staining (Figure 11 E). 

Autofluorescence and NIR merged signal of the facial nerve (Figure 11 E-F), the autofluorescence 
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highlights the entirety of the nerve sample, while the NIR signal provides the localization of the 

NervelightTM on the nerve, shown as the strong magenta coloring. Figure 11 D provided dark brown 

staining due to the TrkA receptors but does not co-occur with the NIR signal in Figure 11 F, 

indicating the NIR signal of the unmodified control dye does not preferential bind to the nerve.  

 

 
 

Figure 11 1.75 nmol Buccal Nerve Histology: (A) NervelightTM cross section and (B) equivalent 

control dye longitudinal section Hematoxylin and Eosin (H&E) stain, (C-D) TrkA antibody 

staining (darker brown stain along the edge of the nerve), and (E-F) autofluorescence (green) and 

NervelightTM (magenta) merged image. Scale bar is 50 µm. 
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Discussion 

Nerve damage is a well-known risk of surgical interventions, during which surgeons may 

not be aware of nerve presence due to variability in anatomy, among other factors4. This damage 

can result in pain, loss of nerve function, and reduction of normal bodily functions for the patients. 

Nerves can be found in many different orientations, especially when a tumor is present, in addition 

to being obscured by other tissue, forcing surgeons to rely on their anatomy knowledge. Nerve 

sparing techniques have been used for many years32-35, but patients remain exposed to high risk of 

nerve damage, loss of function, or pain following surgery. Therefore, the most crucial tissues to 

locate during surgery are the nerve branches that play pivotal roles in facial expression, function, 

and movement. Highlighting nerve branches during surgical interventions can aid surgeons with 

tools to reduce the risk of nerve damage. The use of FGS techniques is a strategy that can aid 

surgeons in preventing nerve damage during surgical interventions4, 22, 36. Development of tissue 

specific NIR contrast agents for use in image guided surgery could enable higher targeting to 

fluoresce the nerve of interest. Tissue selective contrast agents can target tumor tissue for resection 

and allow normal tissue, particularly highly valuable tissue such as nerves, to be avoided during 

surgery. These techniques give surgeons another tool to complement their training, skill, and 

anatomical expertise.  

The goal of a nerve specific contrast agent is to enable at-risk nerves to be labeled for 

surgeons to improve visualization and identification during surgery4. These contrast agents would 

be beneficial for labeling surface and buried nerves. The importance of visualizing both surface 

and buried nerves can be explained by the facial nerve. The facial nerve trunk begins in the cranial 

area and expands towards the face, passing through the parotid gland24, 37, before splitting into 5 

branches, each with important sensory and motor function. In the case of the facial nerve and 

surgeries such as parotidectomies, to preserve all of these functions it is crucial to label all nerve 

tissue that may intersect with facial tissue. 
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NervelightTM is a potential solution to reduce nerve damage and minimize the risk of pain 

and loss of nerve function in a patient. As a nerve specific contrast agent, labeling of nerves would 

provide less risk for patients during and following surgery. Extensive research has been examined 

to highlight nerves during radical prostatectomies9, 32, 38-41, in which the nerves surrounding the 

bladder and prostate are labeled resulting in nerve sparing. The knowledge gained through these 

studies laid the groundwork to develop nerve specific contrast agents with low toxicity. Examining 

the ability of a nerve specific agent to successfully target facial nerve branches would enable the 

use of that agent in head and neck surgeries to spare these nerves in a similar way as seen with 

prostatectomies. The literature provided some studies that highlighted the facial nerve through 

intravenous injection, which enables binding within a few hours, but also carried the risk of not 

reaching the nerve site10, 23, 42. Direct administration would ensure that the agent reaches a specific 

target site and enables the integration of the agent into the surgery41.  

 Herein, we show after the direct administration method, the Buccal and Marginal nerve 

branches are successfully highlighted but NervelightTM in comparison to the unmodified NIR 

control dye. Similarities in human and rat facial nerve anatomies allow for a rat model to be utilized 

for preliminary dose studies (Figure 4). The visualization of both nerve branches following a 

preauricular incision method enables a clinically relevant surgical method for the head and neck 

region. The development of a NIR dye-conjugated recombinant nerve growth factor protein, 

NervelightTM provides targeting to nerve sites. The NIR contrast agent and the direct topical 

application method provides robust visualization of the facial nerve branches to aid surgeons with 

a new tool. By confirming fluorescent intensity of NIR dye attachment to the protein, the contrast 

agent can be topically applied to the target site for specific targeting.  

 In vivo work confirmed fluorescent targeting to the Buccal and Marginal nerves while 

lower signal was observed in the surrounding muscle tissue (Figure 7). Once the nerves were 

excised, the SNR analysis shows the fluorescent intensity capability of NervelightTM on the nerves, 

surrounding muscle and clearance organs, in which the higher fluorescent intensity is present on 
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the nerves at the 0.87 and 1.75 nmol doses (Figure 9). The NIR control dye equivalent was 

observed to have lower signal in the nerve sites with higher signal in the muscle tissue. By analyzing 

NIR images, NervelightTM was found to be dose-independent and time-independent in the facial 

nerve area (Figure 8). Within the intermediate dose (0.87 nmol of dye), NervelightTM indicated a 

significant difference of nerve fluorescent intensity in the Buccal nerve at 15 and 30 min and 

Marginal nerve at 60 min post topical application. After further analysis of the nerve sections, 

NervelightTM NIR signal was observed co-occur with the TrkA (Figure 11). Co-occurrence of the 

TrkA receptors and the NIR signal suggests evidence that this nerve specific agent can interact with 

nerve receptors, thus providing labeling of nerves. This study indicates that a developed nerve 

specific fluorescent agent can provide high fluorescent contrast at nerve sites via topical 

administration aiding surgeons with a much-needed surgical tool to help reduce the risk of nerve 

damage.  

Conclusions 

 Nerve specific contrast agents combined with image-guided surgery techniques provides a 

step towards limiting nerve damage during surgical procedures. The surgeon’s enhanced ability to 

effectively maneuver surgical tools around at-risk nerve sites would allow for the quality of life of 

patients to be preserved after surgeries. This fluorescent contrast agent, NervelightTM was observed 

to specifically target facial nerve areas improving visualization during surgery. NervelightTM 

provides a solution to the clinical need to reduce potential risk of nerve damage during surgical 

operations. 
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CHAPTER 4: NANOMATERIALS AND NANOTECHNOLOGY 

Nanotechnology has contributed to the clinical improvement of therapeutic delivery, 

detection, and treatment of diseases and can be defined as technology designed at the nanoscale 

level1. Typically, nanomaterials are classified as having a small size, usually less than a few 

hundred nanometers2. Nanomaterials can be categorized into organic, inorganic, or hybrid-based 

materials with each group possessing their own advantages3. The categories of nanomaterials 

incorporate chemical, physical, and biological properties that enable these materials to be used as 

platforms for many different applications. Utilization of the unique properties that nanomaterials 

possess can exploit key advantages of the controlled design and synthesis. Nanomaterials have an 

increased surface area to volume ratio, allowing for their surfaces to be used as binding entities 

due to reactive functional groups leading to improved specificity for detection or targeting4, 5. The 

presence of unique properties and small, controlled size gives nanotechnology distinct 

improvements over the bulk counterparts for use in research. 

 Nanomaterials can be synthesized in various ways, but each synthesis is dependent on the 

material and intended final product. There are two general strategies for synthesizing 

nanomaterials: a top-down or a bottom-up approach6-8 (Figure 12). Ultimately, many factors can 

influence the strategy used, including the material makeup and consideration of the intended 

application purpose, for which the size, shape, and surface functionalization are all critical. The 

first general approach is the top-down approach which involves a bulk material being reduced in 

size to form nanoparticles9-12. This approach breaks down a selected bulk material into smaller 

parts and methods include mechanical milling10, 11, 13, 14, laser ablation10, 15-19, and sputtering7, 10, 20-

23. Mechanical milling involves griding of a bulk material into smaller particles and is a common 

method when nanomaterials are needed across a broad range in size and where the size 

distribution of the particles can be less consistent; nanocomposites are one example of a 

mechanically milled nanoparticle7, 24. This method of nanoparticle synthesis is unsuitable for 
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applications requiring a specific size and uniform shape of nanomaterials. Laser ablation is 

another method to produce nanomaterials using high-energy waves of laser light to create 

material fragments from a solid bulk material17-19. The small particles that form after the laser 

process come together to form the desired nanomaterial which has properties that result from 

specific laser parameters, including wavelength, repetition rate, and pulse energy16. The 

sputtering method involves using high energy directed at the solid bulk material to form particles 

within a chamber7, 20, 21. Nanofilms are commonly formed by this method25. In this method, high 

energy is applied to a solid sample; the particles produced may be almost identical to the bulk 

material but smaller, which may be beneficial when the bulk material properties are desired. The 

top-down approach can be utilized to create many nanomaterials from solid bulk material and 

specifically tailored nanomaterials by changing the methods used to break apart the bulk sample.  

 

Figure 12. Top-Down and Bottom-Up approaches to synthesizing nanomaterials. Created using 

biorender.com. 

 

 The second general approach for nanomaterial synthesis is the bottom-up approach, 

which entails starting at the atomic level and generating nanomaterials using chemical reactions 

with atoms or precursor molecules to form nanomaterials. A few common methods include 

microemulsion26-31, colloidal32, hydrothermal synthesis7, 11, 33-35, sol-gel7, 11, 33, and biologically 

synthesis36, 37. Microemulsion synthesis is a common method to produce nanomaterials by 
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bringing together two immiscible liquids, such as oil and water, into a single phase that is 

stabilized by a co-surfactant26-28 30, 31. This type of nanomaterial synthesis forms stable, spherical 

aggregates and can be widely utilized in nanotechnology applications. Liposomes, polymeric 

micelles, and nanocapsules can be formulated and synthesized through microemulsion 

techniques38, 39. Colloidal synthesis methods of preparing metal nanomaterials are characterized 

by reducing complexes in a dilute solution to create a supersaturated solution of atoms that 

nucleate and form nanoparticles40. Parameters can be controlled to create tailored shape, size, and 

growth of the nanoparticles, providing potential benefits. Hydrothermal synthesis is another 

commonly used method to produce nanomaterials by heating a solution to high temperatures 

before cooling down the solution. A higher order of structured elemental atom composition from 

the precursor materials can be produced within the nanoparticles. The sol-gel method of 

nanomaterial production is done by the process utilizing a solution of metal or carbon-based 

precursors that crosslink to form a gel. A typical representation of a sol-gel is the processing of 

metal oxide nanoparticles through hydrolysis and condensation reactions, which results in 

crosslinking, producing strong bonds. The size and morphology can be tailored by changing 

different parameters within the reaction, including the pH4, 41, 42. This process can be represented 

as a simple two-step process of hydrolysis and condensation reactions to form tailored 

nanoparticles. Another example of a bottom-up approach method is the process of biological 

synthesis to produce nanomaterials. This process requires the use of biological entities (bacteria, 

fungi, plants, and yeasts)36. Biological entities can be a potential solution for bypassing the need 

for harsh chemicals, high temperatures, or time-consuming reactions, and these entities can 

perform synthesis through intracellular or extracellular mechanisms37. Depending on the intended 

application, avoiding harsh chemical and physical may be desirable or even necessary, making 

biological synthesis the most appealing option. Both approaches (Top-down and Bottom-up) 

consist of various methods that can be used to produce a wide array of useful nanomaterials.  
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 The variety of methods to produce nanomaterials has led to an extensive list of 

nanomaterials used in research. Categories of these nanomaterials used include inorganic, 

organic, and composite-based nanomaterials3, 43. Each type of nanomaterial has distinct 

advantages for use in specific applications but can also carry disadvantages which are largely due 

to the reaction conditions. Inorganic-based nanomaterials can be made from metals, metal oxides, 

and quantum dots44. Inorganic-based materials have unique properties with great versatility that 

researchers have been interested in for their usage in biomedical applications. The optical and 

magnetic physical properties, along with the stability and ease of functionalization via chemical 

properties, provide a variety of advantages45. Inorganic-based nanomaterials are a great option for 

biomedical applications due to surface modification feasibility and physiochemical properties. A 

few common examples of inorganic materials used to produce a nanomaterial scaffold are metals 

such as gold44-48 and silver45, 47, and other materials including silica44, 47, 49. Organic-based 

nanomaterials are materials that mainly consist of organic compounds with some form of carbon 

as the main element, such as carbohydrates, lipids, and polymers. These organic nanomaterials 

have strong stability and the ability to control certain parameters, such as higher colloidal 

stability, size, and surface properties, which are great advantages for the production of 

nanomaterials45, 47, 50, 51. The incorporation of nanotechnology comprised of organic materials can 

allow for higher biocompatibility in the biological environment. Carbon-based nanomaterials, 

including nanodots, fullerenes, and carbon tubes, are common organic-based nanomaterials52-55. 

Combining two or more inorganic and organic-based materials allows for a hybrid or composite 

nanomaterials. These nanocomposite materials can encompass the advantageous properties of 

both organic and inorganic materials present47, 56-58. The components of these hybrid 

nanomaterials can be structured to create very complex entities for use in nanotechnology 

applications. This variety of materials that can be used enables the creation of a wide array of 

nanotechnology platforms.  
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 The newly designed nanotechnology platforms can be utilized in imaging or delivery 

applications which are key areas at the forefront of nanotechnology development. The delivery of 

drugs, proteins, and other small molecules has played an essential role in the detection and 

treatment strategies of diseases currently being studied and those that will be studied in the future. 

Nanotechnology can allow for improved delivery of poorly soluble drugs, targeting of tissue-

specific delivery of drugs, co-delivery of multiple drugs, bioavailability, sustained delivery at a 

target site, and therapeutic effect59-63. A disease may require only one specific drug delivery 

mechanism or specific region for a therapeutic effect or treatment to occur. Nanotechnology can 

help overcome the challenges presented in drug delivery systems. Drug delivery can be defined as 

the process of administering a compound to achieve a therapeutic effect and may be achieved 

through several different routes64. Nanotechnology-based delivery systems help overcome the 

challenges of conventional delivery systems and their associated interactions with the biological 

environment as well as the challenges of targeted delivery to the intended cell. Targeted drug 

delivery ensures that the drug interacts only with the intended target, while untargeted delivery 

exposes all cells to the potentially harmful effects of a drug65. Unintended drug delivery to 

healthy cells can produce unwanted consequences and may result in diseased sites. Targeted drug 

delivery systems can circulate for a prolonged time and release the drug cargo at a specific time 

and location, increasing the therapeutic benefit at the intended region while minimizing the risk to 

healthy cells. Various nanotechnologies can be utilized as drug delivery vehicles, including 

liposomes66-69, micelles70-73, dendrimers74-79, and nanoparticle formulations63, 80-85. Ultimately, 

some factors determine the effectiveness of a nanotechnology-driven drug delivery system such 

as the advantages and disadvantages of the delivery system platform, evaluating the fate of the 

drug after release, and assessing the effect of the unreleased drug. Along with usage as drug 

delivery carriers, nanotechnology-based systems have the potential for use as imaging systems.  
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 Incorporating nanomaterial-based platforms for imaging applications in the clinic could 

improve the detection of diseases. Improvements in detection would then positively impact the 

diagnosis and treatment of these diseases, improving the quality of life for patients. Fluorescent 

imaging techniques are non-invasive tools that would allow clinicians to observe, document, and 

analyze physiological or pathophysiological changes. When compared to existing technologies 

used in the clinic, these techniques are characterized by high sensitivity, being less-invasive, 

enabling safer detection, and allowing for probe manipulation or targeting86. The modification for 

selectivity and improved targeting would enable these different fluorescent probes to be tailored 

to a specific disease or region in the body for enhanced visualization. Successful nanomaterial-

based systems could potentially be used to detect and visualize many different diseases by simply 

manipulating surface attachments. For instance, different cancers and diseases have an 

upregulation of different receptors which could be used as targeting sites for surface ligand 

attachment87. 

Imaging applications with nanomaterial-based platforms have steadily increased as 

visualization methods in the clinic, especially in the removal of cancer tumors88-90 and the 

avoidance of vital structures91 during surgical operations. A variety of fluorescent nanomaterials 

have already been designed for targeting cancer tumors88, 92-97. In addition to simply visualizing 

cancer tumors, nanotechnologies can be further advanced by combining visualization and 

delivery approaches. The ability to have a fluorescent nanomaterial system and a therapeutic 

agent incorporated for controlled release may increase the number of clinical applications for 

nanomaterials98. These types of nanomaterial-based fluorescent platform advancements could 

allow for a dual nanotechnology system to be designed, which could provide both the detection 

and treatment of a disease.  

As nanotechnology is incorporated into various clinical areas, challenges may arise in the 

design and development of nanomaterial-based systems. Novel therapeutics or imaging agents 
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undergo extensive testing and validation before approval and usage in the clinic. Challenges will 

arise along the testing and development process of any therapeutics and imaging agents, including 

nanotechnology-based systems. These challenges include fluorescent quenching of fluorophores, 

reaction conditions or the types of materials, and specific tissue targeting.  

For imaging agents, fluorophores can inadvertently be quenched, and the fluorescent 

signal can be lost or significantly reduced by various processes such as excited state reactions, 

energy transfer, complex formation, and collisional quenching99. Therefore, these different 

processes can affect the fluorescent quantum yield of fluorescent nanotechnology. Aggregation 

can play a significant role in how fluorescent molecules interact with one another, leading to a 

weakened fluorescence. Aggregation-Caused Quenching (ACQ) is a phenomenon that occurs 

when dye molecules in highly concentrated solutions or in the proximity of one another reduce or 

weaken the fluorescent signal. On the other hand, in diluted solutions, due to high efficiency, 

fluorescent molecules can emit light 100-106. A key concept for the development of 

nanotechnologies as imaging platforms, determining the appropriate concentration of the 

fluorescent fluorophores is crucial to allow for the dye molecules to emit light at the highest 

efficiency without the risk of quenching. The phenomenon of Aggregation-Induced Emission 

(AIE) has been achieved and allows for the fluorescent intensity of organic fluorescent molecules 

in a solid state102, 107. With the emergence of certain organic fluorophores that can emit a high 

intensity of fluorescence while aggregated, aggregation may provide a solution for quenching at 

specific concentrations. Nonetheless, the research of AIE dye molecules will need to undergo 

extensive development for use with fluorescent probes in the generation of nanotechnology-based 

platforms.  

Controlling different nanomaterial properties, such as size, can influence the behavior 

and performance of a nanomaterial-based system in biomedical applications. Specific properties 

may be required for the function of a nanotechnology-based platform to provide the intended 
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benefit or function. In many cases, the nanotechnology size plays a critical role in the delivery to 

the target site. Size-controlled design and development of functional materials allow for 

advantages over bulk materials108-113. The ability to control and tailor different parameters of 

nanomaterials, especially the size, to specific properties allows for the engineering of materials 

specific to biomedical applications. The size of nanoparticles is a critical area of design of 

deliverables as cell receptors and channels present throughout the body have size restrictions that 

determine what can enter the cell. Nanomaterials for use in bioimaging applications can have 

specific sizes at which they reach their optimal emission properties and provide the highest signal 

to be attained108, 114, 115. Tuning size-dependent nanomaterials to offer the highest emission 

properties at the nanometer scale is groundbreaking, particularly when considering those 

properties are critical in determining whether the nanomaterial successfully enters cells. Although 

size-dependent properties are a vitally important aspect for nanomaterials, targeting at the 

intended site is another critical factor to consider in designing and developing these platforms.  

Specifically targeting regions of cells or tissue requires the use of cell receptors or ligand 

attachment. Surface modifications enable nanotechnology and delivery vehicles to interact with 

the biological environment and function at the region of interest. Different surface modifications 

can improve the ability of the imaging and delivery agents to overcome biological barriers116-118.  

Various nanomaterials are engineered for an intended therapeutic purpose through specific 

functioning at the surface. Surface attachment of ligands that bind to certain cell surface 

receptors, addition of biocompatible materials as a surface coating, and responsive stimuli for 

drug release are commonly used for nanomaterials to reach the intended site and release the drug 

for a therapeutic or imaging purpose. The engineering of the nanomaterial surface helps 

overcome the challenges of other nanotherapeutics by determining the appropriate modifications 

that result in the most effective targeted delivery116, 119, 120. The development and design of 

nanotechnologies may depend on the disease type and patient, both of which can vary widely.  



60 

The success of nanoparticle drug delivery lies in reaching the intracellular space and 

delivering the entrapped cargo to the intended target site. Diagnosis, detection, and treatment of 

diseases can be improved by the localized delivery and targeting of nanotechnologies. For 

instance, many diseases, such as cancer, have an upregulation of cell surface receptors that are 

available for targeting. The upregulation of receptors on cancer cells gives rise to localized 

regions that can be identified for targeting by nanoparticles. Once identified, nanotechnology can 

perform its imaging or therapeutic function. Surface targeting ligands can be of potential use in 

actively targeting specific cells or tissue through biomarkers. Through various surface ligands, 

such as CD44121-127, CD31128-130, and EGFR131-137, the binding of nanomaterials to a target region 

on a cell surface can be increased. Once bound to the target site of a cell, a nanotechnology 

system can deliver the cargo for its intended use.  

The fate of nanoparticles relies on the ability to be internalized into the intracellular 

spaces of the biological environment. Developing efficient and safe nanomaterial-based 

nanotechnologies is possible through optimizing the physiochemical properties of the 

nanomaterial for the intended application138-142. The properties of nanoparticles ultimately play a 

role in overcoming various biological barriers to reaching the target site. Size, shape, pH, and 

surface charge are all common physiochemical factors that are critical in nanotechnology design 

that enable nanoparticle identification and shape interactions with the biological environments138, 

143-146. After reaching the cellular membrane, nanoparticles need to be internalized into the cell to 

continue their journey, and various factors play a role on the nanoparticle mechanism of 

internalization. These factors can include the physiochemical properties of the nanoparticles, the 

presence of proteins or biomolecules involved in the process, and targeted cell type. The different 

mechanisms of endocytosis include phagocytosis, clathrin-mediated, caveolin mediated, 

clathrin/caveolae independent mediated, and micropinocytosis138. Each of the uptake mechanisms 

has specific parameters that control entry into a cell. Nanoparticles conjugated with ligands or 
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biomolecules on the surface are commonly internalized through the clathrin/caveolae-

independent mechanism or surface receptor-mediated endocytosis146-155 (Figure 13). The 

upregulation of surface receptors allows for the binding of targeted nanoparticles to internalize 

into the cell; CD44 (hyaluronic acid) and folate (folic acid) receptors can be found upregulated on 

various cancer cells. These targeting biomolecules (ligands) on the nanoparticle surface can be 

utilized to bind to the cell surface receptors. Nanoparticles could use other internalization 

methods to internalize into the cell, including modifying the physiochemical properties to change 

the interaction with the cellular membrane and result in phagocytosis or micropinocytosis, which 

is the engulfing of entities present into the intracellular space138, 156-158. Both mechanisms can 

enable the internalization of nanoparticles with or without a ligand targeting moiety. 

Nanoparticles without targeting ligands can bypass the limitation of lacking affinity to a surface 

receptor to be internalized. There are a variety of nanomaterials that can be utilized as a carrier 

vehicle as well as numerous surface targeting ligands to be exploited for specific binding. Silica 

and carbon nanodot-based nanotechnologies are two of these platforms that can be harnessed in 

biomedical applications, especially bioimaging. 
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Figure 13. Endocytosis internalization mechanisms. Created using biorender.com. 

 Silica nanoparticles have emerged as promising nanomaterials for nanotechnology-based 

applications, especially in bioimaging and drug delivery. As is the case with carbon nanodots, the 

size of silica nanoparticles can be controlled by the reaction conditions during synthesis. In 

addition, silica nanoparticles possess easy and low-cost preparation methods, good 

biocompatibility, a large surface area, and have a hydrophilic nature159-161. These unique 

properties of silica nanoparticles allow for engineering of surface modifications and make these 

materials desirable for use in a variety of applications. Several synthesis methods form these 

silica nanoparticles, but the Stöber and the sol-gel methods are the most common. Werner Stöber 

and his team developed the Stöber method in 1967 to synthesize spherical and monodispersed 
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nanoparticles in the size of 5-2000 nm from silica alkoxides in the presence of ammonia through 

hydrolysis and condensation reactions159, 162. An advantage of the Stöber method is creating 

monodispersed nanoparticles over structured silica gels. The Stöber and sol-gel methods both 

consist of precursor metal alkoxides that undergo hydrolysis and condensation reactions in the 

presence of water to encourage hydrolysis of the ethyl groups, producing the silanol groups (Si-

OH groups) (Figure 14). Condensation is promoted in the presence of a base, usually a catalyst, 

to form polymerization of the silanol groups creating the silica structure through silicon-oxygen-

silicon bonds159, 163, 164. This method can be seen as a simple process that the precursor material 

undergoes hydrolysis and condensation reactions to form the structured silica nanomaterial. 

Tetraethoxysilane (TEOS) is a common metal alkoxide used to create silica nanoparticles through 

these methods. The reaction conditions, including the pH of the silica reaction, can influence the 

resulting size and interactions165-168. The silica nanoparticle properties of size can impact the 

specific application of intended use.  

 

Figure 14. Stöber method of synthesizing silica nanoparticles through hydrolysis and 

condensation reactions utilizing TEOS as the precursor. 

 

Newly synthesized unmodified silica nanoparticles are negatively charged due to the 

hydroxyl groups present on the surface. Post-synthesis functional groups can be added to the 

surface to bind linkers or dyes, including amines, thiols, and epoxy groups169-172. Derivatives of 

alkoxysilane are commonly used to introduce different functional groups on the surface169. The 
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ability to use molecules with silane groups allows these groups to incorporate within the silica 

nanoparticle synthesis for a more reactive functional group to be present on the surface. 3-

aminopropyltriethoxysilane (APTES) is commonly used to produce amine functional groups to 

further bind other molecules. Amine functional groups can react with dyes, linkers, or other 

biomolecules, including aldehyde or NHS-ester-based groups. In addition, linker molecules 

bound to the surface can be functionalized with proteins or other biomolecules, enabling the 

protein to be in the correct folded shape169, 173, 174. The further modifications of these silica 

nanoparticles can be used for specific bioimaging175-184 or drug delivery161, 185-189 applications. 

Coating the nanoparticle surface by targeting ligands would enhance the delivery of the 

nanoparticle system to an intended site of interest. There are various conjugation methods to first 

modify the silica surface with functional groups that can be further modified to link different 

biomolecules or proteins to allow for targeted binding to biological cells. Silica nanoparticles 

possess unique structures and properties that enable easy synthesis and surface functionalization 

methods. 

 Carbon nanodots are also emerging as a nanomaterial-based nanotechnology intended for 

use in biomedical applications. These nanodots are a quasi-spherical class of carbon-based 

nanomaterials with a size of less than 30 nm and provide their own unique properties190, 191. The 

properties of carbon nanodots exhibit carbon elements in an sp2 hybridized core and oxygen to 

form carboxyl, hydroxyl, and aldehyde functional groups.  Carboxylic functional groups are 

commonly found on these synthesized nanodots, which allow for a variety of surface 

modifications that can be tailored for specific uses such as imaging or delivery vehicles. The 

surface modifications and relatively simple methods for creating these carbon nanodots provide 

potential advantages over toxic metal-based quantum dots191. Creating biocompatible 

nanomaterials that are also biodegradable without the use of toxic materials or reactants is 

essential for applications in the clinic. Quantum dots are a class of carbon nanomaterials used in a 
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variety of applications but show limitations due to the toxic nature of core components of 

cadmium and selenium, which are harmful to cells and organisms192. Both top-down and bottom-

up methods can be used to synthesize this carbon dot nanotechnology-based platform due to an 

abundance of carbon sources, including carbon soot193-197, citric acid198-203, and biomass waste191, 

204-206. One of these methods, the hydrothermal method, is seen as a simplified approach to 

synthesizing carbon nanodots from various precursors. This process allows for the higher-order 

crosslinking of the carbon-carbon bonds within the nanodot structure without using toxic 

materials or highly specialized equipment. In the most basic sense, the hydrothermal synthesis 

method is a series of condensation reactions that allow the formation of these higher-order carbon 

bond interactions198. This synthesis method is quite simple, only requiring a carbon precursor and 

a heating mechanism to heat the precursor material to the melting temperature, before allowing 

the materials to carbonize into more structured carbon bonds. Activation of the surface functional 

groups can then be utilized as anchoring points for ligand or imaging moiety attachment.  

 With simple synthesis and the ability to attach functional groups at the surface, silica 

nanoparticles and carbon nanodots have great potential for bioimaging applications. The 

incorporation of NIR dye molecules at the surface allows for a nanodot platform to be used to 

fluoresce certain cells or tissue. Utilizing the fluorescent properties enables the detection of 

different diseases through fluorescent probes. Cancer detection is one crucial area of interest for 

many nanomaterial-based systems207-211. Targeting cell surface receptors would require ligands 

attached at the surface to provide specific binding to the intended cell or region. The NIR region 

of the fluorescent nanodot probes would have a strong emission peak in the 700-1000 nm window 

where image-guided surgery instrumentation modalities are commonly found to measure 

fluorescent molecules. Nanodots can have the unique property of exhibiting robust and tunable 

fluorescence on their own 212. Targeting cancer cells would enable detection and visualization to 

help delineate cancerous tissue from healthy tissue. This delineation can also be complimented by 
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the delivery of encapsulated drugs to the same site213, 214. Fluorescently visualizing tumor tissue 

would significantly improve the correct tissue’s likelihood of surgically removed, while 

improvements to the drug delivery system through surface modifications on nanomaterials would 

limit the release of encapsulated therapeutic drugs to healthy tissue, a situation that otherwise can 

be toxic. Silica nanoparticles and carbon nanodots are two of the many nanomaterial-based 

platforms that can be utilized as bioimaging agents to visualize cancer tumors as well as delivery 

vehicles for encapsulated therapeutics. Nanomaterial-based platforms are great candidates for the 

future of nanotechnology in biomedical applications. Many nanomaterials possess unique 

properties and engineering capabilities for a broad range of biomedical applications. Although 

there is more research to be completed on these nanomaterial systems and the interaction with the 

biological environment, the future is promising for the advancement of nanotechnologies because 

of nanomaterials.  
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PREPARATION AND IN VITRO EVALUATION OF HYALURONIC ACID COATED 

FLUORESCENT NANOPARTICLES 

 

Abstract 

Functionalized fluorescent nanoparticles continue to emerge as promising candidates for 

drug delivery, bioimaging, and labeling tools for a variety of biomedical applications. The ability 

for nanomaterials to fluorescently label cells can enhance the detection and understanding of 

diseases. The concept of tailoring nanomaterial-based systems for certain functions is becoming 

increasingly popular. Silica nanoparticles have a variety of unique properties that can be 

harnessed for many different applications. They have versatile surfaces that can be functionalized 

with different moieties and are non-toxic. In this study, fluorescent silica nanoparticles were 

synthesized by a modified Stöber method utilizing tetraethyl orthosilicate (TEOS) as a precursor 

and the fluorophore, sulfo-Cy5-amine. They were further modified by coating with hyaluronic 

acid (HA) to target CD44. CD44 is a cell surface receptor that is commonly upregulated on a 

variety of cancer and associated cells. Using fluorescence microscopy, it was shown that the HA-

coated silica nanoparticles had a higher interaction with the CD44+ breast cancer cell line, MDA-

MB-231, than with the BT-474 cells, which are CD44-. These results suggest that HA-coated 

silica nanoparticles could be a promising bioimaging tool for visualizing CD44+ tumor cells.  

Introduction 

Nanotechnology has a promising role for biomedical applications, including imaging and 

delivery tools.  New properties and functions provided through small size, control and 

manipulation of material at the atomic scale drive nanotechnology innovation1. Engineering 

nanoparticles as functionalized systems has increased in popularity in different applications due 

to their unique properties and versatility as a nanotechnology platform 2. Silica-based systems are 

a widely investigated nanomaterial platform due to their unique properties such as 
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biocompatibility, ease of functionalization, stability, and hydrophilic surface3-7. Thus, silica 

nanoparticles can be tailored for targeting purposes through attachment of target-specific ligands 

or be functionalized with fluorescent dyes to serve as imaging or theranostic materials8-11.  

High quantum yields of organic fluorescent dyes are important for their efficient use as 

imaging tools. Their brightness can be further enhanced by entrapment into organic or inorganic 

matrices12-14. However, organic dyes are prone to self-quenching due to energy transfer or 

reabsorption in highly concentrated solutions or in an aggregate state13, 15-18. In order to achieve 

higher contrast and enhanced photostability of the fluorescent materials, organic fluorescent dyes 

can be incorporated into silica nanoparticles. This would increase the amount of the dye 

molecules in a localized area without reducing the fluorescent intensity and reduce the possibility 

of structural degradations of the dye molecules. One of the ways to achieve the dye incorporation 

is through modification of the Stöber method17, which is a common approach to synthesize silica 

nanoparticles using silica alkoxide precursors19, 20.  

Following dye incorporation, modifications to the surface by functional groups can 

enhance the unique nanoscale properties and versatility to target specific receptors. The additional 

functional groups can be used to attach various targeting ligands to the nanoparticle’s surface, 

which will make it specific to certain cells that are characterized by upregulation of particular 

surface receptors. For example, hyaluronic acid has been extensively investigated and 

demonstrates a strong affinity to the CD44 receptors overexpressed in various cancer cells21-24. 

Therefore, hyaluronic acid-coated nanoparticles can provide enhanced affinity to the CD44 cell 

receptors and exhibit preferential accumulation in cancerous tissues that overexpress CD44.  

  In this study, we first develop dye-incorporated silica nanoparticles. In order to target 

overexpressed CD44 cell receptors, bare fluorescent silica nanoparticles underwent surface 

modification with APTES followed by coating with hyaluronic acid (HA) via electrostatic 
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interaction. We further evaluate the cellular internalization of these HA-coated fluorescent silica 

nanoparticles in CD44+ and CD44- breast cancer cell lines.  

Materials and Methods 

Materials and Reagents 

Sulfo-Cy5-amine (sCy5-amine) and sulfo-Cy5-NHS (sCy5-NHS) were purchased from 

Lumiprobe, Inc. (Hunt Valley, MD, USA). 3-triethoxysiylpropyl succinic anhydride (TSPA) was 

obtained from Oakwood Chemical (Estill, SC, USA). Tetraethyl orthosilicate (TEOS), Amicon 

centrifugal filters (10 kDa molecular weight cutoff (MWCO)), dimethyl sulfoxide (DMSO), 

ammonium chloride ammonium hydroxide buffer, toluene, and HEPES buffer (N-(2-

Hydroxyethyl) piperazine-N′-(2-ethane sulfonic acid), 4-(2-Hydroxyethyl) piperazine-1-ethane 

sulfonic acid) were obtained from Sigma Aldrich (St. Louis, MO, USA). 3-

aminopropyltriethoxysilane (APTES) and paraformaldehyde were purchased from Alfa Aesar 

(Ward Hill, MA, USA) and cyclohexane was purchased from Acros Organics (New Jersey, 

USA), Hyaluronic acid (10 kDa) was obtained from Lifecore Biomedical (Chaska, MN). RPMI 

1640 media, penicillin-streptomycin, radioimmunoprecipitation assay (RIPA), and Halt protease 

inhibitor were purchased from Thermo Scientific (Carlsbad, CA, USA) and fetal bovine serum 

(FBS) was obtained from Mediatech, Inc. (Woodland, CA, USA). 12 mm dishes were obtained 

from Thermo Scientific (Rochester, NY, USA), phosphate buffered saline (PBS) was purchased 

from Corning (Corning, NY, USA), and DAPI solution was purchased from Invitrogen, Thermo 

Scientific (Waltham, MA, USA). Western blot polyacrylamide 7.5% gels and nitrocellulose 

membranes were purchased from BIO-RAD (Hercules, CA, USA); Odyssey tri buffered saline 

(TBS) blocking buffer and secondary IRDye800CW Goat-Anti Rabbit IgG fluorescent antibody 

were purchased from LI-COR Biosciences (Lincoln, NE, USA). Primary anti-CD44 antibody was 

purchased from Abcam (Waltham, MA, USA) and primary GAPDH antibody was purchased 

form Cell Signaling Technologies (Danvers, MA, USA). 
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Preparation of Surface-grafted sCy5 Silica Nanoparticles (sCy5-SiNPs-L, -M, -H) 

 Surface-grafted silica nanoparticles were synthesized by modifications to the Stöber 

method using tetraethyl orthosilicate (TEOS) as the alkoxide precursor19, 25. First, sCy5-amine 

was conjugated to 3-triethoxysiylpropyl succinic anhydride (TSPA) for 24 h at rt in the dark, 

yielding sCy5-TSPA. During the next step, TEOS was mixed with the sCy5-TSPA conjugates at 

a molar ratio of 1.2: 2.5, 5, or 10 (TEOS:sCy5-TSPA) to undergo hydrolysis followed by the 

condensation reaction step. Three different reaction concentrations of sCy5-TSPA, including 2.5 

(low, L), 5.0 (medium, M), and 10 μg/ml (high, H) were used to achieve the different grafting 

ratios.   The reactions were allowed to proceed with 10 mM chloride-ammonium hydroxide 

buffer (pH 9.0) for 24 h at 50 oC in the dark. The resulting nanoparticles, sCy5-SiNPs-L, sCy5-

SiNPs-M, and sCy5-SiNPs-H, respectively, were washed with water (10 ml x 4 times) and 

concentrated using Amicon centrifugal filters (10 kDa MWCO). 

 

Preparation of sCy5-incorporated silica nanoparticles, SiNP(sCy5) 

 sCy5-incorporated silica NPs were synthesized via a multistep procedure. First, sCy5-NHS 

was conjugated to APTES. The coupling procedure was adapted from literature19, 25. Briefly, 1.9 

mg (0.0018 mmol) of dye was dissolved in 500 μl of anhydrous DMSO and APTES was added at 

a molar ratio of 1.2:1 APTES:dye. The reaction was allowed to proceed for 24 h at rt in the dark, 

which yielded sCy5-APTES as a product. The conjugate (≈5 mg/ml stock) was stored at -20oC until 

further use. The silica condensation reaction proceeded with ammonium buffer in the presence of 

TEOS. Fluorescent silica nanoparticles were synthesized by a modified Stöber method. For 

synthesis, 10 mM ammonium chloride-ammonium hydroxide buffer (pH 9.0) was heated to 50oC, 

and the corresponding amount of sCy5-APTES conjugate was added. This was allowed to stir for 
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30 min followed by the addition of TEOS and cyclohexane. The reaction mixture was vigorously 

stirred to mix the organic and inorganic layers to form an emulsion. The reaction was allowed to 

continue for 24 h. After cooling to rt, the mixture re-separated into an organic (top) and an aqueous 

(bottom) layer. The aqueous layer that contained the silica nanoparticles was collected, washed 

with water, and concentrated using Amicon centrifugal filters (10 kDa MWCO).  

 

Preparation of surface-modified fluorescent silica nanoparticles, SiNP(sCy5)-APTES 

Surface modification of the dye-incorporated silica nanoparticles was completed with 

APTES. The silica nanoparticle emulsion was continuously stirred while an equal volume of 

toluene was added. The mixture was stirred with gentle vortexing, and centrifuged (10,000 rpm; 30 

min). Collected silica nanoparticles were re-dispersed in toluene and heated with 10 equiv. excess 

of APTES under reflux for 2 h. Particles were collected by centrifugation (10,000 rpm; 5 min), 

washed thrice with ethanol and re-dispersed in water.  

 

Hyaluronic acid surface-coated silica nanoparticles, SiNP(sCy5)-HA 

The surface of the amino-functionalized nanoparticles was further coated with hyaluronic 

acid through electrostatic interaction. Hyaluronic acid stock solution (0.5 mg/ml) was prepared in 

HEPES buffer. Silica nanoparticles were re-dispersed in hyaluronic acid solution (1.2 weight 

percent) and kept overnight at rt under mild agitation. Coated silica nanoparticles were then 

collected by centrifugation (10,000 rpm; 1 h), rinsed with water and re-dispersed at the desired 

concentration for analysis.  

 

Nanoparticle characterization 

Nanoparticle hydrodynamic diameter, polydispersity, and zeta-potential were measured for 

silica-based nanoparticles at a concentration of 2 mg/ml using a Malvern Panalytical Zetasizer 

Nano ZS90 instrument (Malvern, United Kingdom). The sample absorption and emission 
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properties were performed on the Thermo Fisher Scientific Evolution 220 UV-Visible 

Spectrophotometer (Waltham, MA, USA) and a Horiba Scientific FluoroMax-4 (Edison, NJ, USA), 

respectively.  

 

Cell culture, western blot analysis, and cell labeling study 

 MDA-MB-231 cells that overexpress CD44, and BT-474 cells that do not express CD44 

receptors, were grown in RPMI 1640 media supplemented with 10% fetal bovine serum and 1% 

penicillin-streptomycin at 37°C and 4.5% CO2. MDA-MB-231 and BT-474 cells were lysed with 

a RIPA buffer that was supplemented with Halt protease inhibitor, and a Bradford assay was used 

to determine protein concentration for western blot loading.  20 μg of cell protein were separated 

on a 7.5% polyacrylamide gel for 80 min at 90 V and transferred to a nitrocellulose membrane for 

80 min at 250 MA, followed by blocking with Odyssey tri buffered saline (TBS)-based blocking 

buffer for 1 h. The membrane was exposed to CD44 (1:2000) and GAPDH (1:10000) rabbit 

primary antibodies in TBS blocking buffer overnight at 4°C with rocking. The gel was washed 

with tris buffered saline with tween (TBST) thrice, followed by incubation with a IRDye800CW 

Goat-Anti Rabbit IgG fluorescent secondary antibody for 1 h and washed with TBST thrice. The 

membrane was imaged on the Odyssey M imaging system (LI-COR Biosciences; Lincoln, NE, 

USA). 

 MDA-MB-231 (5x104 cells) and BT-474 (5x104 cells) were seeded onto 12 mm dishes 

and left to adhere for 24 h for the cell labeling study.  The MDA-MB-231 seeded dishes were 

then split into two groups, (1) untreated and (2) pretreated with excess of 10 mg/ml hyaluronic 

acid solution in serum-free RPMI media for 1 hour at 37°C to block the receptors prior to 

incubation with the nanoparticles as previously described26. MDA-MB-231 (untreated and 

pretreated) and BT-474 cells were washed with phosphate buffered saline (PBS) followed by 

incubation with 25 μg/ml HA-coated or non-coated nanoparticles or free dye at equivalent 
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concentration for 2 h at 37°C. Cells were washed once with PBS and fixed by adding 4% 

paraformaldehyde in PBS, pH 6, to each dish for 15 min at 37°C, washed thrice with PBS, and 

permeabilized with 0.1% Triton for 10 minutes at room temperature. The cells were washed 

thrice with PBS, followed by a 3 min incubation with 300 nM DAPI solution, followed by three 

PBS washing steps. Cells were then imaged in PBS on an Olympus IX73 inverted Fluorescent 

Microscope (Olympus Life Sciences; Waltham, MA, USA) utilizing the brightfield, DAPI, and 

Cy5.5 fluorescence channels through a xenon lamp excitation source.  

Microscopy Image Analysis 

A|e-UV-Vis-IR Spectral Sofware (Version 2.2, 2007 Free Software Foundation, INC.) was used 

to measure the relative quantum yield values of the surface-grafted conjugates.  FIJI software 

(Version 1.53v; National Institutes of Health; Bethesda, Maryland, USA) was used to merge the 

brightfield and fluorescent images. The FIJI software was also used to create ROIs of each cell to 

quantify the fluorescence intensity of the nanoparticle conjugates within the cells. The resulting 

values were plotted and used to calculate the corrected total cell fluorescence (CTCF) = 

Integrated Density – (Area of selected cell X Mean fluorescence of background readings)27, 28. 

These calculated values were plotted, and statistical analysis was preformed using the GraphPad 

Prism software version 9.1.2 (GraphPad Software, San Diego, CA). A one-way ANOVA was 

used to determine significance followed by Tukey’s test for multiple comparisons, p-values < 

0.05 were considered significantly different.  

 

Results and discussion 

Synthesis and characterization of surface-grafted fluorescent silica nanoparticles (sCy5-SiNPs) 

 A modified Stöber method was used to create fluorescent silica nanoparticles by grafting 

the cyanine dye to the surface of the nanoparticles (Scheme 1). The Stöber method is often used 
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to create uniformly sized silica nanoparticles through a process of hydrolysis and condensation 

reactions. This method involves the use of TEOS, an alkoxide derivative, as the precursor by 

converting the TEOS ethyl groups to hydroxyl groups through hydrolysis. This process is 

followed by the condensation reaction of the silanol groups in the presence of an ammonium 

buffer to create the silica nanoparticles. sCy5-SiNPs nanoparticles were synthesized by first 

conjugating the cyanine dye with TSPA and then undergoing hydrolysis in the presence of TEOS 

molecules, followed by a series of condensation reactions to form fluorescent silica nanoparticles. 

 

Scheme 1. Synthesis of sCy5 dye-grafted silica nanoparticles with three dye amounts (low, 

medium, and high). Conditions: conjugation: (a) methanol, 24 h at rt in the dark; (b) hydrolysis 

and condensation: molar ratio of 1.2: 2.5, 5, or 10 (TEOS: sCy5-TSPA), reactions proceeded with 

10 mM chloride-ammonium hydroxide buffer, pH 9.0, 50oC, 24 hours.  

 

One of the main goals of this first step was to determine the optimal grafting density of 

the dye for the highest emission intensity. Various molar ratios of sCy5-TSPA:TEOS (2.5, 5, and 

10 μg/ml) were used, leading to different degrees of dye grafting (low (L), medium (M), and high 

(H)). The grafting efficiency was assessed by photometrically quantifying the content of the dye 

on the surface of the nanoparticles in the resulting products (Table 2). It was found that the 
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reaction efficiency decreases with the increase of the dye:TEOS ratio, thus further increase of the 

initial concentration of the dye is unlikely to result in a higher grafting density. Figure 15 and 

Table 3 represent the results of HD and zeta-potential characterization of the surface-grafted 

nanoparticles. The synthesis produced nanoparticles with HDs in the range of 25-35 nm. Their 

zeta potential was around -20 mV potential suggesting that these nanoparticles are stable in 

solution, which is consistent with the literature29-31 and corresponds to the  

presence of the hydroxyl groups on the nanoparticle’s surface. As the amount of the dye on the 

nanoparticle’s surface increases, a slight increase in size was observed. 

 

 

Table 2. Grafting efficiency of sCy5-SiNPs  

Nanoparticles Dye Concentration 

(μg/ml) 

Percent Reaction 

Efficiency 

Relative 

Quantum Yield 

SiNPs(sCy5)-L 0.189 7.5% 1 

SiNPs(sCy5)-M 0.217 4.3% 1.05 

SiNPs(sCy5)-H 0.314 1.3% 1.39 
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Figure 15. (A) Hydrodynamic diameter and (B) zeta-potential of sCy5 surface-grafted silica 

nanoparticles. 

 

Nanoparticles Hydrodynamic Diameter, nm PDI Zeta-potential, mV 

SiNPs unlabeled 25.5 ± 4.6 0.22 -23.7 ± 5.5 

SiNPs(sCy5)-L 31.8 ± 3.6 0.17 -27 ± 4.9 

SiNPs(sCy5)-M 33.5 ± 5.6 0.20 -25.9 ± 4.7 

SiNPs(sCy5)-H 38.5 ± 33 0.23 -17.9 ± 6.4 

Table 3. Characterization of sCy5-SiNPs nanoparticles, C = 2 mg/ml, pH = 7.8. 
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The optical properties of the surface-grafted nanoparticles were evaluated (Figure 16). It 

can be noted that the absorption and fluorescence spectra of all three samples are similar and 

correspond to the absorption and emission of sCy5, confirming that the dye molecules were 

attached to the surface of the silica nanoparticles. The fluorescence intensity increases as the 

surface-grafted dye contents increased. This suggests that the non-radiative deactivation 

processes caused by the proximity of the dye molecules are not prevailing at these grafting 

densities, and the derivative with the highest dye content on the surface of the nanoparticles could 

be used on the next step of the project. 

 

Figure 16. Absorbance and fluorescence emission spectra of the surface-grafted silica 

nanoparticles (λex = 640 nm).  

 

Synthesis and characterization of dye-incorporated silica nanoparticles, SiNPs(sCy5) 

In order to further functionalize the nanoparticles with targeting ligands, the surface has 

to be available for this modification, and thus preferably not be occupied by the attached dye. For 

this reason, instead of grafting the dye onto the surface, we transitioned to the core-shell 

architecture of the nanoparticles. Stability is crucial in the development of fluorescent probes for 

use in bioimaging application, and this approach can also provide some protection for the dye 
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from potential environmental factors, such as photobleaching in the presence of oxygen15, 32. 

Cyanine dye molecules were conjugated to APTES to form a fluorescent sCy5-APTES conjugate 

(Scheme 2). APTES molecules possess the necessary silane groups that will undergo hydrolysis 

and condensation. These reactions formed the fluorescent nanoparticles with the cyanine dye 

molecules incorporated into the silica matrix. The addition of TEOS to the reaction created a 

silica shell that surrounds the fluorescent silica core. This TEOS silica shell allows for hydroxyl 

groups to be present on the surface so that further surface modifications can be performed.  

 

Scheme 2. Synthesis of cyanine dye-incorporated silica nanoparticles. Conditions: (a) 

conjugation: molar ratio of 1.2:1 (APTES:dye), methanol, rt, 24 h in the dark; (b) hydrolysis and 

condensation: 10 mM chloride-ammonium hydroxide buffer, pH 9.0, 50oC, 30 min; (c) 

condensation and stabilization: TEOS, cyclohexane, 50oC, 24 h.  

 

Silica nanoparticles present opportunities for modifications to the surface with various 

functional groups including amines (-NH2), thiols (-SH) or carboxylic (-COOH) groups14, 33-36. 

These surface modifications can enable attachment of the targeting ligands. In this study, amino-

modified silica nanoparticles were produced with APTES molecules. APTES was reacted with 

the hydroxyl groups of the TEOS, producing the amino-modified silica nanoparticles (Scheme 3). 

This addition of APTES to the surface caused the zeta potential to change from approximately -

20 mV to almost 30 mV as a response to protonation of the amino groups (Figures 17 B-D and 

Tables 4-5). Both dye-free and dye-incorporated silica nanoparticles showed the same surface 

charge behavior upon reaction with APTES. The size of the silica nanoparticles slightly increased 

after the reaction, suggesting the addition of another layer to the particles. On the next step, the 
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nanoparticles’ surface was coated with hyaluronic acid (Scheme 3). Some of the hydroxylic and 

carboxylic groups of the latter are dissociated in aqueous solutions, and the effective negative 

charge helps the process through the electrostatic interaction with the positively-charged amines. 

This is demonstrated by the change of the zeta potential from ~30 mV to approximately -5 mV 

after coating with HA (Figure 17 B and D and Tables 4-5). A larger negative zeta potential 

value observed for the non-coated SiNPs is attributed to the abundance of the hydroxylic groups 

on the silica surface prior to APTES modification. As in case of the dye-grafted nanoparticles, 

these core-shell structures showed a slight increase of their size after each step of the surface 

modification (Figure 17 A-C and Tables 4-5) and the polydispersity values are found to be at or 

below 0.2, which is in the acceptable range for polymer-based nanoparticle materials (Tables 4-

5)37. 

 

Scheme 3. Surface modification of cyanine dye-incorporated silica nanoparticles. Conditions: (a) 

condensation by addition of 10 eq excess APTES under reflux for 2 hours. (b) Redispersed in 0.5 

mg/ml hyaluronic acid aqueous solution (1.2 wt% in HEPES buffer overnight at rt).  
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Figure 17. Hydrodynamic diameter (A) and zeta-potential (B) of the dye-free SiNPs before and 

after the surface modification. Hydrodynamic diameter (C) and zeta-potential (D) of sCy5 dye-

incorporated nanoparticles before and after surface modifications. 

Non-labeled nanoparticles Hydrodynamic Diameter, 

nm 

PDI Zeta-potential, 

mV 

SiNPs 25.5 ± 4.6 0.22 -23.7 ± 5.5 

SiNPs-APTES 27.5 ± 9.1 0.16 31.4 ± 7.1 

SiNPs-HA 38.3 ± 11.9 0.07 -5.6 ± 4.2 

 

Table 4. Characterization of non-labeled SiNPs, C = 2 mg/ml, pH = 7.8 

 

sCy5 labeled nanoparticles Hydrodynamic Diameter, 

nm 

PDI Zeta-potential, 

mV 

SiNPs(sCy5) 23.8 ± 6.1 0.04 -14.8 ± 5.9 

SiNPs(sCy5)-APTES  25.4 ± 7.7 0.15 26.4 ± 5.5 

SiNPs(sCy5)-HA   34.1 ± 11.8 0.08 -4.3 ± 3.9 

 

Table 5. Characterizations of SiNPs(sCy5) nanoparticles, C = 2 mg/ml, pH = 7.8. 
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Spectral measurements were performed for both the uncoated and hyaluronic acid-coated 

nanoparticles to confirm the presence of the dye and the origin of the fluorescence emission 

(Figure 18). The absorbance spectra were recorded first, but the peak of the dye’s absorption was 

covered by the strong scattering signal. In order to reconstruct the absorbance spectra, 

fluorescence excitation spectra of the nanoparticles were measured, and the observed maximum 

matched very well the maximum absorption of the sCy5. The fluorescence spectra also 

demonstrated an emission peak around 645 nm, consistent with the sCy5. These fluorescent 

properties confirmed the presence of the cyanine dye in the core of the silica nanoparticles.  

 

 

Figure 18. Fluorescence excitation and emission spectra of the dye-incorporated silica 

nanoparticles. (A) SiNPs(sCy5)-HA and (B) SiNPs(sCy5).  
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To assess the core-shell HA-coated nanoparticles targeting ability, their binding to the 

surface receptor, CD44, was evaluated using CD44+ (MDA-MB-231) and CD44- (BT-474) cells. 

First, the expression level of CD44 in these cell lines was confirmed by a Western blot. MDA-

MB-231 cells were confirmed to have CD44 protein present, whereas the BT-474 cells showed 

no expression of CD44 (Figure 19). Additionally, a subgroup of MDA-MB-231 cells were pre-

treated with hyaluronic acid to saturate the surface receptors, which can inhibit the CD44 binding 

by the HA-coated nanoparticles26. Similarly, Yang et al. investigated folate-modified fluorescent 

silica nanoparticles’ affinity to the folate receptors. A six-fold increase of binding to the folate-

positive cells was observed, while binding decreased when the cells were pre-incubated with 

excess of folate10. The hyaluronic acid pre-treated subgroup served as an additional negative 

control in the binding studies, along with the CD44- BT-474 cell line. The binding of the 

nanoparticles to CD44 was evaluated in fluorescence microscopy images of the cells incubated 

with the HA-coated fluorescent silica nanoparticles, as well as with the non-coated negative 

control (Figure 20).  

 

Figure 19. Western blot confirmation of CD44 protein presence in MDA-MB-231 (CD44+) and 

BT-474 (CD44-) cell lines. GAPDH was used as the internal control. 
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Figure 20. Representative fluorescence micrographs of MDA-MB-231 and BT-474 cell lines 

with HA-coated and uncoated SiNPs(sCy5) and controls. (A-C) Negative control; (D-F) sCy5 

only; (G-I) SiNPs(sCy5); and (J-L) SiNPs(sCy5)-HA. Scale bars represent 20 μm. 

 

Examining the fluorescence intensity from the fluorescent micrographs, the binding 

interaction of the HA-coated nanoparticles to CD44 can be assessed. There was no sCy5 emission 

detected in the fields with cells that were incubated with sCy5 only (Figure 20 D-F). The same 

lack of signal was observed in the negative control group, where cells were not incubated with 

sCy5 or the fluorescent nanoparticles (Figure 20 A-C). This observation suggests that the free 

dye does not show any preferential binding to the cells used in the experiment. At the same time, 

the fluorescent signal appeared visually stronger from the SiNPs(sCy5)-HA nanoparticles 

incubated with the MDA-MB-231 cells (Figure 20 J). Comparison with the images in Figure 20 

J-L suggests higher accumulation of the HA-coated nanoparticles was achieved in the CD44+ 

cells compared to the CD44- cells.  sCy5 fluorescence, was also observed in cells that were 

incubated with uncoated fluorescent nanoparticles (Figure 20 G-I), which is likely due to non-

specific internalization mechanisms38. 
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Calculating the average cell fluorescence intensity provides a quantitative measure of the 

interaction between HA-coated nanoparticles and CD44+ cells. The CTCF equation can be used 

to calculate the average fluorescence intensity of the cells of the regions of interest (ROIs) that 

are manually defined on the fluorescence micrographs27, 28 (Figure 21). The calculated average 

fluorescence intensities suggest that the SiNPs(sCy5)-HA shows greater interaction to CD44+ 

(2.43 x 105 ± 0.98 x 105) and CD44+ pre-treated (2.96 x 105 ± 1.27 x 105) cells and a lower 

interaction with the CD44- cells (0.36 x 105 ± 0.58 x 105). This trend was confirmed to be 

statistically significant in both CD44+ (4.90(2,33) = 31.07, p < 0.0001) and CD44+ pre-treated 

(4.90(2,33) = 31.07, p < 0.0001) cells when compared to CD44- cells. However, no statistically 

significant difference was observed between the CD44+ and CD44+ pre-treated cells (4.90(2,33) 

= 31.07, p = 0.36). These results suggest that the HA coating increases the ability of these 

nanoparticles to target CD44+ cells. 

However, when examining the uncoated nanoparticles, the calculated cell fluorescent 

intensities suggest similar interactions on the CD44+ (2.04 x 105 ± 1.56 x 105), CD44+ pre-

treated (1.68 x 105 ± 1.25 x 105) and CD44- (2.45 x 105 ± 0.54 x 105) cell lines. This suggestion is 

supported by a statistical analysis of the values, which indicated that there was no significant 

difference in the interactions of the uncoated nanoparticles with any of the cell lines. Specifically 

comparing the interactions with CD44+ cells and CD44- cells (2.1(2,32) = 0.81, p = 0.75) yielded 

no significant difference. Comparing the interactions with CD44+ pre-treated cells and CD44- 

cells (2.1(2,32) = 0.81, p = 0.80) also yielded no significant difference. Finally, comparing the 

interactions with CD44+ cells and CD44+ pre-treated cells (2.1(2,32) = 0.80, p = 0.44) indicated 

no significant difference. This observation suggests that the uncoated silica nanoparticles do not 

have any increased ability to target CD44+ over CD44- cells. Further analysis can be utilized to 

compare the interactions that coated and non-coated nanoparticle groups across the same cell 

lines. A statistically significant difference was not observed between the CD44+ cells incubated 



104 

with either group of nanoparticles (6.33(3,43) = 12.27, p = 0.73).  However, a statistically 

significant difference was observed between the CD44- cells incubated with each group of 

nanoparticles (6.33(3,43) = 12.27, p = 0.007). These results suggest that different internalization 

mechanisms may play a role between the nanoparticles. Biomolecules with a stronger interaction 

with a cell surface receptor can have higher internalization rates through receptor-mediated 

endocytosis. The fluorescent signal presence in SiNPs(sCy5)-HA incubated with the CD44- cells, 

and SiNPs(sCy5) with all three cell groups, could be explained by uptake by nonspecific 

endocytosis mechanisms, such as phagocytosis or pinocytosis. These mechanisms allow for 

“bystander” molecules to be internalized into cells39.  

 

Figure 21. CTCF imaging data of SiNP(sCy5)-HA and SiNPs(sCy5) in CD44+, CD44+ cells pre-

treated with HA, and CD44- cells. **** p < 0.0001, *** p < 0.001.  

 



105 

Conclusions 

The sCy5 dye-incorporated fluorescent silica nanoparticles synthesized by a modified 

Stöber method produced small uniform nanoparticles. Their ability for further surface 

modifications to target specific receptors was illustrated by coating the fluorescent nanoparticles 

with a well-known CD44-targeting moiety – hyaluronic acid. The results suggest that HA-coated 

fluorescent silica nanoparticles demonstrate an increased interaction with the CD44 protein and 

show stronger internalization into cells with overexpressed CD44 receptors in comparison with 

the cells where CD44 is not expressed. Non-coated nanoparticles demonstrated interaction, 

without much notable difference between the cell groups. 
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

Intraoperative Nerve Imaging 

In summary, fluorescent imaging tools can provide surgeons with a way to supplement 

their skills and expertise in the intraoperative setting and help them precisely maneuver surgical 

instruments. Many diseases, especially cancer, conceal the location of nerves and other vital small 

anatomical structures which causes difficulties for surgeons during surgical procedures. 

Therefore, there is a large unmet need for intraoperative guidance that improves the visualization 

of these vital anatomical structures. Lacking the ability to visualize nerve structures may lead to 

unintentional and consequential nerve damage resulting in chronic pain and the loss of nerve 

function. These consequences can be severe even if just one nerve is damaged. For instance, the 

facial nerve is responsible for the function of the multitude of facial expressions and movements. 

Intraoperative visualization of this single nerve structure would reduce the risk of nerve damage 

and paralysis, which could otherwise severely impact a patient’s quality of life.  

The ability of NervelightTM to target nerve tissue would enable visualization of hidden at-

risk nerve sites during surgical interventions. The utilization of a nerve protein, NGF, enables 

targeting to nerves, since NGF is highly expressed in neuronal growth and survival. NervelightTM 

was observed to fluorescently label the facial nerve, providing the ability to visualize this nerve 

site intraoperatively. The NervelightTM fluorescent signal was observed to co-occur at the TrkA 

receptors on excised nerve sections. In contrast, the unmodified control dye signal was not 

present, providing further evidence of nerve targeting of NervelightTM. The NervelightTM complex 

was also observed to have a strong interaction to the facial nerve branches, providing convincing 

data to further explore NervelightTM as a potential imaging guidance tool to aid surgeons in 

reducing the risk of nerve damage.  

The NervelightTM capacity to target facial nerves provided evidence that this contrast 

agent can fluorescently label facial nerves. The functionality of this contrast agent can determine 
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the targeting at high-risk nerve sites in the presence of a cancer disease model. A cancer model 

can be used to test clinical procedures that would require the careful maneuvering of surgical 

tools around nerve structures. Parotidectomies are common procedures that involve cancer within 

the parotid gland, where the facial nerve divides the gland into two parts. This division of the 

parotid gland puts the facial nerve at high risk of unintentional damage during parotidectomies. 

Evaluating the ability of NervelightTM to target and label the facial nerve hidden within the 

cancerous tissue would enable further evidence of the NervelightTM contrast agent to target these 

at-risk nerve sites.  

 Using a contrast agent to label a nerve in order to avoid damage to that nerve 

while simultaneously targeting a cancerous tumor with a separate contrast agent can be 

challenging. Designing contrast agents to target specific tissue with different NIR wavelength 

fluorescent dyes can be advantageous to achieve both of these goals during oncological 

procedures. A key feature of the Curadel Lab FLARETM imaging system is that it houses a dual 

NIR channel system that could enable future development of multiple tissue-specific contrast 

agents to be utilized in the same surgical procedure1. In the case of parotidectomies, it would be 

feasible to use image-guided surgery instruments like the Lab FLARETM to develop a dual NIR 

contrast agent to label nerve sites such as the facial nerve while labeling tumor tissue at a 

different fluorescence. The development of nerve-specific agents is critical to identify nerves 

during surgical intervention and becomes even more applicable with the potential for those agents 

to be used in conjunction with a tumor-specific fluorescent agent.  

Surface Modified Silica Nanoparticles 

In summary, silica nanoparticles are promising candidates for use as nanotechnology-

based platforms in bioimaging applications. The Stöber method is a well-known synthesis 

technique to form silica nanoparticles. Modifications to the method allow for the integration of 

dye molecules or other biomolecules into the silica platform for specific targeting. Using the 
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Stober method, relatively small nanoparticles (25 nm to 45 nm) were formed with a cyanine dye 

(Sulfo-Cyannine5 Amine) incorporated into the silica matrix. These fluorescent nanoparticles 

were modified at the surface with the addition of unmodified APTES molecules producing 

positively charged NH2 groups on the surface. These positively charged amino groups enabled a 

hyaluronic acid coating to be added to the nanoparticles via electrostatic interaction. This 

additional surface modification of a hyaluronic acid coating allows for targeting CD44 receptors, 

which have been found to be upregulated on cancer cells. Evaluating the zeta potential of the 

modified nanoparticles provided evidence of successful modification as the zeta potential was 

observed to be highly positive with the addition of the amino groups and subsequently slightly 

negative with the addition of the hyaluronic acid coating. Fluorescent microscopy suggested 

higher interaction of the HA-coated nanoparticles on CD44+ cells. Furthermore, when CD44+ 

were pre-treated with excess hyaluronic acid, a lower fluorescent signal was observed with the 

HA-coated nanoparticles. The non-coated nanoparticles incubation was observed to have no 

significant difference between the CD44+ and CD44- cell lines, suggesting low interaction with 

CD44 receptors.  

 To confirm the suggested higher affinity of the HA-coated nanoparticles on CD44+ cells, 

further experimental studies would need to be conducted. Fluorescent Activated Cell Sorting 

(FACS) flow cytometry can be utilized as a cell sorting technique, enabling cell populations to be 

separated2, 3. By separating the cell populations, it would be possible to determine the percent of 

cells with internalized nanoparticle. Results would be characterized by fluorescent microscopy 

data showing that the HA-coated nanoparticles present in significantly higher quantities in the 

CD44+ cell population and lower quantities in the pre-treated CD44+ and CD44- cell 

populations. To determine the internalization mechanism of the HA-coated and non-coated 

nanoparticle systems entering cells, inhibition experiments can be conducted to block the 

different endocytosis pathways. First, the anti-CD44 antibody can inhibit nanoparticle binding to 
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cell CD44 receptors, confirming whether the HA-coated nanoparticles are being internalized by 

other means4. Our results of pre-treating CD44+ cells with excess hyaluronic acid observed a 

decrease in the interaction of the HA-coated nanoparticles suggesting CD44 interaction is 

necessary for internalization. By incubating with anti-CD44 antibodies and conducting flow 

cytometry, the fluorescent microscopy results of receptor-mediated endocytosis would 

supplement the results already established. Further inhibition studies can evaluate the role other 

endocytosis mechanisms play in the internalization of these HA-coated and non-coated silica 

nanoparticles. The CD44+ and CD44- cells can be incubated with various inhibitors to block 

clathrin-mediated endocytosis (chloropromazine, chloroquine, dynasore, hypertonic sucrose)5-8, 

caveolae-mediated endocytosis (nystatin, filipin, and genistein)5, 8, 9, phagocytosis 

(phenothiazines, Cytochalasin D, amiloride)6, 8, and micropinocytosis (Cytochalasin D, 

amiloride)5, 6, 8. Similarly, this series of studies would also be followed by flow cytometry to 

determine the internalization quantities of the silica nanoparticle systems. The data would provide 

necessary evidence of the cellular entry of the HA coated nanoparticles on CD44- cells and 

evidence of the non-coated nanoparticle entry into both CD44+ and CD44- cell lines.  

 Designing an in vivo experiment to study the efficacy of HA-coated nanoparticles on 

CD44+ and CD44- cancer tumor models could further indicate targeting capabilities of these 

nanoparticles. The in vitro cell labeling study suggested that a higher fluorescent signal was 

observed on the CD44+ cells in comparison with the CD44- cells. The in vivo data could confirm 

this ability to fluorescently label CD44+ cells and visualize these tumors during surgery. 

Additional studies could be evaluated for imaging parameters to determine the optimal signal 

intensity difference between the tumor and the background. At the same time, biodistribution 

kinetics would provide critical data on the clearance mechanism and identify other tissue the 

nanoparticle system may impact. Various nanoparticle systems are utilized as delivery systems 

for therapeutic drugs targeting cancer tumors10, 11. The entrapment of therapeutic drugs in the 



114 

nanoparticle system can significantly benefit by targeting specific cell types and providing 

protection in cases of the drug leaking from the nanoparticle. Although the design of nanoparticle 

systems with entrapped therapeutic drugs requires careful design to ensure healthy tissue is not 

affected.  These additional studies would be instrumental in developing how these nanoparticles 

would behave in a biological environment. 

 

Carbon-based nanodots for use as a nanomaterial platform 

Carbon-based nanodots have emerged with a wide range of uses in the fields of 

chemistry, physics, and biomedical science12. Nanodot surfaces can be chemically modified to 

enhance cell site targeting and improve the effectiveness of the nanodot platform. Carbon 

nanodots have extraordinary high levels of solubility, chemical inertness, and biocompatibility 

while also exhibiting low toxicity and resistance to photobleaching13. These properties are 

advantageous for potential novel imaging and biological applications the levels of 

biocompatibility and toxicity needed to interact with cells and the body often limit other 

materials. Carbon-based nanodots are seen to exhibit the elements of carbon (sp2 hybridized 

cores) and oxygen components in the forms of carboxyl, hydroxyl, and aldehyde groups. Carbon 

and quantum dots possess unique qualities that exploited for imaging platforms by attaching 

various molecules to the surface. However, a significant limitation of quantum dots is that the 

components in the core, which include heavy metals such as cadmium and selenium, are 

chronically toxic to cells and organisms14. The toxicity of quantum dots makes them less 

desirable for use with targeting agents. There are different methods to form synthetic nanodots 

through chemical or physical techniques to produce nanodots13. Some methods provide ways to 

create a nanodot platform with a higher order of carbon bonding that are convenient and 

straightforward while avoiding the use of toxic materials or highly specialized equipment. The 

hydrothermal synthesis technique was utilized to create citric and malic acid-based nanodots with 
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activatable carboxylic groups on the surface. This chemical method of carbon nanodots synthesis 

has been explored for carboxylic group surface activation to achieve moiety attachment15-17. This 

synthesis method is a series of condensation reactions resulting in different carbon interactions in 

the nanodot core. As used by Loo et al.17, this method can create a nanodot platform for 

carboxylic group activation. 

Evaluating surface modified-based nanodot system can give rise to higher targeting 

affinity to cancer cells due to upregulated receptors18. Creating a nanodot platform encompassing 

surface ligands increases the receptor-mediated uptake due to the presence of specific receptors at 

the cell surface. Nanodot platforms anchored with fluorescent probes have become increasingly 

popular for imaging applications as they allow specific cells/areas to be visualized. Anchoring 

targeting probes to the surface eliminates the need for encapsulation. Encapsulation of fluorescent 

dyes can result in leaching out of the delivery vehicle and may cause harm to the cell 

surroundings19. Linking fluorescent probes to the surface allows the probe to function once it 

reaches the target site while also eliminating the risk of it leaking preemptively. These anchored 

fluorescent probes can potentially label cancer cells more effectively and more efficiently than 

existing probes used in bioimaging applications. 

Because they enhance the internalization of nanomaterials, surface receptors are ideal 

targets for cancer imaging. Many receptors are upregulated on cancer cell surfaces, including the 

human epidermal growth factor receptor 2 (HER2), folate receptor, transferrin receptor, and 

translocator protein receptor20. Utilizing one or more of these target receptors will increase the 

internalization of the nanodot platform. This surface ligand nanodot platform allows the specific 

target receptors to be used. The nanodot platform will enhance cancer cells' targeting and uptake 

by exploiting the upregulated cell receptors. Targeting over-expressed receptors on cancer tumor 

cells can provide improved uptake of bioimaging or therapeutic agents to enhance the 

visualization of tumors or improve treatment regimens. The surface of the citric and malic acid-
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based nanodots can be modified by attaching a NIR fluorescent dye and a protective coating of 

polyethylene glycol (PEG) for further evaluation for use in cancer bioimaging applications. 

This work developed an unlabeled, bare carbon nanodot platform for potential use in 

bioimaging applications. Bare carbon nanodots were produced from the hydrothermal synthesis 

method utilizing citric and malic acid precursors, which provided a steppingstone for the silica 

nanoparticle platform. The citric and malic acid nanodots (Figure 22) were found to be around 

23.3 ± 8.1 nm (citric) and 18.0 ± 2.6 nm (malic) via Atomic Force Microscopy (AFM). This 

nanodot platform can be used to attach near-infrared NIR dye molecules through NHS/EDC 

chemistry and surface modifications with biomolecules to target cancer cells. AFM (Figure 22) 

and X-ray Photoelectron Spectroscopy (XPS) (Figure 23) characterization methods were 

evaluated on bare carbon nanodots. XPS characterization is utilized to examine the elemental 

composition of the nanomaterials' surface, which can provide crucial information on the surface 

of our newly made nanodots. Through XPS, we can discover the elemental composition of 

nanotechnologies. The characterization techniques help determine the necessary size, 

spectroscopy, and elemental composition parameters of the newly synthesized nanodots. 

Although only bare nanodots were produced and characterized, there is the potential for this 

carbon nanodot platform to be explored deeper. However, the silica nanoparticle platform 

provided a more rigid structure for dye and biomolecule attachment. 
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Figure 22. Atomic Force Microscopy (AFM) size determination of bare citric and malic acid-

based nanodot system. (A-C) represent size determination of the citric acid-based nanodots and 

were around 23.3 ± 8.1 nm. (D-F) represent size determination of the malic-based nanodots and 

were found to be 18.0 ± 2.6 nm. 

 

Malic acid 

D= 18.0 ± 2.6 nm 

N=79 

 

Citric acid 

D= 23.3 ± 8.1 nm 

N=60 
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Figure 23. X-ray Photoelectron Spectroscopy surface elemental composition determined of the 

citric and malic acid nanodots. (A) Citric Acid and (B) Malic Acid-based nanodots. 

 

Lymphatic targeting 

Aside from affinity to CD44 receptors, hyaluronic acid is observed to have strong 

interaction and relationship with LYVE1 cell receptors found in lymphatic endothelial tissue. 

LYVE1 is a close relative to the CD44 receptor and is widely used as a marker to delineate blood 

and lymphatic vessels21. The  
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interaction between hyaluronic acid and LYVE1 can be evaluated in similar parameters as the 

hyaluronic acid-CD44 interaction. The lymphatic system includes any tissue types that 

encompass the lymph nodes. An active role of the lymphatic system is the function it plays in 

cancer metastasis22. Cancer tumors that have metastasized can be targeted, tracked, found, and 

removed by fluorescently labeling the lymphatic tissue. With the knowledge of HA affinity to the 

lymphatic system through the LYVE1 receptors, a hyaluronic acid-based system can be designed 

to evaluate the affinity with the LYVE1 receptors. In previous work, another NIR dye (a 

BIODIPY derivative, BDP TMR) was conjugated with hyaluronic acid to assess the natural 

targeting potential of HA to the LYVE1 receptors for the imaging of lymphatic endothelial tissue. 

Collaborators from South Dakota State University (Dr. Darci Fink laboratory) helped evaluate the 

preliminary result of the HA targeting on various lymphatic endothelial cell lines (SVLEC and 

hLEC cells). This initial work was observed to show the preferential binding of the HA-dye 

conjugate to the surface of the cells in an imaging application. This work provides evidence that 

hyaluronic acid can target lymphatic endothelial cells, providing an avenue to target the 

lymphatic system with a hyaluronic acid-based platform. There is potential for modifying the 

architecture of the nanotechnology system by utilizing hyaluronic acid to modify the surface of 

carbon nanodots or silica nanoparticles for the potential of fluorescently labeling the lymphatic 

tissue for cancer imaging applications. 
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