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ABSTRACT 

The immune system plays a critical role in many disease processes, and when it is functioning 

properly, it provides robust protection from both internal and external threats. However, when 

the immune system behaves inappropriately, chronic and potentially deadly diseases can occur. 

The treatment of these diseases, which range from rheumatoid arthritis to solid tumor cancers, 

is complicated by the fact that though the immune system is implicated, the mechanism of 

action is different between conditions. Specifically, some diseases are characterized by 

inflammation while others are characterized by immune suppression. Current treatments for 

inflammatory and anti-inflammatory conditions are insufficient to overcome the burden of 

these diseases since many patients either do not respond to treatment or suffer from severe 

side effects. However, nanomedicine, which remains underutilized, shows remarkable promise 

as an option for treating these diseases. Nanoceria, with its unique enzymatic properties, small 

size, and highly tunable synthesis, makes a promising candidate for the treatment of conditions 

in which macrophages play a major role. The focus of this project was the development of a 

nanoceria-based immunomodulative drug capable of driving the polarization of macrophages 

toward either a pro or anti-inflammatory state. Use of albumin and single-walled carbon 

nanotube substrates and variations in synthetic conditions allowed for the development of 

multiple formulations of the nanodrug with different properties including enzymatic activity, 

STAT3 inhibition, and targeting. Further modification of these particles can allow for the 

inclusion of fluorescence and photoacoustic contrast. Thus, by characterizing these nano-

formulations and testing their effects in vitro and in vivo, we can develop highly effective 

immunomodulatory theranostics. We explore the potential of nanoceria as a diagnostic and 



treatment for endometriosis, a chronic inflammatory condition. Additionally, since 

nanoparticles offer high diagnostic specificity, it is possible to create novel imaging agents based 

on fluorescent silica nanoparticles, for diseases such as colorectal cancer which require 

enhanced imaging options. Ultimately, by utilizing the tunable properties of nanomaterials, we 

can create new diagnostics and therapeutics capable of improving the health of patients and 

enhancing their quality of life.
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Chapter 1: Introduction 

1.1 General Overview of Nanoparticles and Nanomedicine 

Despite the incredible progress made over the last century in the realm of modern medicine, 

many conditions have either no available treatment or an imperfect solution. Cancers, 

inflammatory, and autoimmune conditions are particularly challenging, often requiring 

treatments with severe side effects that may not resolve or even improve the condition they are 

used for1, 2. In some cases, the medication used to treat cancers can decrease quality of life 

more than the cancer itself1 while medications used to treat immune conditions can either 

suppress the immune system leaving patients vulnerable to infectious diseases or over activate 

the immune system leading to chronic inflammation and pain2, 3. In many cases, patients with 

serious conditions must consider whether they would like to have more time with a lower 

quality of life or less time with a higher quality of life. This is never an easy choice, and in many 

cases can be devastating, leading to poor mental health and worse outcomes for patients4, 5. For 

this reason, medical scientists have been exploring a myriad of solutions to these critical 

problems. One such solution involves the use of nanomaterials in medical applications.  

While medical applications of nanoparticles are a relatively new phenomenon, humans have 

been creating and using nanomaterials since Roman times. One of the earliest and best-known 

examples is the Lycurgus cup which appears green in direct light but red if light is shined 

through the inside of the glass thanks to silver and gold composite particles (~ 30:70)6 (Figure 

1). Though it is unlikely that the ancient Romans intentionally synthesized nanoparticles, they 

were aware of their unique optical properties and took advantage of them to create, 

undeniably, one of the most impressive works of ancient glass. Fascinatingly, despite the loss of 
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a lot of Roman knowledge leading into the Middle Ages, the ability to make colorful glass by 

using what we now know are nanoparticles was preserved. The striking stained-glass windows 

found in churches, and fortunately preserved to the current day, contain silver and gold 

nanoparticles of varying sizes and shapes lending them their long-lasting color6, 7 (Figure 1). 

However, historic use of nanomaterials was not relegated to glass work. In the realm of 

renaissance art, we see the use of glimmering ceramic glazes adopted from Islamic tradition 

that get their stunning effect from silver or copper nanoparticles embedded in the glaze prior to 

firing8 (Figure 1). In a strikingly less artistic application, so called “Damascus blades,” developed 

with techniques from the Ottoman Empire, employed what we now know were nanowires and 

nanotubes to create unusually strong and sharp swords for the time6, 9 (Figure 1).  

Figure 1: A timeline of early nanomaterials with representative images. The timeline runs from 
the 4th to the 19th century. In the mid-19th century, the modern era of nanomaterials began 
thanks to the development of novel analysis techniques. (Images adapted from Bayda et al. 
20206, Chari et. al 202210, and Ghosal and Chakraborty 201511). 
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It wasn’t until we were able to intentionally synthesize and characterize nanomaterials in more 

detail that precision applications became possible. In the 1960s and 1970s, scientists began 

considering what “nanomedicine” could be. Armed with new tools like TEM for visualizing 

objects on the nanometer scale12 (Figure 2), ICP for accurate elemental analysis13, and XPS for 

evaluating surface chemistry14, these pioneers considered a wide variety of applications before 

settling on drug delivery as the first step towards modern nanomedicine6, 15. By taking 

advantage of their small size and modifiable surface, scientists began nanoparticles to specific 

disease processes. For example, drug-loaded mesoporous silica nanoparticles can be routinely 

synthesized in standard laboratory conditions and can be further modified to include molecular 

targeting capabilities through the conjugation of antibodies or peptides16. Polymer based 

nanoparticles, like those made of PLGA, are capable of controlled release allowing for 

continuous release of a drug over time avoiding the need for multiple doses of medication 

overtime17, 18, and lipid based particles are exceptionally biocompatible preventing toxic side 

effects of small molecule drugs encapsulated within19. This work on drug delivery eventually led 

to the discovery and 1995 FDA approval of Doxil (Figure 2), a liposome based chemotherapeutic 

comprised of a liposome containing doxorubicin capable of more accurately targeting tumors 

through the EPR effect20. After the success of Doxil, medical applications of nanoparticles have 

become even more prevalent with over 500 clinical trials underway at the end of 202221.  

Alongside drug delivery applications, nanoparticles have been heavily explored as imaging 

agents providing contrast to enhance medical imaging. In MRI, SPIONs (Figure 2) and 

gadolinium-based materials are used to provide enhanced contrast (Table 1) especially in 

applications where it can be difficult to distinguish between healthy and diseased tissues22. One 
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such application is the detection of small, metastatic lesions present in advanced cancers. 

Though these smaller tumors may not be immediately distinguishable using intrinsic contrast, 

they “light up” on imaging when nanoparticles localize to them allowing for easy detection and 

more accurate cancer staging23. In photoacoustic imaging, nanoparticles amplify the light-in, 

sound-out effect responsible for the generation of high-quality images (Table 1). Perhaps the 

best-known nano-photoacoustic contrast agent are AuNRs which exhibit plasmonic resonance 

due to their unique shape and high aspect ratio24, 25. The use of these particles allows for both 

enhanced image quality and depth allowing for the clinical translation of this emerging imaging 

modality. There are also novel imaging techniques which require nanoparticle contrast agents to 

function. MPI, chief among these, has no background from tissue and generates all its signal 

from SPIONs injected prior to imaging26 (Table 1). This allows for functionally unlimited imaging 

depth and extremely high resolution even in tissue deep in the body especially when used in 

connection with CT imaging27.  
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Table 1: A table describing the pros and cons of various nano-enhanced imaging modalities. 
(Images adapted from Arbabi et. al 202228, Huang et. al 201929, Kalashnikova et. al 202030, Wu 
et. al 201931, and Beaucage et. al 201632. 
 
Finally, for the purposes of this dissertation, there are nanoparticles which can be used directly 

to treat disease. These can be nanoparticle drugs that act directly like Prussian Blue 

nanoparticles which are FDA approved to treat heavy metal poisoning33 and silver nanoparticles 

incorporated into bandages used to prevent infection34. They can also be nanoparticles that 

enhance or allow for other treatments such as AuNRs in laser ablation35 or SPIONs in magnetic 

hyperthermia36. Overall, nanoparticles have a storied history, and modern scientists have 

learned to employ them for a multitude of medical purposes. With more nanoparticles being 

synthesized, investigated, and approved, nanomedicine is sure to be a key component of a 

healthier population in the 21st century and beyond.  
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Figure 2: A timeline showing major moments in the progression of nanomedicine in the modern 
era. (Images adapted from Chung et. al 202437, Li et. al 201338, Goldmann et. al 202139, and 
Barenholz 201220). 
 

1.2 Overview of Inflammation and Immune Suppression 

 
Inflammation and immune suppression are both key processes in a healthy individual. The 

immune system is a complex network of cells, signaling molecules, and pathways that keeps the 

body safe from external threats like microorganisms and foreign objects while simultaneously 

preventing the cells key to these processes from attacking healthy tissue. In most people, the 

immune system is balanced between pro-inflammatory and anti-inflammatory processes 

allowing for unique responses to different situations that arise in the body. Most people are 

familiar with the sensation of inflammation. On the macro level, inflammation is easy to identify 

by its distinctive characteristics. Swelling, heat, altered function, redness, and pain are the 

common symptoms of inflammation. Referred to in Latin as tumor, calor, rubor, and dolor or by 

the first aid acronym SHARP, inflammation comes in two main types40. The first, acute 

inflammation, is characterized by short term response from the innate immune system while 
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the second, chronic inflammation, takes place on a much longer time scale and has greater 

involvement from the adaptive immune system41.  

Acute inflammation is a common process that is vital to survival and healing. In response to 

stimuli, commonly unique molecules from invading organisms like LPS or intercellular proteins 

in the extracellular environment due to injury, the innate immune system activates. Though 

mast cells, the body’s sentries that initially detect disruption, begin the signaling cascade42, the 

inflammatory process really starts with the neutrophils: phagocytes which take up and destroy 

foreign material and damaged cells while simultaneously signaling for other cells through 

endocrine secretion of cytokines43. Macrophages and T cells, after arriving at the site of injury, 

begin to differentiate and secrete their own chemokines and cytokines contributing to the 

overall acute, adaptive immune response44 (Figure 3). Specifically, CD8 and CD4 T cells and M1 

macrophages mediate the next stage of response to inflammation. While CD8 cells mainly 

produce cytotoxic chemicals, CD4 cells instead recruit and control the balance of other immune 

cells in the inflammatory environment45. CD4 T cells are in large part responsible for sending the 

chemical signals that drive the behavior of other immune cells in the area. For macrophages, 

they are responsible for mediating the modulation of the cells towards a desired state. In cases 

where inflammation is ongoing, macrophages receive molecular signals such as IFN-γ from CD4 

T cells and become pro-inflammatory M1 macrophages. These macrophages further signal 

neutrophils creating a positive feedback loop that drives inflammatory response44. 

However, to allow for healing and prevent long periods of inflammation, the same cytokine 

signaling pathways can be used to trigger an anti-inflammatory response. As CD4 T cells are 

secreting IFN-γ and activating macrophages, the same cytokine is attracting and activating anti-
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inflammatory B cells44. B cells, which secrete growth factors and anti-inflammatory cytokines, 

are critical to resolving acute inflammation46 (Figure 3). They counteract the positive feedback 

loop described above by producing potent anti-inflammatories which in turn signal the 

macrophages to become M2 anti-inflammatory. IL-10 in particular plays a key role in this 

process by signaling to mast cells to stop recruiting neutrophils, to the CD4 T cells to stop 

participating in the positive feedback loop of producing pro-inflammatory cytokines, and to the 

macrophages to change from M1 to M2 cells44. As the inflammation resolves and an anti-

inflammatory environment arises, cytokines promoting angiogenesis and blood flow, like 

TNFα47, become more prevalent allowing the body to heal and return to its pre-injury state. 

 

Figure 3: A graphic representing the cytokine signaling between cells involved in the innate 
immune response including the development and resolution of acute inflammations. (Figure 
from Megha et. al 202144).  
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When this critical immune balance fails, people develop a wide variety of different conditions. 

Many are familiar with chronic inflammatory conditions. Known for their characteristic pain and 

sometimes life-long duration, common diseases like rheumatoid arthritis, which affects around 

1% of the global population48, are perhaps the easiest inflammatory conditions to highlight. 

However, there are many chronic inflammatory conditions. These conditions can be relatively 

minor as in some cases of psoriasis that leave patients with irritated skin and flakey, dry patches 

but ultimately will not kill or even seriously injure a patient49. However, they can also be 

devastating and potentially fatal. Cardiovascular diseases including high blood pressure and 

heart disease are known to result from chronic inflammation and can contribute to heart attack 

and stroke which are debilitating if not deadly50. Lung diseases like asthma, which is 

characterized by inappropriate eosinophil response51, and chronic obstructive pulmonary 

disease cause more than 300,000 hospitalizations a year in adults alone52, and asthma is far 

more prevalent in children with 6.7% of children under the age of 18 being diagnosed53. Chronic 

inflammation has even been implicated in neurodegenerative conditions like Alzheimer’s and 

dementia54 which, while ultimately fatal, have devastating effects on living patients as they 

struggle to perform basic tasks, manage their emotions, and remember their lives and loved 

ones.  

Since chronic inflammation has such a devastating effect, many people fail to consider the risks 

associated with inappropriate anti-inflammatory response. Though chronic inflammation is 

associated more closely with distressing symptoms like pain or trouble breathing, anti-

inflammatory immune behavior can prevent the body from launching appropriate responses to 

both internal and external threats. Perhaps the best known inappropriate anti-inflammatory 
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response is found in solid tumor cancers. In cancers like breast, kidney, and liver cancer, tumors 

have M2 anti-inflammatory macrophages in their tumor microenvironment. These cells, called 

TAMs, secrete cytokines including IL-10, a particularly potent anti-inflammatory, and TNFα 

which promotes angiogenesis. These cytokines are responsible both for promoting the growth 

of the tumors and for allowing them to escape immune detection granting them a privileged 

status and leading to many of the difficulties associated with their treatment55. Additionally, in 

immune compromised environments pathogens and foreign bodies may not be dealt with 

effectively allowing them to proliferate and cause much more damage than they would in a 

healthy individual56. 

Right now, treatments for inflammation are oxymoronically robust and inadequate. Most people 

are familiar with NSAIDs which are available either over the counter or by prescription. The 

drugs typically work by acting on the COX-1 and/or COX-2 enzymes57. Advil (ibuprofen), Aspirin 

(acetylsalicylic acid), and Aleve (naproxen) are all readily available at any pharmacy in the 

United States alongside Tylenol (acetaminophen) which is categorized as an atypical NSAID58 but 

shares many characteristics with the other medications in this section. All of these common 

medications are capable of reducing pain, fever, swelling, and other common symptoms of 

inflammation. In fact, in the case of acute inflammation like the pain of a sprained ankle, over 

the counter NSAIDs are known to be very effective in giving patients some much needed relief 

from their symptoms59. However, these drugs, while widely available, are associated with some 

concerning side effects. Ibuprofen is known to cause ulcers in prolonged or high dose uses with 

kidney failure and bleeding from the gut being much rarer but more dangerous side effects60. 

Acetaminophen is known to cause liver failure when taken at high enough doses and causes 
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around 500 deaths a year in the United States61. Acetylsalicylic acid is a known blood thinner 

which can enhance the risk of bleeding especially in those who are vulnerable62, and naproxen 

can, ironically, cause inflammation of the gut and bowels leading to pain, vomiting, and 

bleeding60. For this reason, many alternative treatment options, especially for patients requiring 

long term relief from inflammation, have been explored. 

The next class of anti-inflammatories is steroids. As a general term, steroid refers to a molecule 

containing 4 rings of carbon and can encompass hormones, vitamins, and synthetic drugs such 

as those discussed below63. The proper name for the subclass of synthetic steroids that can be 

used as anti-inflammatories is corticosteroids64. Many common medications including 

hydrocortisone available over the counter as anti-itch cream and prednisone available as a 

prescription drug are corticosteroids, and they have pronounced benefits in a number of 

conditions. In the case of hydrocortisone topical applications, they can be used in the treatment 

of eczema65, psoriasis49, and even common insect bites66. Known for its remarkable ability to 

reduce redness, itch, and pain, many outdoorspeople carry a tube of this steroid in their first aid 

kit. Luckily, the external use of low dose, over the counter hydrocortisone creams is known to be 

extremely safe with only a few side effects such as unexpected hair growth being considered 

common, but in higher dose prescription formulations topical hydrocortisone can rarely cause 

more severe side effects67. Since topical use of corticosteroids, especially at low dose, is 

insufficient to treat more severe ailments or internal conditions, oral steroids are often 

prescribed. These oral medications, like prednisone, are known to be much more effective with 

a corresponding greater risk of side effects. Prednisone works by suppressing the immune 

response through the inhibition of polymorphonuclear leukocytes (neutrophils, basophils, and 
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eosinophils) and the reduction of capillary permeability68, 69. It is a very effective anti-

inflammatory used both short and long term to address conditions ranging from asthma flare-

ups (short course)70 to rheumatoid arthritis (ongoing treatment)71. However, prednisone has 

several side effects associated with its use. These range from the relatively minor like 

development of acne to the much more severe like Cushing Syndrome (increased fat around the 

torso, neck, and midsection associated with unusual hair growth and thinning skin) or even 

psychological concerns like hypomania or psychosis72. Patients who use steroids over long 

periods of time also develop a specific appearance, called “moon face73,” due to the associated 

swelling which can further affect self-esteem and mental health. 

A third class of drug that warrants discussion here, while not anti-inflammatory, are the opioid 

pain killers. These drugs do not affect the inflammatory signaling or pathways in the body; 

rather they change the way the body processes pain signals to reduce discomfort and enhance 

feelings of well-being74. These drugs are particularly useful in extreme or traumatic situations 

which inflammation can be beneficial such as during or after surgery, or after a major injury like 

a broken femur. They are also often used alongside anti-inflammatories for a more robust pain 

inhibiting effect75. From the perspective of those hoping to more effectively control immune 

response, there are two main problems associated with the use of these drugs. First, and most 

obviously in this context, opioids merely inhibit pain signals74. They do not actually affect the 

immune system directly and do not resolve the root cause of pain associated with 

inflammation. Second, these drugs have immense potential for abuse. Opioids, unlike NSAIDs or 

corticosteroids, are addictive and over time require greater and greater doses to achieve the 

same effect. They are also known to produce a “high” in patients which feeds the cycle of 
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addiction as they seek more drugs to maintain this feeling76. From 1999-2017, almost 400,000 

deaths in the United States could be attributed to opioid overdose77. These death statistics can 

be used as a proxy for the severity of the opioid abuse epidemic in the United States making the 

search for effective anti-inflammatory drugs capable of addressing chronic inflammation and 

associated pain even more critical than in the past.  

Table 2: A table explaining various treatments for inflammation including pros, cons, and 
examples of each subtype. 
 

For the treatment of inappropriate anti-inflammatory behavior, there are fewer options. As this 

problem is not typically associated with the same noticeable, negative symptoms as 

inflammation, treatments for anti-inflammatory conditions have been far less studied and 

understood. The simplest type of inflammatory agent used medically is the adjuvant. Common 

in vaccines, adjuvants are chemicals known to elicit an inflammatory response, typically by 

triggering the innate immune system and an acute inflammatory process78. There are many 

different immune signal strengthening adjuvants including aluminum salts (found in vaccines for 

over 70 years) or virosomes79. These molecules trigger a robust immune response in situations 
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where there would typically be no or limited response to allow for the development of 

immunity. Similar molecules have been employed in anti-tumor applications where injections of 

an adjuvant are used to trigger an immune response to an otherwise privileged tumor, but the 

results are mixed80. Another option for the reversal of anti-inflammatory states is in the use of 

immunotherapy. Immunotherapies, which broadly strengthen the body’s immune response, 

include checkpoint inhibitors, oncolytic viruses, and monoclonal antibody treatments. These 

therapies have been employed in a wide variety of conditions including diabetes, cancer, and 

allergies with different applications enjoying different rates of success81-83. In allergies, for 

example, immunotherapy is generally quite effective with patients seeing improvement in their 

symptoms within 2-4 months. However, the therapy occurs over 3-5 years and must be 

consistently complied with to ensure results82. In the case of diabetes, immunotherapy can be a 

double-edged sword. While immunotherapy has been shown to slow the progression of the 

disease, no known option completely reverses or halts its course83. Additionally, some 

immunotherapies are ironically known to trigger diabetes in some patients due to immune 

response to insulin producing β-cells84. In cancers, immunotherapy is very effective when it 

works but only has a success rate of around 30% which can vary a bit depending on the patient’s 

age, disease progression, and overall health81, 85.  



 
 

15 
 

Table 3: A table explaining various treatments for inappropriate anti-inflammatory response 
including pros, cons, and examples of each subtype. 
 

Despite the large number of available treatments, aberrant immune behavior remains 

remarkably difficult to adequately treat. Between treatments that are insufficient to overcome 

all the symptoms of a condition and treatments with life altering side effects, it is clear that, 

while we have been successful in developing tools for that improve immune balance, there is a 

strong need for novel treatments that resolve diseases without significantly impacting a 

patient’s quality of life. 

1.3 Theranostic Application of Nanoparticles  

Nanoparticles are known to be fantastic diagnostics allowing for complex, multimodal imaging. 

Taking advantage of strategies as diverse as NIR fluorescence imaging, photoacoustic imaging, 

and MRI, nanoparticles can be used as contrast agents for diagnostic imaging allowing for more 

sensitive detection even in tissues which would otherwise prove challenging to image86. For 

example, MRI contrast provided by SPIONs allows for high-resolution imaging and the detection 

of small tumors that may otherwise be challenging to visually distinguish from surrounding 
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tissue22. Likewise, fluorescence imaging is well suited to the detection of abnormalities located 

near the imaged surface such as early-stage skin cancers87.  

However, nanoparticles do not need to be either diagnostic or therapeutic. Theranostics, which 

have both capabilities, are an area of intense interest in the nanomedicine community88. The 

appeal of theranostics from a medical perspective is straightforward. Having one product that is 

capable of simultaneously diagnosing a disease and beginning its treatment cuts the time from 

diagnosis to start of treatment to zero. This would allow for more efficient treatment and 

prevent disease progression that can occur during the time between diagnostic and treatment 

appointments. Additionally, the continued use of theranostics over a treatment course allows 

for long term disease tracking alongside treatment88. This disease treating and tracking 

combination would allow for more specialized treatment of diseases ultimately improving 

patient outcomes (Figure 4).  
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Figure 4: A graphic showing the different kinds of theranostic nanomedicine used in the 
treatment of cancers. (Figure from Xue et. al 2021). 
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Perhaps the most straightforward category of theranostic particles is the contrast agent 

conjugated nanoparticle. These particles, which can be drug loaded or intrinsically active, are 

prepared as needed to perform their intended therapeutic effect then subsequently tagged with 

a contrast agent to allow for easy visualization of the therapeutic particle in the body. 

Commonly, SPIONs may be conjugated to polymer or lipid nanoparticles to make them 

detectable by MRI and give long term information about their distribution and effect89. 

However, as MRI takes a long time and is very costly, other options for theranostic imaging are 

often used. Fluorescent dyes facilitate fluorescence imaging which is extremely quick. However, 

imaging depth is a major challenge in the use of fluorescence within the body90. One option for 

overcoming this challenge is to take advantage of the biological transparency window otherwise 

known as the NIR and NIR II regions. Dyes which absorb and fluoresce in this region, like ICG, 

are subject to less scattering and absorbance by surrounding tissue allowing for fluorescence 

imaging at greater depths91, 92. However, fluorescence imaging is still impractical for deeper 

tissue applications as even NIR light has a maximum depth of tissue penetration on the multi-

centimeter scale. Taking advantage of the improved temporal resolution as compared to MRI 

and the enhanced imaging depth as compared to fluorescence, photoacoustic (light in sound 

out) imaging which has been FDA approved for breast cancer diagnostics93 and is currently 

under investigation for other clinical applications including detailed imaging of skin cancer94, of 

conjugated contrast agents like ICG or AuNR can be used for enhanced theranostics in cases 

where other diagnostic methods are impractical95. By choosing an appropriate combination of 

therapeutic and diagnostic for the target disease, these particles can be specially tuned for 

maximum efficacy. 
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The second category of theranostic nanoparticles we will discuss here are the nanoparticles 

which are inherently theranostic. These nanoparticles are typically metal or metal oxide based, 

and their properties on the nanoscale make them suitable both for imaging and treatment. One 

example of this is the use of SPIONs in both MRI and magnetic hyperthermia. Both applications 

of the particle rely on superparamagnetism and thus allow for minimal interference from 

endogenous molecules. MRI can be used to image and pinpoint an area of interest like a tumor 

then magnetic hyperthermia can be applied to ablate the region allowing for consecutive or 

even concurrent diagnosis/visualization and treatment22. SPIONs are also useful for MPI imaging 

which can also be combined with magnetic hyperthermia22. A major advantage of using MPI 

over MRI or other imaging modalities is that background signal is essentially zero allowing for 

extremely sensitive and specific imaging26. Another particle with similar theranostic potential is 

Prussian Blue. Relying on photoacoustic contrast, these nanoparticles are both excellent 

contrast agents and stable particles for use in photothermal therapy96. This means that light-in 

sound-out can be used to image regions of interest while light-in heat-out can be used to treat 

them. This allows for near simultaneous visualization and treatment of disease states. Perhaps 

the most promising use of these particles as a theranostic is in LITT used to ablate tumors. Using 

the particles both to identify the tumor boundaries and to induce cell death allows for clean 

surgical margins and destruction of any residual tumor cells improving patient outcomes96. 

In many cases, it is possible to further enhance existing theranostics to enhance their diagnostic 

potential their therapeutic potential or both. AuNRs, for example, are both excellent 

photoacoustic contrast agents and excellent photothermal therapy agents, but they suffer from 

limited stability when exposed to laser light35. As exposure time increases, the efficacy of the 
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particles decreases due to them changing from rod-shaped to spherical reducing their 

plasmonic resonance97. To overcome this, engineers have begun to experiment with surface 

modifications that improve the stability of AuNRs under light exposure. Silica coating the 

particles has been shown to preserve their aspect ratio and thus their diagnostic and 

therapeutic properties98. This alone makes silica coating a viable strategy for improving the 

theranostics of AuNR, but the silica coating can also be further modified. The silica can be 

modified to be fluorescent allowing for multimodal imaging99. The silica can also be conjugated 

to targeting molecules like antibodies allowing for greater specificity in targeting and thus better 

imaging and treatment outcomes37.  

1.4 Nanoparticles for Immune Application 

Careful engineering of nanomaterials makes it possible to tailor them to a specific application. 

The unique properties of nanoscale materials make nanoparticles interesting candidates for the 

treatment of conditions controlled by the immune system. In cases where traditional 

therapeutics fall short, nanomedicines show remarkable potential for addressing inflammatory 

and anti-inflammatory conditions. Thanks in large part to their tunable properties, different 

classes of nanoparticles are suited to different applications, and refinement of particles allows 

for superior treatments. While nanoparticle immune therapies are a relatively recent invention, 

there are a surprisingly large number of them showing promise in the field100.  

The first, and perhaps most traditional method of using nanoparticles to address these concerns 

involves using nanoparticles for drug delivery (Figure 5). There are many drugs available to 

address immune concerns as described in section 1.2, but nearly every drug applied for these 

conditions has some side effects or off target effects that must be mitigated to improve patient 
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experience. The wide variety of different nanoparticles that can be used for drug delivery can 

help to overcome many of the problems associated with traditional drug therapy101. Broadly, 

there are three categories of nanoparticles. There are polymeric nanoparticles which are 

comprised of polymers, inorganic nanoparticles (a broad category including all inorganics 

including silica and metal oxides), and lipid nanoparticles which are, unsurprisingly, made of 

lipids102. Under each category, there are many subtypes of particles which could hypothetically 

be used for drug delivery. For polymer-based nanomaterials, the most common type of particle 

used in drug delivery is the nanocapsule. These particles are made of a polymer shell with a 

hollow core and can contain either hydrophilic or hydrophobic drugs103. Nanocapsules are used 

primarily due to the ease of tuning them during synthesis and the ability to make them locally 

responsive allowing for precision targeting of diseases without the usual risks of systemic 

delivery. For inorganics, silica nanoparticles are commonly used for drug delivery16. These 

particles are simple to synthesize even in large quantities thanks to the highly repeatable Stöber 

method104. Through exposure to acidic ethanol, solid silica nanoparticles can be etched to 

become either mesoporous greatly enhancing their surface area to volume ratio105 and 

providing places for the particle to “store” small molecules like drugs16. The porous nature of 

the silica prevents burst release of drugs instead allowing them to be slowly released over time. 

Additionally, surface coatings, like PEG, can further enhance the efficacy of the particles by 

reducing premature release and enhancing circulation time106. Finally, liposomes are similar in 

structure to extracellular vesicles and cell membranes produced naturally by cells in living 

organisms107. These particles are composed of phospholipids which can form mono, bi, and 

multi-layer vesicles allowing for the encapsulation and transport of both hydrophilic and 
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lipophilic drugs108. The appeal of using liposomes over other drug delivery options comes from 

the biomimicry aspect. As liposomes are very similar to existing structures and can be modified 

to include additional molecules embedded within or conjugated to the surface, they are long 

circulating and do not get cleared as easily as many other nanoparticles109. Additionally, 

liposomes can be targeted to specific tissues much like extracellular vehicles, allowing for 

relatively straightforward targeting of diseases including cancers110.  

Though drug delivery nanoparticles can certainly be immunomodulatory and used to address 

some of the concerns associated with traditional drug use in the treatment of immune 

conditions, they cannot fully overcome issues associated with toxicity or off target effects of 

these drugs111. For this reason, the use of nanoparticles in directly therapeutic applications has 

become an area of interest for many in the field (Figure 5). Inorganic nanoparticles are of 

particular interest for these applications due to their diverse and inherent properties112. 

However, not all these treatment options are appropriate for immune conditions, and care must 

be taken when considering which treatment modality to use. Here, we discuss three 

immunomodulatory treatments that can be facilitated by inorganic nanoparticles. 

Magnetic hyperthermia and photothermal therapy are treatments which have been primarily 

used to treat solid tumor cancers113, 114. However, they have a wide variety of potential 

applications including ablation of plaques in coronary artery disease115 or destruction of 

dangerous biofilms formed by bacteria on implants and medical devices116. Magnetic 

hyperthermia involves the injection of superparamagnetic nanoparticles either systemically or 

directly into sites of interest. Then, pulsed magnetic fields cause rapid heating of the particles 

ultimately destroying tissues with high concentrations of particle22. Photothermal therapy is 
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fairly similar, but instead of requiring superparamagnetic particles and a pulsed magnetic field, 

it requires photoactive particles and laser light exposure35. Both have two mechanisms of 

action. The first is a direct destructive effect resulting from the heat generated by the particles. 

This heat, which is generally around 40oC, is sufficient to induce cell death causing the death of 

tissue directly exposed to the particle treatment117. However, the second effect is a pro-

inflammatory immunomodulatory effect. This effect is provoked by the cell death generated in 

the first mechanism. Dead cells release intercellular material into the extracellular matrix118 

triggering the innate immune response described in section 1.2. This causes an acute 

inflammatory response which in turn allows the body to respond to the areas that have 

received treatment as though they are pathogenic or injurious118. This effect is especially 

valuable and pronounced in tumors treated with these therapies as magnetic hyperthermia and 

photothermal therapy can help trigger immune response to tumors that are otherwise immune 

privileged98.  

Nanoparticles themselves can also be immunostimulatory (Figure 5). Lipid nanoparticles in 

particular are well suited to this application119. As biomimetic nanoparticles similar to a cell 

membrane, these particles can both contain adjuvants and antigens within their liquid core and 

incorporate them into the membrane of the particles120. This allows nanoparticles to activate 

the immune system in a quasi-natural way eliciting potent innate immune response121. One 

application of nanoparticles as immunostimulatory agents that has garnered attention in recent 

years is the use of liposome carriers in mRNA vaccines like the COVID-19 vaccines produced by 

Pfizer and Moderna. The liposomal formulation contains multiple adjuvants and antigens122 

including the mRNA required to produce antibodies to the disease. When it interacts 
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successfully with cells, this mRNA is translated via ribosome and allows for robust immune 

response from the innate and adaptive immune systems123. This effective strategy allows for 

reduced use of attenuated viral vaccines which occasionally pose risks to patient populations124 

allowing for better whole-population vaccination rates. 

The final class of nanoparticles that are of particular interest in immunomodulatory applications 

are nanozymes (Figure 5). The term nanozyme describes nanoparticles that are capable of 

replacing or supplementing enzymes125. There are two broad categories of nanozyme 

application. The first is the use of nanozymes in sensors. Nanozymes, with their ability to 

facilitate reactions, are useful in the development of diagnostic tools. In the presence of this 

analyte, they can facilitate simple yes-no tests for bedside diagnostics126. For example, there are 

tests for cholesterol that are facilitated by detection of the production of H2O2 generated 

through its interaction with catalase127. However, while nanozymes are useful for diagnostics, 

they are potentially even more powerful when used as therapeutics. Nanozymes are efficient 

ROS scavengers making them attractive for therapeutic applications128. Generally, as with most 

ROS scavenging treatments, nanozymes are used as anti-inflammatories129. Cerium oxide 

nanoparticles, which can act as SOD, catalase, and peroxidase, and IONPs, which have intense 

peroxidase activity, have been explored for the treatment of several conditions that are known 

to be mediated by ROS activity130. These conditions range from neurodegenerative conditions 

like Parkinson’s and Alzheimer’s131 to traditional inflammatory conditions like rheumatoid 

arthritis30, and cardiovascular conditions like heart attack and stroke132. Aside from nanoceria, 

Prussian blue nanoparticles can be used as nanozymes to reduce local inflammation in 

photothermal therapy, and IONPs can be used as efficient peroxidase mimics during and after 
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MRI imaging96, 133. Nanozymes have also been used to alleviate hypoxia in conditions where a 

hypoxic environment is detrimental to treatment and recovery. The best example of this is the 

use of nanozymes alongside radiation therapy in solid tumor cancers. As radiation acts to 

destroy the tumor, the nanozymes act to relieve the hypoxia in the tumor environment allowing 

for much more efficient radiation treatment and better outcomes for patients134. 

 
 
Figure 5: Graphic showing the most common types of nanoparticle immune therapies 
categorized by treatment approach. A) Drug delivery-based nanoparticle immune therapies 
include polymeric nanocapsules, porous nanoparticles like silica, and liposomes with a drug 
core. B) Thermal therapy options include magnetic hyperthermia where superparamagnetic 
nanoparticles are heated through application of a magnetic field and photothermal therapy 
where laser light is used to heat certain nanoparticles, like Prussian blue nanoparticles, to 
induce apoptosis or necrosis. C) Modified liposomes can be used for immunostimulant with 
surface and core modifications both serving to deliver stimulatory molecules to target areas. D) 
Nanozymes, nanoparticles with inherent enzymatic properties, can be used in either enzyme 
replacement or radical scavenging applications to modify the microenvironment and affect the 
immune system.  
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Chapter 2: Surface Valence and Substrate Tuned Nanoceria  

2.1 Introduction 

Cerium, number 58 on the periodic table, is a rare earth metal and lanthanide. In its pure, solid 

state, cerium is a light grey, soft metal known for reacting easily with surrounding species135. 

Like many other metals, cerium can form oxides. These oxides are CeO2 formed with Ce4+ and 

Ce2O3 formed with Ce3+ 136. These distinct subtypes of cerium oxide share some properties but 

are known to differ in meaningful ways. Most obviously to the layperson, CeO2 is very light 

yellow in color appearing nearly white in powdered form while Ce2O3 is a deeper and more 

vibrant yellow-gold color137.  CeO2 is the more abundant oxide, however even within bulk CeO2 

there exists Ce3+ present allowing for potent catalytic activity138. Cerium oxide nanoparticles, 

also known as nanoceria, have long been considered for medical application due to their unique 

properties. The combination of Ce3+ and Ce4+ found on their surface lends them unique 

enzymatic and anti-inflammatory properties139. They are able to act as an SOD, catalase, and 

peroxidase30. They do this, at least in part, through their ability to “recycle” their surface 

valence between a Ce3+ and Ce4+ depending on the ROS they are faced with132. This allows 

nanoceria to act as potent and reliable scavengers of ROS in their environment that are long 

lasting and stable when compared to traditional drugs allowing for long term ROS scavenging 

and relief of oxidative stress (Figure 6). These properties allow nanoceria to act as a potent anti-

inflammatory and have sparked a decade of research into their medical potential140. 

However, nanoceria has major shortcomings when it comes to biomedical applications. 

Nanoceria has notable toxicity in biological systems; more specifically, it is cytotoxic, genotoxic, 

and neurotoxic140 (Figure 6). While the acute toxicity of the particles may be low, prolonged 
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exposure can cause significant harm. During prolonged exposure to intravenous or inhaled 

nanoceria, fibrosis develops in the lungs and granuloma develops in the lungs and liver. 

Additionally, and somewhat paradoxically, long term exposure to nanoceria can have an 

inflammatory effect and increase oxidative stress in some tissues141. The tissues susceptible to 

inflammation from long term nanoceria exposure even include the brain where, even after 

there is no longer detectable cerium, oxidative stress persists causing critical neurotoxicity141.  

Additionally, the small size of the nanoceria can lead to extremely rapid clearance by the 

kidneys142. Often, when considering the use of nanoparticles in biomedical applications, rapid 

clearance is seen as positive, especially in particles which have a risk of toxicity. However, for 

long-acting nanoparticles, like cerium oxide nanozymes, rapid clearance can result in limited 

treatment efficacy. When the particles are cleared from the environment before they are able to 

act, they are unable to effectively treat conditions. Unfortunately, the problems facing the use 

of nanoceria in medical applications can be attributed to the same properties that make 

nanoceria a particularly interesting candidate material for biological applications. Namely, their 

small size, powerful ROS scavenging capabilities, and recyclable surface cause both the benefits 

and harms of nanoceria use143.  



 
 

28 
 

 

Figure 6: A graphic showing the different effects of nanoceria on biological systems. The FCC 
structure of a cerium-oxide crystal is shown in the center circle. 
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For this reason, nanoengineering of nanoceria is uniquely critical. Enhanced targeting and 

biocompatibility are the key challenges that must be overcome before nanoceria can be 

considered for clinical application140. Perhaps the most straightforward method of preventing 

toxicity and enhancing targeting is to create nanocomposites where nanoceria crystals are 

included in larger nanostructures comprised of a substrate material. One particularly promising 

choice for substrate is albumin, a common blood protein30. Albumin has been used as a 

substrate for several nanoparticles to enhance their biological use144. Comprising about 65% of 

total blood proteins, albumin is highly biocompatible and avoids provoking unwanted immune 

response in circulation145. It also improves circulation time of nanomaterials through both 

enhancing their size and slowing down the body’s ability to identify them as foreign 

materials146. Albumin is well suited for use as a substrate for nanoceria due to its ability to not 

simply coat but integrate the nanoclusters during synthesis via a biomineralization process 

preventing leeching of the smaller nanoclusters in the body30. Additionally, albumin has been 

shown to have innate inflammation targeting properties as it accumulates in locations with 

swelling and disorganized vasculature which would allow albumin-nanoceria to efficiently 

accumulate in areas it would be most effective in147. 

However, while albumin is a conventional choice for a nanoceria substrate, another very 

interesting option is SWCNT. SWCNT are extremely high aspect ratio particles which have a 

diameter of ~1 nm and a length of up to several micrometers148. They are strong, flexible, and 

highly hydrophobic making them an interesting choice for many applications including drug 

delivery NIR II imaging149, 150. However, SWCNTs require modification prior to biological 

application due to their innate hydrophobicity and size. While it is possible to intuit why the 
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particles require hydrophilic modification prior to biological application, it may not immediately 

be obvious why their aspect ratio and flexibility can prove dangerous. However, in tissues where 

SWCNTs are known to accumulate, like the lungs, they cause mechanical damage to cells and as 

a result generate ROS151. One relatively easy way to mitigate these effects is to shorten the 

SWCNTs. SWCNTs of size 100-300 nm are not known to cause physical damage to cells and are 

highly biocompatible especially as compared to µm scale particles151, 152. Additionally, if during 

the process of shortening, PEG is conjugated to the particles, they can become hydrophilic 

allowing them to circulate safely in the body153. As the SWCNTs require significant modification 

prior to use in the body, it is important to highlight the reasons they make strong candidates for 

use as a substrate for nanoceria. First, after PEGylation, they enhance circulation time and 

prevent premature clearance associated with the small size of the nanoceria. However, this 

alone would not be enough to justify their use. 100-300 nm SWCNT are known to target 

monocytes and macrophages in the body, and macrophages are prevalent in inflamed tissue 

and in actively anti-inflammatory regions154. This means that, through conjugation of nanoceria 

to SWCNTs, nanoceria could be delivered directly to the sites where large populations of 

macrophages reside which are the same sites in which nanoceria would have its therapeutic 

effect. Though the mechanism of this targeting is not yet known, this effect may be critical to 

avoiding off target effects of nanoceria while simultaneously enhancing its treatment 

effectiveness. 

One final and key aspect of nanoceria is its tunable surface oxygen valence. As stated above, 

Ce3+ and Ce4+ coexist on the surface of nanoceria139. However, their ratio is not constant. As in 

the macroscale cerium oxides, in nanoceria solutions, greater Ce3+ is associated with a darker 



 
 

31 
 

golden color while greater Ce4+ is associated with a pale-yellow color155. However, unlike in the 

case of the bulk material, in nanoceria, the ratio of the two can be carefully engineered. This 

leads not only to a variety of appearances, but also a variety of effects from the nanoceria. In 

particles with enhanced Ce3+, SOD activity is known to be enhanced while in those with 

enhanced Ce4+ enhanced catalase activity is expected156. This implies that the ratio between the 

two is somehow key to the effects the particles have on biological systems. Following this logic, 

it is possible to extrapolate further and consider whether different formulations of nanoceria 

have different, pro and anti-inflammatory, effects on biological systems.  

Here, we develop novel nanoceria formulations with albumin and SWCNT substrates and 

evaluate the differences between these particles. Additionally, we synthesize different, surface 

valence tuned, varieties of albumin-nanoceria through the use of catalysts and pH changes 

during synthesis. Through the development of robust, repeatable protocols that produce 

consistent particle products, we aim to develop a new class of immunomodulatory nanodrugs 

capable of addressing both pro and anti-inflammatory conditions (Figure 7). Changes in particle 

effect due to their synthetic condition will allow for greater understanding of nanoceria and 

appropriate choice of nanomaterial for biological application.  
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Figure 7: A graphical abstract showing the aims of tuning nanoceria formulation for macrophage 
modulation. 
 
2.2 Methods 

2.2.1 Synthesis of Nanoparticles  

2.2.1.1 Albumin-nanoceria 

Albumin-nanoceria was synthesized using a biomineralization process. A 20 mg/mL solution of 

heated to 40oC and allowed to stir until albumin was fully dissolved. Then 0.5 mL of 1 mM 

cerium (III) nitrate was mixed with the albumin solution, and this solution stirred for 15 minutes. 

Then, the pH was adjusted using 2 M NaOH. For Ce3+ enhanced particles and Ce4+ enhanced 

particles, the desired pH was between 8.5 and 9. For the intermediate albumin nanoceria, a pH 

of 11 was required. For Ce3+ enhanced particles, 600 µL of 30% H2O2 was added immediately as 

a catalyst. For Ce4+ enhanced particles and intermediate particles, no H2O2 was added. All 

solutions were then stirred for 2 hours. After reaction, the solutions are clear (not cloudy) with 

colors ranging from light yellow to deep orange depending on surface valence. The particles 
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were subsequently filtered via centrifugation through a 100 kDa membrane at 3240 rpm and 

the filtrate was discarded. The remaining particle solution was kept, diluted to a volume of 2 mL 

if required, and underwent dialysis through a 10 kDa membrane at 4oC. The final particles were 

stored at 4oC.  

2.2.1.2 Conjugation of ICG to Albumin-Nanoceria 

A 0.5 mg/mL ICG-NHS ester solution was prepared in water. This solution was combined with 

the product of 2.2.1.1 at a ratio of 1:100 ICG to albumin (mg:mg). The solution was rotated 

overnight at 4oC. These particles then underwent dialysis as described in 2.2.1.1. Following 

dialysis, excess water was removed using a 100 kDa membrane centrifugal filter, and the particle 

product was adjusted to the desired concentration. Particles were stored at 4oC.  

2.2.1.3 Albumin-ICG 

Albumin-ICG particles were made by desolvation. A 2 mL solution of 40 mg/mL BSA and 1.5 

mg/mL ICG-NHS ester in water was prepared and stirred for 15 minutes to allow for the 

completed dissolvation of BSA. After 15 minutes, 6 mL of ethanol was added to the stirring 

solution dropwise. During this process, the solution should become very cloudy and ICG should 

completely dissolve. The resulting solution was stirred for 30 minutes at room temperature. The 

resulting particles were then washed by centrifugal filtration through a 100 kDa membrane at 

3240 rpm. The supernatant was collected and underwent dialysis in a 10 kDa membrane 

overnight at 4oC. The final product was collected and stored at 4oC.  

2.2.1.4 Synthesis of SWCNT-Nanoceria 

Synthesis of SWCNT-Nanoceria occurred through a two-step process. First, the hydrophobic 

SWCNTs were solubilized through PEGylation. Briefly 10 mg of SWCNTs were weighed out in a 
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20 mL glass vial then combined with 8 mL of water. Then, the SWCNTs were sonicated at 4oC for 

30 minutes. During this initial sonication, 50 mg of DSPE-PEG was weighed out and dissolved in 

2 mL of water. Then, the PEG solution is combined with the SWCNTs and the combination is 

further sonicated for 6 hours. After sonication, the solution is stored overnight at 4oC. Following 

overnight storage, the PEGylated SWCNTs are washed the same way as the albumin-nanoceria 

(method described in 2.2.1.1). Second, after washing, the PEGylated SWCNT are resuspended at 

0.1 mg/mL in water, heated to 40oC, and 0.5 mL of 1 mM cerium (III) nitrate is added. After 15 

minutes, the pH is adjusted to 8.5. pH control at this step is critical as higher pH causes particle 

aggregation. Then, the pH adjusted solution stirs for 2 hours. It is then washed as previously 

described. 

2.2.1.5 Conjugation of SWCNT-Nanoceria to ICG 

For the synthesis of ICG conjugated SWCNT-nanoceria, ICG conjugated PEG is made by overnight 

mixing of 1 mg aminated PEG and 1 mg ICG NHS-ester. This allows the NHS-ester, amine bonding 

to proceed passively and form a stable product. This product is then used at a 1:9 ratio with 

DSPE-PEG during the PEGylation stage of 2.2.1.3. Otherwise, the synthesis proceeds as 

described in 2.2.1.3.  

2.2.2 Characterization of nanoceria 

Dynamic light scattering (DLS, Zeta Sizer Nano, Malvern Instruments) was used to evaluate the 

hydrodynamic diameter and polydispersity of the nanoparticles produced in section 2.2.1. A 

2200FS high-resolution transmission electron microscope (HRTEM, JEOL) evaluated the size, 

shape, and crystallinity of cerium oxide nanoclusters and size and shape of SWCNT. Samples for 

XPS were prepared by lyophilization and XPS spectrum was acquired using an AXIS SUPRA+ 
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system (KratosAnalytical Ltd.). Albumin concentration was determined by bicinchoninic acid 

assay (BCA, Thermo Scientific), and ICG quantification was performed using absorbance relative 

to a standard curve at 390 nm. Cerium concentration was evaluated using inductively coupled 

plasma-optical emission spectroscopy (ICP-OES, Varian 710-ES Axial ICP-OES). 

2.2.3. Cell viability test 

Cell viability was assessed using a 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide 

(MTT) assay. Briefly, J774 cells were seeded in a 96-well plate at 50k cells/well, incubated 

overnight at 37oC and 5% humidity, and the following day were treated with albumin-nanoceria 

or SWCNT-nanoceria at 0, 5, 10, 50, 100, or 200 µg Ce/mL. After an additional overnight 

incubation, the supernatant is discarded and replaced with MTT solution. Following a 4-hour 

incubation, the MTT solution is removed, and the resulting formazan crystals are dissolved in 

DMSO. Absorbance was collected using a SoftMax Pro plate reader (Molecular Devices, CA) at 

570 nm. Background used for calculations was collected at 610 nm from the same plate on the 

same plate reader. 

2.2.4 Enzymatic Assays 

2.2.4.1 SOD Assay 

SOD assay kit was purchased from Cayman Chemical (706002) and performed according to the 

included instructions. Briefly, 200 µl of Radical Detector was added to each well of a 96 well 

plate. Then, 10 µl of either standard or sample was added to each of these wells. The reaction 

was then initiated by adding 20 µl of Xanthine Oxidase to the wells. The plate was then briefly 

shaken to ensure even mixing and incubated for 30 minutes at room temperature. The 
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absorbance was read at 450 nm on a plate reader. Data was analyzed according to the 

instructions provided. 

2.2.4.2 Catalase Assay 

Catalase assay kit was purchased from Cayman Chemical (707002) and performed according to 

the included instructions. Briefly, 100 µl of Catalase Assay Buffer and 30 µl of methanol were 

added to each well of a 96 well plate. Then, 20 µl of standard, sample, or positive control was 

added to the appropriate well. The reactions were then initiated through the addition of 20 µl 

dilute H2O2 and incubated on a shaker for 20 minutes. Then, 30 µl of potassium hydroxide was 

added to terminate the reaction and Purpald, a chromogen, was added. This was followed by 10 

minutes of incubation on the shaker. Finally, 10 µl of Potassium Periodate was added, and the 

plate was incubated for an additional 5 minutes. Absorbance was taken at 540 nm. 

2.2.5 Cell Uptake Experiments 

To determine the immune cell targeting capabilities of the particles, cell uptake experiments 

were performed. J774 and THP-1 cells were plated in 6-well plates at 500k cells/well. The cells 

were then incubated overnight at 37oC and 5% CO2. The following day, the cells were either left 

untreated, treated with SWCNT, SWCNT-nanoceria, Albumin-nanoparticles, or Albumin-

nanoceria at 30 µg/mL. The following day, after incubation, the cells were washed in PBS, 

stained with DAPI, washed again, and immediately imaged on a KEYENCE Fluorescence 

Microscope.  

2.2.6 Statistical Analysis  

Statistical analysis was performed in Origin Pro.. Comparisons of means were performed using a 

Student’s t-test, and are presented as mean plus or minus standard deviation in graphs. 



 
 

37 
 

Statistical significance is defined as p<0.05 for the purposes of this study unless otherwise 

stated. 

2.3 Results/Discussion 

Albumin-nanoceria was successfully synthesized by biomineralization while SWCNT-nanoceria 

was successfully synthesized via the two-step process described above. In the albumin-

nanoceria synthesis, surface valence was altered through varying pH and inclusion or exclusion 

of hydrogen peroxide during synthesis. As shown in Figure 8 we see that all formulations of 

albumin-nanoceria and SWCNT-nanoceria contain small, highly crystalline cerium-oxide 

nanoclusters (~5 nm) as confirmed by HRTEM. For SWCNT-nanoceria, morphology of the 

SWCNT was confirmed via TEM as well (Figure 8). For albumin-nanoceria, visualization of the 

larger particle by TEM was difficult due to the protein substrate, so DLS was used in place to 

evaluate the particle’s hydrodynamic diameter. For the albumin-nanoceria, we see that the 

particles are uniform and monodisperse with size around 25 nm for all synthetic conditions 

(Figure 8). We also evaluated the hydrodynamic diameter of our SWCNT-nanoceria and saw a 

characteristic two peaked distribution at 50 and 300 nm due to their exceptionally high aspect 

ratio (Figure 8). These sizes are well suited to our application as the albumin-nanoceria size is in 

line with previous reports from our lab30 and the SWCNT-nanoceria are between 100 and 300 

nanometers, which is the size range in which SWCNT are safest for biomedical applications151.  
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Figure 8: A) TEM images showing the morphology and size of the particles. HRTEM of all 
nanoceria formulations (Scale Bar = 5 nm) show small (<5 nm) highly crystalline cerium 
nanoclusters. TEM of SWCNT-nanoceria (Scale Bar = 50 nm) shows nanotubes remain intact 
during synthesis. Inlaid images show the color and dispersity of the particles. B) DLS of albumin-
nanoceria (size 21.6 nm) and SWCNT-nanoceria (size 164.2 nm). All formulations of albumin-
nanoceria were the same size (within 5 nm). The SWCNT-nanoceria shows a distinctive two peak 
distribution due to its high aspect ratio. 
 
To further characterize these particles, XPS was used to evaluate the ratio of Ce3+/Ce4+ on the 

surface of the particles. For the albumin-nanoceria, the ratio of Ce3+/Ce4+ is dependent on the 

synthetic condition. We see a ratio of 2.2:7.8 for particles synthesized at a pH of 8.5, a ratio of 

3.9:6.1 for those synthesized at a pH of 11, and a ratio of 5.4:4.6 for those synthesized at pH 8.5 

in the presence of H2O2 (Figure 9). This indicates that increased pH and increased peroxide 

radicals during synthesis enrich the Ce3+ found in the particles. We also see that the ratio is 

1.7:8.3 in the SWCNT-nanoceria most closely mimicking those synthesized at pH 8.5 without the 

inclusion of H2O2 though having a slightly lower ratio than those particles (Figure 9).  
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Figure 9: A) XPS of albumin and SWCNT-nanoceria formulations used to calculate the ratios of 
Ce3+/Ce4+ that show that increasing pH and addition of H2O2 increase the ratio in albumin-
nanoceria. This plot also shows the Ce4+ dominance on the surface of the SWCNT-nanoceria B) A 
schematic showing the mechanism of valence switching that allows for and prolonged 
enzymatic activity in the body. (Figure 9B Adapted from Kalashnikova et. al 202030).  
 

To evaluate the cytotoxicity of the particles and ensure they are biocompatible, we performed 

an MTT assay (Figure 10). Incredibly, at concentrations as high as 200 µg Ce/mL (as determined 

by ICP-OES), there is no significant toxicity from the albumin-nanoceria formulations or the 

SWCNT-nanoceria. This indicates the particles are not cytotoxic and are safe for biological 

application. To ensure that the enzymatic activity of the nanoceria is preserved in its substrate 

conjugated form, we performed SOD and Catalase assays on the particle formulations. Both 

albumin-nanoceria and SWCNT-nanoceria showed both SOD and catalase activity characteristic 

of nanoceria. However, we notice that the SWCNT-nanoceria showed reduced SOD activity and 

enhanced catalase activity as compared with the albumin-nanoceria formulations (Figure 11). 

This indicates there is a substrate dependent effect on the catalytic activity of the particles. This 
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finding demonstrates that the particles have a tunable enzymatic activity associated with their 

synthetic conditions.  

Figure 10: A) Results of an MTT Assay showing that in concentrations of up to 200 µg Ce/mL 
there is no statistically significant toxicity from either nanoceria formulation. CTAB at a 
concentration of 50 µg/mL is included as a control demonstrating that the assay is working 
properly as in the CTAB treated cells there is a significant reduction in viability (* p<0.05) (n=6 
wells).  
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Figure 11: A) SOD and B) Catalase assays for the particle formulations demonstrating their ROS 
scavenging capabilities and a notable substrate dependent effect. For both assays readings for 
multiple wells (n=4) were averaged and compared to known standards error bars represent 
standard deviation. 
 
To address the question of cell specific targeting and interactions between the cells and the 

particles, cell uptake assays were performed in J774 cells. In cells treated with RITC conjugated 

albumin particles and PEGylated SWCNT-nanoceria, the cells show a significantly higher uptake 

of the SWCNT than of the albumin-nanoceria particles even though J774 cells are phagocytic 

and uptake from the environment readily (Figure 12). This indicates that the SWCNTs in fact 

exhibit preferential uptake by the macrophage cells and would likely be a strong candidate for 

active immune cell targeting during systemic administration of nanoceria.  
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Figure 12: Cell uptake of albumin-nanoceria and SWCNT-nanoceria showing preferential uptake 
of SWCNT-nanoceria by J774 cells validating the immune targeting capabilities of the SWCNT 
substrate. (Scale Bar = 50 µm).  
 
Here, we successfully synthesized three distinct albumin-nanoceria particles and one SWCNT-

nanoceria formulation, characterized them, and validated their enzymatic properties. It has 

been well established in the literature that cerium-oxide nanocrystals have potent ROS 

scavenging effects137, however, in many cases the particles are used with little to no surface 

modification making them difficult and dangerous to use in the body. To overcome these 

shortcomings, we take advantage of two distinct, biocompatible substrates. The first, albumin, is 

a protein and thus is exceptionally biocompatible with long circulation time146. The second, 

PEGylated SWCNT, requires much more careful preparation to avoid mechanical damage to 

tissue but comes with additional advantages like immune cell targeting154. While these 

substrates were chosen for their specific advantages, other substrates could be explored to 

broaden the capabilities of the nano-formulations.  
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We know that from the literature and from their ROS scavenging behavior that nanoceria can 

act as a potent anti-inflammatory143, however, there is some evidence that nanoceria can have 

lasting pro-inflammatory effects under certain conditions141. It is demonstrated in this study 

that it is possible to tune the surface valence and enzymatic properties of the nanoparticles 

through relatively straightforward modifications during synthesis which represents a step 

forward in the engineering of nanoceria for medical applications. For this reason, we believe 

that it would be possible to tune the particles to specifically enhance their pro or anti-

inflammatory properties. Use of catalysts, pH, and substrate all contribute to the behavior of 

nanoceria. One avenue that warrants further discussion and research is the use of SWCNT-

nanoceria as a pro-inflammatory. SWCNT are known to have a pro-inflammatory effect on the 

body when not modified for to avoid this outcome157. Combining this inherent pro-

inflammatory effect with the lasting pro-inflammatory effect of some nanoceria formulations 

could be beneficial for the treatment of immune suppressed conditions like solid tumor cancers.  

Finally, while the particles used here were primarily therapeutic, either formulation is more 

than capable of being conjugated to a fluorescent dye to allow for real time fluorescence 

imaging. Dyes, like the RITC used for the cell uptake experiment, can be covalently bonded 

directly to the albumin substrate in the albumin-nanoceria without disrupting the 

biomineralization process30, 158. For the SWCNT, dyes can instead be conjugated to the PEG used 

during the PEGylation step159. While the conjugation of the dye to the PEG is covalent in this 

case, the conjugation of the PEG to the SWCNT relies on hydrophobic interactions. For biological 

applications, this is sufficient as the general environment is water rich. This dye conjugation can 

make the particles fluorescent in the visible region, allowing for easy visualization in topical 
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applications or during surgical procedures or in the NIR region to take advantage of the 

biological transparency window. However, SWCNT-nanoceria may not require further 

modification as SWCNTs are known to be effective NIR II fluorescent and photoacoustic imaging 

agents on their own which further justifies their use as a substrate for nanoceria160, 161. 

2.4 Conclusions 

In this study, we successfully synthesized a variety of nanoceria formulations with different 

properties dependent on their synthetic conditions. In terms of substrate, we were able to 

successfully synthesize both albumin-nanoceria and SWCNT-nanoceria which are both highly 

biocompatible demonstrating no cytotoxicity and which have different uptake efficiencies in 

immune cells. Additionally, through XPS and enzymatic assays, we successfully demonstrated 

the tunability of oxygen surface valence and resulting enzymatic activity of nanoceria not only 

due to substrate changes but also due to changes in synthetic conditions. These differences in 

the properties of nanoceria indicate that different formulations may be better suited to different 

applications, and show that through relatively simple changes in synthesis, we can potentially 

create a whole new class of immunomodulatory drugs capable of addressing pro and anti-

inflammatory conditions.  
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Chapter 3: Immunomodulatory Applications of Formulated Nanoceria 

3.1 Introduction 

Though it is clearly possible to create multiple nanoceria formulations that take advantage of 

different substrates and catalysts to achieve different properties, to see whether they have 

medical merit, in vitro, in vivo, and ex vivo validation beyond validation of enzymatic properties 

and targeting is needed. Specifically, as macrophages are critical in the pro and anti-

inflammatory processes, we need to evaluate the effects of the particles on macrophages and 

associated immune processes.  

Macrophages, which are derived from monocytes, are a key player in both pro and anti-

inflammatory response thanks to their ability to be polarized towards either an M1 pro-

inflammatory or M2 anti-inflammatory state from an M0 undifferentiated state162. Each type of 

macrophage has a unique role to play. M0 macrophages can be seen as “neutral” as they are 

phagocytes that arrive at sites and serve as a precursor to the M1 and M2 cells discussed 

throughout this dissertation163. However, upon being exposed to pro-inflammatory cytokines, 

M0 cells can become M1 cells164. These M1 cells are known for their ability to perpetuate the 

inflammatory response and recruit other immune cells through cytokine signaling specifically 

with IL-6 and IFN-γ acting as potent inflammatory agents both recruiting other immune cells 

and perpetuating a positive feedback loop in the macrophages themselves44. M2 macrophages 

serve a similar but nearly inverse purpose. Where M1 macrophages attract other immune cells 

and have a pro-inflammatory feedback loop, M2 macrophages suppress other immune cells and 

create an anti-inflammatory feedback loop through the excretion of anti-inflammatory 

cytokines like IL-4 and IL-1044, 162.  
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Incredibly, macrophages that have been polarized towards a pro-inflammatory state can be 

repolarized to an anti-inflammatory state and vice versa165. This means that, even in chronic 

conditions where macrophages have been in an inappropriate state for a long time, they can 

change and alter the signaling cascade with them. For this reason, immunomodulatory agents 

capable of transitioning macrophages between pro and anti-inflammatory states have been a 

topic of intense study in drug development for autoimmune and chronic inflammatory 

diseases162. Perhaps the best known of the immunomodulatory agents used in this way are the 

drugs designed to target TAMs in many cancers166. However, these drugs are susceptible to the 

same concerns that plague all systemically administered drugs that affect the immune system. 

Side effects and off target effects are common, but they are also devastating. In the case of the 

drugs described above, inappropriate targeting of healthy M2 macrophages can cause 

unwanted inflammation requiring additional treatment167; while in the case of an immune 

modulator targeting M1 macrophages, off target effects could cause immune suppression in 

areas where inflammation would be beneficial such as in acute injury or illness168. Additionally, 

drugs often only modulate in one direction meaning that for each new application, a new drug 

must be developed and brought to market which is expensive, inefficient, and time consuming. 

For this reason, nanomedicine is well suited to immunomodulatory applications, and perhaps 

the best suited candidate material is nanoceria. Thanks to its powerful ROS scavenging 

capabilities and recyclable surface oxygen valence, nanoceria has been applied in inflammatory 

conditions as variable as arthritis and ischemic stroke30, 132. However, despite promising data, 

nanoceria has been underused for medical applications due to concerns about toxicity and poor 

understanding of the risks and benefits of the use of these particles in living organisms140.  
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However, there is not merely one type of cerium-oxide and thus not only one kind of 

nanoceria130, 169. Specifically, it is possible to synthesize nanoceria with a variety of surface 

valences depending on the synthetic conditions169. In chapter 2, we explored the tunability of 

nanoceria through use of catalysts, pH, and substrates and saw that each synthetic condition 

provided notable differences in surface valence and resulting catalytic activity. Additionally, the 

use of a substrate can further alter the behavior of the overall particle by enhancing circulation 

time, targeting, biocompatibility, or even immunomodulatory effect. Previous research indicates 

enhanced Ce3+ is associated with greater anti-inflammatory effect of nanoceria while enhanced 

Ce4+ is less effective170. Based on this information, we hypothesize that modulating towards a 

Ce4+ dominant structure could allow us to enhance the proinflammatory effects of nanoceria. 

This information allows us to infer that nanoceria could be synthesized with properties that give 

it the desired effect on the body.  

In this study, we investigated the effects of the nanoceria formulations developed in chapter 2 in 

vitro on mouse macrophage analogues and in vivo and ex vivo in a CIA model. We see that 

differently synthesized particles have different effects ranging from the expected strong anti-

inflammatory effect to a more pro-inflammatory effect depending on surface valence and 

substrate. These results indicate that engineered nanoceria could be used as a novel 

immunomodulatory agent capable of being used as either a pro or anti-inflammatory 

depending on synthetic conditions. This would allow for specialized treatment of many diseases 

with one class of nanoparticles overcoming many of the downsides associated with traditional 

drug therapies.   
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3.2 Methods 

3.2.1 Particle Preparation 

3.2.1.1 Albumin-Nanoceria 

Albumin-nanoceria was synthesized using a biomineralization process. A 20 mg/mL solution of 

heated to 40oC and allowed to stir until albumin was fully dissolved. Then 0.5 mL of 1 mM 

cerium (III) nitrate was mixed with the albumin solution, and this solution stirred for 15 minutes. 

Then, the pH was adjusted using 2 M NaOH. For Ce3+ enhanced particles and Ce4+ enhanced 

particles, the desired pH was between 8.5 and 9. For the intermediate albumin nanoceria, a pH 

of 11 was required. For Ce3+ enhanced particles, 600 µL of 30% hydrogen peroxide (H2O2) was 

added immediately as a catalyst. For Ce4+ enhanced particles and intermediate particles, no 

H2O2 was added. All solutions were then stirred for 2 hours. After reaction, the solutions are 

clear (not cloudy) with colors ranging from light yellow to deep orange depending on surface 

valence. The particles were subsequently filtered via centrifugation through a 100 kDa 

membrane at 3240 rpm and the filtrate was discarded. The remaining particle solution was 

kept, diluted to a volume of 2 mL if required, and underwent dialysis through a 10 kDa 

membrane at 4oC. The final particles were stored at 4oC.  

3.2.1.2 Conjugation of ICG to Albumin-Nanoceria 

A 0.5 mg/mL ICG-NHS ester solution was prepared in water. This solution was combined with 

the product of 2.2.1.1 at a ratio of 1:100 ICG to albumin (mg:mg). The solution was rotated 

overnight at 4oC. These particles then underwent dialysis as described in 2.2.1.1. Following 

dialysis, excess water was removed using a 100 kDa membrane centrifugal filter, and the particle 

product was adjusted to the desired concentration. Particles were stored at 4oC.  
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3.2.1.3 Synthesis of SWCNT-Nanoceria 

Synthesis of SWCNT-Nanoceria occurred through a two-step process. First, the hydrophobic 

SWCNTs were solubilized through PEGylation. Briefly 10 mg of SWCNTs were weighed out in a 

20 mL glass vial then combined with 8 mL of water. Then, the SWCNTs were sonicated at 4oC for 

30 minutes. During this initial sonication, 50 mg of DSPE-PEG was weighed out and dissolved in 

2 mL of water. Then, the PEG solution is combined with the SWCNTs and the combination is 

further sonicated for 6 hours. After sonication, the solution is stored overnight at 4oC. Following 

overnight storage, the PEGylated SWCNTs are washed the same way as the albumin-nanoceria 

(method described in 2.2.1.1). Second, after washing, the PEGylated SWCNT are resuspended at 

0.1 mg/mL in water, heated to 40oC, and 0.5 mL of 1 mM cerium (III) nitrate is added. After 15 

minutes, the pH is adjusted to 8.5. pH control at this step is critical as higher pH causes particle 

aggregation. Then, the pH adjusted solution stirs for 2 hours. It is then washed as previously 

described. 

3.2.1.4 Conjugation of SWCNT-Nanoceria to ICG 

For the synthesis of ICG conjugated SWCNT-nanoceria, ICG conjugated PEG is made by overnight 

mixing of 1 mg aminated PEG and 1 mg ICG NHS-ester. This allows the NHS-ester, amine bonding 

to proceed passively and form a stable product. This product is then used at a 1:9 ratio with 

DSPE-PEG during the PEGylation stage of 3.2.1.3. Otherwise, the synthesis proceeds as 

described in 3.2.1.3.  

3.2.2 Fluorescence-Activated Cell Sorting (FACS) 

J774 cells were seeded in 150 mm tissue culture dishes at 1x106 cells per dish and incubated 

overnight at 37oC and 5% humidity. The next day, cells received cytokine treatment if 
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appropriate. LPS and IFN-γ (10 ng/mL) were used to induce a pro-inflammatory response in the 

cells, IL-4/IL-13 treatment (40 ng/mL each), on the other hand, was used to induce an anti-

inflammatory response. The cells were incubated overnight. Following incubation, cell in our 

experimental group were treated with each of the three albumin-nanoceria formulations or our 

SWCNT-nanoceria formulation at 60 µg Ce/mL. All dishes were incubated overnight. The next 

day, the cells were detached, permiablized with 0.5% Triton X-100, stained with APC-CD80, PE-

Arg-1, and Zombie green fixable viability dye, washed, and fixed in 4% PFA overnight at 4oC. The 

following day, the fixed cells were washed again, resuspended in flow buffer, and passed 

through a 70 µm filter prior to FACS. The fixed cells were run on an Accuri c6 flow cytometer. 

Data was analyzed using FCS Express analysis software.   

3.2.3 Collagen Induced Arthritis Model 

All animal studies were approved by IACUC of Michigan State University. To initialize CIA, 

Complete Freund’s Adjuvant (1 mg/mL) and Bovine type II collagen (2 mg/mL) were mixed in 

equal volumes and homogenized on ice. Then, 100 µL of this emulsion was injected into the 

base of the tail of 6-8 week old DBA/1J mice. After subcutaneous injection, the mice were 

monitored for 30 days to allow for the development of inflammation. After this monitoring 

period, a booster is used to complete the induction of CIA. Incomplete Freund’s Adjuvant 

(2mg/mL) and Bovine type II collagen (2 mg/mL) were mixed in equal volumes and 

homogenized on ice to produce a booster injection. Then, 100 µL of this emulsion is injected at 

the base of the tail at a different location than the first injection. The mice were then monitored 

for 10-14 days and the development of arthritis was confirmed. 
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3.2.4 in vivo Particle Treatment 

After arthritis has had time to develop, mice are prepared for treatment. Prior to injection, 

particle solutions were prepared at a concentration of 1.2 mg Ce/mL for injection allowing for 

injections of 60 µg Ce (50 µL solution), or 30 µg Ce (25 µL solution) directly into the paw of the 

mouse. Mice were anesthetized under 2% isoflurane and oxygen to allow for pain-free injection. 

After injection, mice were allowed to recover and return to their cage. Doses were administered 

3 times a week over the course of a weeklong study. At the end of the study, arthritis was 

scored using a scale of 0-4 for the severity of CIA, and mice were sacrificed. Arthritic paws were 

collected from the mice for future study.  

3.2.5 ex vivo Immunofluorescence Staining 

Arthritic hind legs collected during 3.2.5 were embedded in OCT and sectioned on a cryostat at 

a thickness of 10 µm. OCT was removed from the slides through 5 minutes of gentle washing in 

DDI water. Then, tissue was permeabilized in PBS Triton X-100 (5%) for 5 min then blocked for 1 

h at room temperature with 1:30 normal goat serum to prevent non-specific binding. After 

blocking, CD3 - Alexa Fluor 647 (T cell) and F80 - Alexa Fluor 488 (macrophage) primary, 

fluorescent antibodies were diluted 1:100 in the goat serum and allowed to incubate overnight 

at 4oC. The following day, the slides were washed twice for 5 minutes in DDI water to remove 

excess antibody and allowed to dry slightly. Then, slides were coverslipped with DAPI 

fluoromount and imaged on a Keyence fluorescence microscope.  

3.2.6 Statistical Analysis  

Statistical analysis was performed in Origin Pro with analysis of the flow cytometry data being 

analyzed primarily through the FCS Express software. Comparisons of means were performed 
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using a Student’s t-test, and are presented as mean plus or minus standard deviation in graphs. 

Statistical significance is defined as p<0.05 for the purposes of this study unless otherwise 

stated. For power analysis, effect size was set at 0.5, significance level was set at 0.05, and 

statistical power was set at 0.80. 

3.3 Results/Discussion 

Particles for these experiments were successfully synthesized and characterized as seen in 

Figure 8. Following successful synthesis, the particles were used to treat J774 cells, and results 

were compared to pro-inflammatory, anti-inflammatory, and undifferentiated control. FACS was 

performed using the CD80 as a pro-inflammatory marker (Figure 13) and Arg-1 as an anti-

inflammatory marker (Figure 13). In the study, we see differences in the expression of pro and 

anti-inflammatory markers dependent on the particles used in treating the cells. Specifically, the 

higher the ratio of Ce3+ present in the albumin-nanoceria particles, the lower the expression of 

CD80 pro-inflammatory surface marker (Figure 13) and the higher the expression of Arginase-1 

(Figure 13). The effect on CD80 expression is much more pronounced showing undeniable visual 

evidence that macrophages can have their M1 state modulated by the presence of nanoceria 

(Figure 13). However, Arg-1 expression changes in statistically significant ways due to exposure 

to nanoceria as well (Figure 13). Specifically, high ratios of Ce3+/Ce4+ in the albumin-nanoceria 

are associated with higher Arg-1 expression lending credence to the idea that changing the 

surface valence of the particles has a strong effect on their immunomodulatory effects. 

Interestingly, the trend does not hold for the SWCNT-nanoceria which, based on surface valence 

alone, we would expect to have a less pronounced effect on CD80 expression than any albumin-

nanoceria formulation. However, as SWCNT-nanoceria have innate macrophage targeting 
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capabilities, the strong effect we see on our J774 cells (Figures 13) could be a product of more 

efficient particle localization to the cells. This result shows that surface valence and substrate 

tuned nanoceria has remarkable promise as an immunomodulatory agent capable of innately 

affecting the differentiation of macrophages.  
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Figure 13: For all particle treated groups, cells were first treated with a pro-inflammatory 
cytokine cocktail (LPS/IFN-γ). Ratios presented with particle type on the x-axis are the ratio of 
Ce3+/Ce4+ as determined by XPS. A) Graph of the relative CD80 expression as determined by 
median fluorescence intensity in our treatment groups. All groups were significant when 
compared with a pro-inflammatory control (n = 3) (* p<0.05). B) Graph of the relative Arginase-
1 expression as determined by median fluorescence intensity in our treatment groups. All 
groups were significant when compared to an untreated control (n = 3) (* p<0.05). 
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Our preliminary in vivo work was designed to evaluate the anti-inflammatory efficacy of our 

most anti-inflammatory albumin-nanoceria formulation and our SWCNT-nanoceria on CIA. Prior 

studies in our lab showed that albumin-nanoceria has promise as a treatment for arthritis30. As 

particles with more Ce3+ were shown to be more efficient anti-inflammatories, we selected the 

albumin-nanoceria with the highest ratio as one of our treatments and we selected the SWCNT-

nanoceria as the other in order to evaluate the substrate effect. The results here show that the 

paw of a mouse treated with a high dose of Ce3+ enhanced albumin-nanoceria is visually 

indistinguishable from a healthy mouse’s paw (Figure 14). However, we also see an interesting 

effect of the SWCNT-nanoceria in vivo; our preliminary results seemingly indicate that the 

SWCNT-nanoceria enhances inflammation rather than act as an anti-inflammatory (Figure 14). 

This indicates that the SWCNT-nanoceria synthesized has a pronounced substrate effect in vivo 

where it interacts with the wider microenvironment despite showing an anti-inflammatory 

effect in vitro (Figures 13 and 14). This pro-inflammatory effect is likely due to the combination 

of the lower ratio of Ce3+ to Ce4+ which was correlated with lower anti-inflammatory efficacy in 

our in vitro experiments and the known inflammatory properties of SWCNT171. 
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Figure 14: A) A table explaining the CIA scoring scale with images taken from our mice B) A 
graph showing the effect of particle treatment at 60 µg Ce/mL on CIA in mouse paws (n=1 for 
each treatment condition). No statistical significance can be determined from this data.  
 
Ex vivo IF staining was used to examine the immune cell populations present in the treated paw 

of the experimental animal. Specifically, the populations T cells and macrophages were of 

interest. T cells are instrumental in pro-inflammatory signaling and the M1 polarization of 

macrophages and are recruited as part of the acute immune response. Thus, high levels of T 

Cells are correlated with greater inflammation. Macrophages, with their ability to polarize 

towards M1 and M2 subtypes, are critical in both pro and anti-inflammatory signaling and serve 

as our target cell for the effects of our nanoceria. We see that in the paw of the animal treated 

with Albumin-nanoceria with Ce3+ enhancement a reduced population of T-Cells with a high 

population of macrophages (Figure 15) which indicates an anti-inflammatory effect as previous 

work from our lab indicates that those macrophages are likely to be M230. This is further backed 
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up by the change from pro to anti-inflammatory phenotype demonstrated in figures 13 and 14. 

However, in the SWCNT-nanoceria treated paw, we see that T-Cells are highly expressed and it is 

difficult to see the macrophages as the fluorescence is quenched by the SWCNT in the cells172 

(Figure 15). The high presence of T cells as compared to both the albumin-nanoceria treated 

group and the control serve to validate the pro-inflammatory effect shown in the arthritis 

scoring. 

 

Figure 15: IF staining of sectioned mouse paws taken from the mice described in Figure 14. The 
control paw is inflamed as expected in CIA. Though it is anti-inflammatory in vitro the SWCNT-
nanoceria seems to have a pro-inflammatory effect on the paws ex vivo. The albumin-ceria 
shows an anti-inflammatory effect as expected. (Scale Bar = 50 µm) (n=1 mouse paw per 
condition). Prior studies in our lab show that the populations of macrophages associated with 
albumin-nanoceria treatment are anti-inflammatory30. 
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Here we were able to explore the pro and anti-inflammatory potential of our nanoceria 

formulations in depth in the in vitro stage. However, there are additional FACS studies which 

would lend more credibility to the claims made in this chapter and round out the data set. First, 

use of bone marrow derived macrophage cells instead of macrophage analogue cell lines would 

give us a more realistic model to evaluate the immunomodulatory effects of the nanoceria173. 

While J774 cells are generally effective for modeling macrophage behavior, they are known to 

have different phenotypes than bone marrow derived or primary macrophages when exposed 

to the same pathogens or cytokines174. Though the flow cytometry data presented in this 

section is significant and shows the trend we expect, the use of bone marrow derived 

macrophages would allow us to more accurately determine what phenotypic changes are 

occurring as a result of exposure to our particles. This would ultimately provide more robust 

evidence of the effects we see here. Second, studying the effects of our nanoceria on both 

differentiated and undifferentiated monocytes would provide interesting insights into 

immunomodulatory effects the particles may have on other cells. As monocytes are the 

precursors of macrophages and often present in the same environment175, the ability to affect 

their initial differentiation and behavior could prove critical to effective immune modulation. If, 

through using nanoceria, monocytes themselves can be directed to differentiate directly into a 

pro or anti-inflammatory state, some of the aberrant immune behavior and cytokine signaling 

found in pro and anti-inflammatory conditions may be avoided altogether allowing for more 

effective treatment. Additionally, even if we cannot direct the initial differentiation, the 

immediate treatment of newly derived macrophages with our particle holds promise as a 

method to enhance our treatment efficacy.  
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We also primarily explored anti-inflammatory effects of nanoceria in these experiments. Though 

on an in vitro level, we have some compelling evidence that Ce4+ enhanced nanoceria have a 

reduced anti-inflammatory effect as shown in the albumin-nanoceria formulations, and we 

hypothesize they may have a pro-inflammatory effect based on what we saw in our preliminary 

SWCNT-nanoceria study in vivo. We need additional evidence on both an in vitro and an in vivo 

level to validate these findings and allow for translation. Specifically, it would make sense to 

explore both a pro-inflammatory condition like CIA176 and an anti-inflammatory one like solid 

tumor breast cancer55. We would expect to see the Ce4+ enhanced particles enhancing the 

severity of the arthritis while reducing the size of the solid tumor while our Ce3+ enhanced 

particles would be expected to do the opposite. By evaluating all our particles, both pro and 

anti-inflammatory, in multiple conditions, we can gain a much deeper understanding of the role 

cerium oxide surface valence and particle substrate play in immunomodulation. These 

nanoceria formulations represent a new class of nanodrugs capable of being used in conditions 

where more traditional drug and immunotherapies are insufficient. 

Only one formulation of SWCNT-nanoceria was successfully synthesized and implemented in the 

experiments for this chapter due to the challenges associated with its synthesis and stability 

during the development of the particles. However, now that one stable formulation is able to be 

reproducibly produced, surface valence tuned SWCNT-nanoceria could be developed with 

comparable Ce3+ to Ce4+ ratios to our albumin-nanoceria formulations. This would allow us to 

more accurately compare the effects of substrate choice on matters beyond targeting capability. 

For example, using a SWCNT-nanoceria formulation with comparable levels of Ce3+ to our most 

anti-inflammatory albumin-nanoceria would grant us insight into whether the use of SWCNT 
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enhances anti-inflammatory potential through its targeting, does not affect the overall efficacy 

of the nanodrug, or even reduces anti-inflammatory effect due to the inherently pro-

inflammatory nature of the SWCNT. A greater understanding of the substrate effect would allow 

for superior particle tuning potentially including the use of novel substrates with properties of 

interest such as hemoglobin for long term circulation and reoxygenation of hypoxic tissues, 

hollow Prussian blue nanoparticles for photothermal therapy, or MMP-9 peptide-based 

particles for targeting.  

Finally, while our ex vivo analysis of our mouse trial qualitatively appears to indicate efficient 

targeting by the SWCNT-nanoceria and anti-inflammatory effect from the albumin-nanoceria, 

additional ex vivo analysis would allow us to quantitatively back the claims made in this chapter. 

FACS studies on the immune population present in the paws of the mice used in our CIA model 

would allow for a more quantitative interpretation of the IF data presented earlier in this 

section. Being able to clearly distinguish between, B cells, subgroups of T cells, macrophages, 

monocytes, and natural killer cells would give greater insight into the overall immune activity of 

the treatment sites and thus the larger, not macrophage specific, immunomodulatory effect of 

our nanoceria formulations. Additionally, more mice are needed to be able to draw significant 

conclusions from the in vivo and ex vivo work which represents a promising area for further 

study. Power analysis indicates that each group would need 4 mice to allow for statistical 

analysis of CIA scoring. 

3.4 Conclusions 

In this study, we showed the potent immunomodulatory effect of the nanoceria synthesized in 

the previous chapter. In vitro we can clearly see that different nanoceria formulations direct 
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macrophage differentiation in different directions. Specifically, in the case of the albumin-

nanoceria, we see that higher Ce3+ is associated with stronger anti-inflammatory M2-like 

differentiation while Ce4+ is associated with pro-inflammatory M1-like behavior. Additionally, we 

see that our formulation SWCNT-nanoceria is capable of being used as an anti-inflammatory in 

vitro. In vivo, our preliminary data suggests that SWCNT-nanoceria has an interesting, 

proinflammatory effect despite the enzymatically active ceria and anti-inflammatory in vitro 

effect. This is likely due to the inherent inflammatory properties of SWCNT and the more 

complex interactions that occur in the larger microenvironment of CIA. Further modulation of 

the SWCNT-nanoceria is needed to improve therapeutic outcomes, and further in vivo and ex 

vivo experiments are needed to validate the preliminary results presented here. 
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Chapter 4: Detection and Treatment of Endometriosis with Theranostic Nanoceria 

4.1 Introduction 

Endometriosis is characterized by abnormal growth of endometrial tissue outside the utopic 

endometrium177. This disease, which affects 1 in 10 reproductive aged women, can cause a 

variety of unpleasant symptoms178. Patients with endometriosis report pain, irregular periods, 

heavy bleeding, infertility, reduced social activity, and loss of productivity179. Unfortunately, 

endometriosis is still poorly understood and difficult to diagnose or treat. While traditional 

therapies including anti-inflammatories, hormone therapy, and surgery can offer some relief 

from symptoms, they are unable to resolve the underlying cause of the disease resulting in high 

rates of recurrence and a wide variety of unpleasant side effects180, 181.  

Endometriosis is best described as an estrogen dependent inflammatory condition182. In this 

disease, high levels of inflammatory cytokines are present in the tissue resulting in immune 

suppression and preventing appropriate immune destruction of endometrial lesions183, 184. In 

fact, the immune system plays a critical role in the disease process of endometriosis. In 

endometriosis, M1 pro-inflammatory macrophages, B cells, and regulatory T cells are present in 

unusually high numbers, and the macrophages in particular are associated with the proliferation 

of endometriosis and some of its most devastating effects185-187. Pro-inflammatory macrophages 

secrete proinflammatory cytokines which in turn recruit other immune cells to prolong 

inflammation leading to pain, heavy bleeding, and infertility188. However, robust populations of 

M2 anti-inflammatory macrophages are known to improve outcomes for patients162. Thus, 

immunomodulatory agents capable of transitioning pro-inflammatory macrophages to anti-

inflammatory macrophages, like albumin-nanoceria, are uniquely poised to treat endometriosis.  
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STAT3 plays an active role in the development of many tissues throughout the body (Figure 16) 

including endometrial lesions189, 190. pSTAT3 specifically is associated with the high levels of 

estrogen that drive the development and proliferation of endometriosis183. For this reason, STAT 

inhibitors have been explored as strong candidates for the treatment of endometriosis. In fact, 

STAT inhibitors have been shown to reduce the prevalence and intensity of symptoms that affect 

the day-to-day functioning of women with this condition191. However, STAT3 is also critical to 

the proper development of early pregnancy including embryo implantation190, 192. For this 

reason, general STAT3 inhibitors are associated with infertility and pregnancy loss. Since many 

women of reproductive age would like to have children and infertility is already one of the 

common concerns of women seeking treatment for endometriosis193, these off target effects of 

STAT3 inhibitors are unacceptable to many patients despite their ability to reduce disease 

burden. To overcome these off-target effects while still effectively treating endometriosis, a 

targeted STAT3 inhibitory therapy is needed.  
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Figure 16: A schematic showing the JAK/STAT pathway in a simple way demonstrating the role 
that JAK has in the phosphorylation of STAT and the role that pSTAT has in gene transcription. 
 
Nanoparticles are unique in their ability to overcome barriers to effective traditional 

therapies194. Their small size, tunable synthesis, and unique properties make them ideally suited 

to many applications. Nanoparticles have been employed in a wide variety of medical situations 

ranging from cancer therapy to antimicrobial applications to the treatment of heavy metal 

poisoning. In particular, albumin-nanoceria (cerium oxide nanocrystals on an albumin substrate) 

are a promising candidate for the treatment of endometriosis195. These particles, which can 

change enzymatic activity depending on the ratio of Ce3+ to Ce4+, are capable of both acting as a 
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STAT3 inhibitor and an immunomodulatory agent30, 140, 196, 197. Despite these obvious strengths, 

however, albumin-nanoceria remains underutilized in the treatment of endometriosis. In fact, 

only one preclinical study on the treatment of endometriosis with nanoceria has been reported 

outside our group, and it relied on IP injection of nanoceria to relieve endometriosis associated 

oxidative stress which is impractical for clinical translation198. It is also critical to effectively 

target lesions to both enrich the dose of therapeutic nanoparticles in endometrial lesions and to 

prevent any off-target effects. Luckily, albumin, a common blood protein comprising around 

60% of all blood proteins, accumulates in inflamed areas in the body taking advantage of the 

swelling and expanded interstitial fluid associated with this inflammation158. This allows 

albumin-nanoceria to effectively target sites of endometriosis in the body without the need for 

the inclusion of additional targeting molecules. 

Thus far, the discussion has centered around the challenges associated with treating 

endometriosis, but diagnosis is at least as challenging than its treatment199. Though there are 

multiple options for the detection of endometriosis in theory, in practice the existing choices are 

long, invasive, painful, and ineffective ultimately requiring laparoscopic surgery and histology to 

confirm a diagnosis200. For this reason, finding a non-invasive and effective diagnostic for 

endometriosis is critical. Albumin-nanoceria could be used as such a diagnostic. These particles 

can be conjugated to ICG, an FDA approved NIR fluorescent dye that can also be used as a 

photoacoustic contrast agent, which could serve as a dual in vivo photoacoustic and ex vivo 

fluorescent marker for lesions as albumin-nanoceria is efficiently targeted to the lesions91, 201. 

Photoacoustic imaging, which is in the process of being translated to the clinic with early 

systems including the Acuity from iThera and the Imagio from Seno Medical Instruments, is 
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currently capable of imaging at depths of several centimeters94. As this technology continues to 

improve, it will provide a new way to identify and diagnose endometriosis. In other words, 

through the conjugation of ICG to the particles, we can create theranostic nanoparticles capable 

of both treating and diagnosing endometriosis. The work presented in this section was recently 

published as a co-first author paper alongside Dr. Md Rahman (University of Missouri) in the 

Journal of Controlled Release under the title “Nanoceria as a Non-Steroidal Anti-Inflammatory 

Drug for Endometriosis Theranostics”. 

4.2 Methods 

4.2.1 Synthesis of Nanoparticles 

4.2.1.1 Albumin-Nanoceria 

The biomineralization strategy was used to synthesize albumin-nanoceria. Initially, a 20 mg/mL 

solution of BSA was created by stirring at 40oC. 0.5 mL of 1 mM cerium (III) nitrate was added 

and the resulting solution was allowed to stir for 15 min. After 15 minutes, the pH was adjusted 

to 8.5 by adding 2 M NaOH and 600 uL of 30% hydrogen peroxide (H2O2) was added 

immediately to catalyze the reaction. The solution should turn a clear orange color. After 

validating the color change, the solution was stirred for 2 hours. The albumin-nanoceria formed 

by this reaction was centrifugal filtration through a 100 kDa membrane at 3240 rpm and the 

filtrate was discarded. The remaining particle solution underwent dialysis through a 10 kDa 

membrane at 4oC. The final particles were stored at 4oC.  

4.2.1.2 Albumin-ICG 

Albumin-ICG particles were made by desolvation. A 2 mL solution of 40 mg/mL BSA and 1.5 

mg/mL ICG-NHS ester (an FDA approved NIR dye) in water was prepared and stirred for 15 
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minutes to allow for the completed disolvation of BSA. After 15 minutes, 6 mL of ethanol was 

added to the stirring solution dropwise. During this process, the solution should become very 

cloudy and ICG should completely dissolve. The resulting solution was stirred for 30 minutes at 

room temperature. The resulting particles were then washed by centrifugal filtration through a 

100 kDa membrane at 3240 rpm. The supernatant was collected and underwent dialysis in a 10 

kDa membrane overnight at 4oC. The final product was collected and stored at 4oC.  

4.2.1.3 Conjugation of ICG to Albumin-Nanoceria 

A 0.5 mg/mL ICG-NHS ester (an FDA approved NIR dye) solution was prepared in water. This 

solution was combined with the product of 4.2.2.1 at a ratio of 1:100 ICG to albumin (mg:mg). 

The solution was rotated overnight at 4oC. These particles then underwent dialysis as described 

in 4.2.2.1. Following dialysis, excess water was removed using 100 kDa membrane centrifugal 

filter, and the particle product was adjusted to the desired concentration. Particles were stored 

at 4oC. Permanent chemical conjugation of ICG to the albumin-nanoceria was evaluated by 

measuring the percentage of ICG remaining in the particle solution after repeated centrifugal 

filtration. Particle stability in the biological environment was evaluated using a 1:10 dilution in 

SBF with DLS hydrodynamic diameter readings taken over the course of one week.   

4.2.2 Characterization of Nanoceria 

Dynamic light scattering (DLS, Zeta Sizer Nano, Malvern Instruments) measured the 

hydrodynamic diameter and colloidal stability of albumin-nanoceria. A 2200FS high-resolution 

transmission electron microscope (HRTEM, JEOL) was used to evaluate crystallinity and size of 

cerium-oxide nanoclusters. Samples for XPS were dried by lyophilization and XPS spectrum was 

acquired using an AXIS SUPRA+ system (KratosAnalytical Ltd.). Albumin concentration was 
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evaluated via bicinchoninic acid assay (BCA, Thermo Scientific), and ICG quantification 

measured by absorbance relative to a standard curve 390 nm. Cerium concentration was 

evaluated using inductively coupled plasma-optical emission spectroscopy (ICP-OES, Varian 710-

ES Axial ICP-OES) 

4.2.3 Fluorescence-Activated Cell Sorting (FACS) 

J774 cells were seeded in 150 mm tissue culture dishes at 1x106 cells per dish and incubated 

overnight at 37oC and 5% humidity. The next day, LPS and IFN-gamma (10 ng/mL) was added to 

the plates, other than the untreated cells which received no treatment and the anti-

inflammatory cytokine control which received IL-4/IL-13 treatment (40 ng/mL each), and the 

cells were incubated overnight. Following incubation, cells in our experimental treatment 

groups were, treated with albumin-nanoceria (150 µgCe/mL), treated with 5,15 DPP (STAT3 

inhibitor) (1 nmol), or treated with tofacitinib (JAK7 inhibitor) (1 mmol). All dishes ere incubated 

overnight. The next day, the cells were detached, stained with APC-CD80, PE-CD206, and 

Zombie green fixable viability dye, washed, and fixed in 4% PFA overnight at 4oC. The following 

day, the fixed cells were washed again, resuspended in flow buffer, and passed through a 70 µm 

filter prior to FACS. The fixed cells were run on an Accuri c6 flow cytometer. Data was analyzed 

using FCS Express analysis software.   

4.2.4 Cell Viability Assay 

Cell viability was assessed using a 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide 

(MTT) assay. Briefly, J774 cells were seeded in a 96-well plate at 50k cells/well, incubated 

overnight at 37oC and 5% humidity, and the following day were treated with albumin-nanoceria 

at 0, 5, 10, 50, 100, or 200 µg Ce/mL. After an additional overnight incubation, the supernatant 
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is discarded and replaced with MTT solution. Following a 4-hour incubation, the MTT solution is 

removed, and the resulting formazan crystals are dissolved in DMSO. Absorbance was collected 

using a SoftMax Pro plate reader (Molecular Devices, CA) at 570 nm. Background used for 

calculations was collected at 610 nm from the same plate on the same plate reader. 

4.2.5 Immunofluorescence Imaging of Drug-Treated Cells 

J774 cells were seeded in an 8-well slide at 50k cells/well and incubated as described above. 

After incubation, the cells were treated as described above in the FACS section and again 

incubated overnight. Then, the cells were washed to remove particles, fixed with 4% PFA at 

room temperature for half an hour, washed again to remove excess PFA, then blocked with 10% 

normal goat serum for half an hour, and finally incubated with primary antibodies (anti-CD80 

and anti-Arg-1; 1:300) overnight at 4oC. The following day, they were washed to remove any 

unbound antibodies and incubated with secondary antibodies (1:100) for two hours at room 

temperature. Finally, the secondary antibodies were removed by washing. Then the cells were 

stained with DAPI and imaged using a Leica Thunder Microscope.  

4.2.6 Tissue Collection 

All animal studies were approved by IACUC of Michigan State University or the University of 

Missouri. Stat3f/f (mice with two copies of the floxed gene encoding STAT3) or Stat3d/d (having 

two deleted copies of the gene encoding STAT3) female and fertile C57BL/6 male mice were 

bred and the presence of a vaginal plug in the morning was used to mark the gestational day 0.5 

(GD 0.5). Mice were euthanized by cervical dislocation under anesthesia at GD 3.5 and 5.5, and 

uterine samples were collected. The tissue collected was either directly frozen at –80°C for 

RNA/protein extraction or fixed in 4% PFA at 4oC for histology. Whole uterine samples obtained 
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at GD 5.5 were photographed and weighed before fixation in 4% (vol/vol) PFA. Following the 

fixation, tissue was washed and embedded in OCT for cryosectioning. Using photographs, 

implantation sites were identified based on their visible characteristics and then counted. 

Implantation sites were confirmed through histological analysis. 

4.2.7 Mouse Model of Endometriosis 

Surgical induction of endometriosis was performed following a previously published protocol 

from Dr. Jae-Wook Jeong’s lab at the University of Missouri involving the excision and 

transplantation of uterine horns from hyperestrogenic donor Balb/c mice into recipient mice of 

the same species202.  

4.2.8 Fluorescence Imaging and Immunostaining 

A Nikon fluorescent dissection microscope was used alongside NIS-Elements imaging software 

(Nikon Instruments, Melville, NY) for fluorescence guided dissection and imaging. Tissue was 

sectioned at a thickness of 10 µM and placed on slides for fluorescence imaging. DAPI mounting 

solution (Vector Laboratories, Burlingame, CA, Cat. #H-1800) was applied to the slides to allow 

for cover slipping. For immunostaining, the tissue sectioned was treated with 0.3% hydrogen 

peroxide in methanol and washed in 1/40 Triton X-100 (Fisher Scientific, Cat. #BP151-500). The 

sections were blocked with 10% normal goat serum (NGS; Vector Laboratories, Cat. #S-1000) in 

pH 7.5 PBS and incubated with primary antibodies diluted in 10% NGS in PBS overnight at 4 °C. 

Specific dilutions for primary antibodies including anti-pSTAT3 (1:1000 dilution; #ab76315; 

Abcam), anti-F4/80 (1:800 dilution; #70076; Cell Signaling), anti-CD11c (1:250 dilution; #97585; 

Cell Signaling), anti-iNOS (1:100 dilution; ab15323; Abcam), Anti- ARG 1 (1:2000 dilution; 

#93668; Cell Signaling), anti-CD4 (1:100 dilution; #25229; Cell Signaling), anti-CD8α (1:500 
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dilution; #98941; Cell Signaling), and anti-NKR-P1C (1:200 dilution; ab289542; Abcam) were 

employed. After the incubation period, fluorescently tagged secondary antibodies were 

selected [anti-mouse (1:500 dilution; #BA-9200; Vector Laboratories) or anti-rabbit (1:500 

dilution; #BA-1000; Vector Laboratories) conjugated to horseradish peroxidase (1:1000 dilution; 

#43-4324; Invitrogen) and applied before mounting and cover slipping with DAPI mounting 

media for imaging. Imaging procedures were conducted using PhenoImager HT (Akoya 

Biosciences Inc.), with whole slide contextual viewing facilitated by Phenochart 2.0.0 (Akoya 

Bioscience). 

4.2.9 in vivo Imaging  

Animal imaging study was approved by IACUC of Michigan State University. In vivo fluorescence 

imaging was performed using an IVIS imaging system (PerkinElmer, Waltham, MA) and a Pearl 

Trilogy NIRF imaging system (LI-COR Biosciences, Lincoln, NE) at various time points (1, 3, 6, 24 

h) after intraperitoneal injection of PBS, ICG-conjugated nanoceria into our mouse model of 

endometriosis. The mice were kept under anesthesia with 2% isoflurane and imaged with 

white-lighted filter and an 800 nm filter. The regions of interest (ROI) were determined and 

calculated using Image J. For biodistribution, of ICG-conjugated nanoceria the mice were 

sacrificed 24 h after injection and the liver, spleen, heart, uterus, and ectopic lesions were 

removed from the body cavity. Organs were placed on a black background to reduce noise and 

imaged with a Pearl Trilogy NIRF imaging system. Photoacoustic imaging was performed using 

an MSOT imaging system (iThera Medical, Germany). Endometriosis was induced in 8-week-old 

female mice with dual fluorescence reports (PgrCre/+Rosa26mTmG/+). ICG-conjugated nanoceria 

(albumin–nanoceria–ICG; 480 µg/kg body weight) were injected into the model mice via tail-
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vein injection. 3 hours after injection, the mice were placed in the MSOT animal holder with 

ultrasound gel; anesthesia (2% isoflurane and oxygen) was supplied through a breathing mask 

for the duration. Imaging was performed in 0.2 mm steps. All acquisition was performed using 

10 averages per wavelength, with 680, 700, 730,760, 800, and 850 nm being the chosen 

wavelengths. Image analysis was performed in the ViewMSOT software. 

4.2.10 Statistical analysis  

Statistical analyses were conducted utilizing Prism9 software from GraphPad (San Diego, CA, 

USA). To assess the distinction between two variables, the Student's t-test was employed. For 

datasets involving more than two variables, one-way ANOVA was utilized, with Tukey's post hoc 

test applied for multiple comparisons. Statistical significance was defined as p < 0.05. Mean 

values along with standard error of the mean or standard deviations were employed to present 

numerical data. 

4.3 Results/Discussion  

To investigate the role of STAT3 in endometriosis, our murine endometriosis model was 

compared to a sham mouse which underwent the same procedures as the model organism 

without the induction of endometriosis. STAT3 was highly expressed across both conditions, 

however, the expression of phosphorylated-STAT3 or pSTAT3 varied dramatically. In the sham, 

expression of pSTAT3 was relatively low in the uterus as expected since STAT3 itself is critical for 

the implantation process during pregnancy (Figure 17). In the endometriosis model, on the 

other hand, pSTAT3 expression was elevated in the uterus (p<0.001) as validated by both h score 

and IHC (Figure 17). This, alongside prior studies189, indicates that the activation of STAT3 is 

critical for the development and progression of endometriosis and may be associated with 
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some of the common symptoms of the disease including inflammation. To validate that high 

levels of pro-inflammatory macrophages are present, we compared the macrophage 

populations between a STAT3 knockout and a STAT3 expressing mouse. We can see clearly that 

in the absence of STAT3, there are more macrophages, and these macrophages are much more 

inflammatory (Figure 17). Leading us to believe that STAT3 plays a critical role in the immune 

balance of the uterus. 

 

Figure 17: A) IHC showing the enhanced levels of pSTAT3 characteristic of endometriosis as 
compared to a sham group. (Scale Bar = 50 µm) (n=5) (*** p<0.001) Error bars represent 
standard error of the mean. B) IHC showing the difference in macrophage presence and 
subtypes with more inflammatory macrophages present in the STAT3 knockout mice indicating 
that STAT3 plays a critical role in the suppression of inflammation. (Scale Bar = 100 µm) (n=5) 
(*** p<0.001). Error bars represent standard error of the mean. 
 
As aberrant STAT3 activation is heavily implicated in endometriosis, one treatment approach 

that makes sense would be to treat the condition through blocking of the JAK/STAT pathway. 

One drug that has been proposed as a potential treatment for endometriosis is the JAK inhibitor 

Tofacitinib. This drug works by inhibiting JAK enzymes and preventing the transmission of 

cytokine signals from the molecular environment to the STAT enzymes. This, in turn, decreases 
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the cellular response to inflammatory signals and reduces inflammation associated symptoms. 

In endometriosis, we see that treatment with Tofacitinib effectively reduces the size and 

prevalence of endometrial lesions in our model (Figure 22). Initially, this finding may suggest 

that Tofacitinib is an ideal treatment for endometriosis. However, there is a major drawback to 

the use of Tofacitinib in the treatment of endometriosis. Tofacitinib blocks the JAK/STAT 

pathway in all tissues not just in endometrial lesions. This means that the STAT3 pathway is 

inhibited in the utopic endometrium within the uterus leading to implantation failure and 

infertility. Specifically, in our mouse model we saw treatment with Tofacitinib caused complete 

implantation failure (Figure 22). Since a major symptom of and complaint about endometriosis 

is resulting infertility, any treatment that does not address this concern or, in the case of 

Tofacitinib, makes pregnancy even less likely is unlikely to be adopted widely in the clinical 

setting. Following this logic, utilizing a targeted anti-inflammatory could help overcome these 

concerns.  

Nanoceria is a well-established NSAID within the world of nanomedicine thanks to its well 

characterized multi-enzymatic behavior and powerful ROS scavenging ability. To enhance its 

effectiveness for the treatment of endometriosis, we combined it with a biocompatible, 

inflammation targeting albumin protein. This was achieved through the biomineralization 

process wherein inorganic cerium oxide nanocrystals are deposited on albumin protein to form 

an organic-inorganic complex capable of withstanding the biological environment. It is known 

that albumin accumulates well in highly vascularized sites of inflammation such as those found 

in endometriosis while otherwise remaining in circulation145. This allows albumin-nanoceria to 

effectively accumulate in endometrial lesions while not accumulating in healthy uterine tissue. 
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To make the particles theranostic, a NIR dye known as ICG was chemically post-conjugated to 

the albumin-nanoceria. The dye is covalently conjugated to the particle preventing leaching in 

biological conditions as confirmed by both measurement of the percent ICG remaining in the 

particles following repeated washing steps and a weeklong stability study performed in SBF 

where the hydrodynamic diameter was shown to be consistent (Figure 18). The particles were 

found to have cerium oxide clusters of size ~5nm within a protein shell with size ~25 nm as 

validated by TEM (Figure 18). Size was further validated using DLS to assess hydrodynamic 

diameter. The particles were found to be monodisperse with a hydrodynamic diameter of 28.65 

nm and a PDI of 0.471 validating the TEM results (Figure 18). Additionally, the particles 

exhibited mixed surface valence containing both Ce3+ and Ce4+ at a ratio of 0.54:0.46 (Figure 9) 

allowing them to effectively scavenge ROS as shown by the DCFDA assay for ROS scavenging 

(Figure 18). The enzymatic behavior of the particles was confirmed by SOD and Catalase 

colorimetric assays (Figure 11).  
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Figure 18: A) DLS data confirming the overall size and monodispersity of the particles with inlaid 
HRTEM showing small and highly crystalline cerium oxide nanocrystals. (Scale Bar = 5 nm) B) 
Particle stability studies show that over the course of 7 days in SBF neither the ICG albumin-
nanoceria nor the unconjugated albumin-nanoceria degrade or change size. C) ICG conjugation 
study showing the covalent, highly stable conjugation of ICG to our particles. Even after 5 
washes, no significant ICG has leeched out of the particles. D) Results of a DCFDA assay 
performed in J774 cells (n=5 wells) (*** p<0.001) showing that nanoceria can effectively reduce 
ROS. Error bars represent standard deviation. 
 
While our albumin-nanoceria were confirmed to be small, enzymatic, and stable particles, it was 

critical to assess the biocompatibility of the particles prior to their use in vitro and in 

vivo. Nanoceria alone is associated with a variety of negative side effects ranging from 

cytotoxicity to neurotoxicity and genotoxicity. Thus, any new particle including cerium oxide 

must be carefully evaluated for biocompatibility prior to use in biomedical research. 
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Fortunately, our albumin-nanoceria is exceptionally biocompatible. At concentrations as high as 

200 µg Ce/mL, there is no cytotoxicity or inhibition of proliferation (Figure 19). This is 

meaningful when considering that the dose used in our studies is lower than the highest 

concentration evaluated in the MTT assay for cell viability. To validate their safety in living 

subjects, we performed a comprehensive blood panel on mice treated intraperitoneally with 

albumin-nanoceria or orally with Tofacitinib overnight. Notably, we saw no differences between 

the nanoceria treated groups, tofacitinib treated groups, and the control group for any of our 

chosen markers. The markers included creatinine (CREA), triglycerides (TRIG), cholesterol 

(CHOL), aspartate aminotransferase (AST), glucose (GLUC), calcium (CA), alanine transaminase 

(ALT), total bilirubin (TBIL), blood urea nitrogen (BUN), alkaline phosphatase (ALKP), sodium 

(Na), potassium (K), and chloride (Cl). AST, ALT, and ALKP were used as proxies for liver function 

and CREA and BUN were used as proxies for kidney function (Figure 19). 

Figure 19: A) MTT assay for cell viability shows that albumin-nanoceria is not cytotoxic even at 
high concentrations. (n=6 wells) Error bars represent standard deviation. B) Blood chemistry 
results show that neither nanoceria (120 µg/kg) or (480 µg/kg) nor our control treatment 
tofacitinib affect kidney, liver, or metabolic function after overnight treatment as compared to a 
control animal (n=3 animals per treatment condition). Error bars represent standard deviation. 
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To evaluate the anti-inflammatory and immune modulatory effect of the albumin-nanoceria in 

vitro J774 macrophage analogue cells were used for multiple experiments. Since pro-

inflammatory M1 macrophages are enhanced in endometriosis and contribute to the chronic 

inflammation associated with the disease, treatments ideally designed to treat endometriosis 

should act as potent anti-inflammatories while also helping transition local cells from M1 

behavior to M2 behavior. To validate the anti-inflammatory effect of the nanoparticles, we 

performed a FACS experiment designed to replicate the introduction of the particles into a pro-

inflammatory environment. Essentially, our particles, Tofacitinib or 5,15 DPP (a STAT inhibitor) 

were each used to treat pro-inflammatory J774 cells that had been induced using LPS and IFN-γ. 

Following treatment, the cells were fixed and stained with CD80 expression correlated with pro-

inflammatory differentiation. Interestingly all three treatments were able to effectively reduce 

CD80 expression in activated J774 cells. However, the albumin-nanoceria performed slightly 

better than either of the traditional inhibitors. Additionally, the performance of the albumin-

nanoceria compared to the inhibitors indicates that our particles are capable of inhibiting STAT3 

activation which in turn inhibits inflammatory signaling (Figure 20).  

To further validate the findings of the FACS study, we performed in vitro IF staining for CD80 

(our pro-inflammatory marker) and Arg-1 (a well-known anti-inflammatory marker). Following 

the same treatments used in the flow cytometry experiments, the cells were stained with 

fluorophore bound antibodies and DAPI. While this experiment did validate the findings of our 

FACS study, there were two additional interesting findings. First, while all three treatment 

conditions reduced the expression of CD80, nanoceria notably enhanced the expression of Arg-

1 (Figure 20). This indicates that not only are the particles reducing inflammation, but they are 
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also actually driving differentiation towards an M2 anti-inflammatory state. This 

immunomodulatory effect, which was shown in figures 13 and 14, would make them an even 

more potent treatment for endometriosis as M2 macrophages are associated with better 

outcomes and symptom reduction. Additionally, we found that the morphology of cells treated 

with our albumin-nanoceria is notably rounded and similar to the morphology of cells treated 

with anti-inflammatory cytokines. This further validates albumin-nanoceria as a potent anti-

inflammatory and immunomodulatory drug.  
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Figure 20: A) Flow cytometry data comparing the CD80 expression (correlated with M1 
behavior) of cells treated with inflammatory cytokines alone to those left untreated or treated 
with inflammatory cytokines and particle or drug showing strong anti-inflammatory capacity of 
nanoceria and traditional drugs (n=3) (* p<0.05). Error bars represent standard deviation. B) IF 
staining showing the effects of different treatments on J774 cells with CD80 expression 
correlating with M1 and ARG correlating with M2. DAPI is included as a nuclear stain.  



 
 

81 
 

Since endometrial lesions have disorganized and leaky vasculature and a notably inflammatory 

environment. This disorganized and leaky vasculature is correlated with abnormally high blood 

flow in the endometrial regions which means we expect our particles to localize to the lesions 

and interact with immune cells rather than traveling to the healthy, organized uterine tissue. To 

validate the targeting potential of the albumin-nanoceria, ICG albumin-nanoceria was used so 

that localization of the particles could be easily visualized by photoacoustic and fluorescence 

imaging (Figure 21). Model mice were treated with these particles via IV. Three hours after 

injection, photoacoustic images were taken of the mouse with the goal of distinguishing the 

lesions from surrounding healthy tissue. Endogenous hemoglobin, from the excess blood flow in 

the lesions, and exogenous contrast provided by the nanoparticles were highly colocalized 

indicating strong accumulation of the particles in the endometrial lesions. To produce this 

model, GFP expressing uterine tissue from our model mice (Pgrcre/+Rosa26mTmG/+) was used to 

produce the endometrial lesions for this study. This makes it possible to detect the lesions and 

the uterus of our model mice through fluorescence imaging of the abdominal cavity. To validate 

the presence of lesions at the sites of accumulation, in vivo fluorescence imaging of these GFP 

expressing cells was performed showing lesions at the locations identified by photoacoustic 

imaging (Figure 21). These images confirmed the presence of nanoparticles in the lesions. After 

the mice were sacrificed, organs of interest including the liver, spleen, kidneys, uterus, and 

lesions were removed from the mouse and imaged ex vivo by a PEARL NIR fluorescence imager 

(Figure 21). The images showed a statistically significant difference in fluorescence between the 

lesions and the uterus with the lesions having an approximately 2.5-fold higher fluorescence 

than the uterus. High signal from the liver was also observed since nanoparticles administered 
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intravenously are known to accumulate in the liver. Finally, lesions were embedded in OCT and 

sectioned for fluorescence microscopy. Resulting images, which were counterstained with DAPI, 

show the presence of ICG in the lesions but not the uterus validating the targeting potential of 

our particles (Figure 21). 

Figure 21: A) in vivo photoacoustic (Scale Bar = 5 mm) image showing two regions where 
endogenous signal from the blood and exogenous signal from the particle overlap. Regions of 
high blood flow are expected to be lesions due to their disorganized and leaky vasculature 
(n=3). B) Fluorescence imaging shows expression of the GFP expressing uterus and lesions in the 
mouse from A showing that there are 2 lesions in the same locations indicated by photoacoustic 
imaging (n=3). C) ex vivo NIR fluorescence imaging, facilitated by the ICG present in our 
particles, of key organs showing strong signals from the liver and lesions. The lesions display 
significantly higher signal than the uterus (n=3) (* p<0.05). Error bars represent standard 
deviation. D) ex vivo imaging of lesions stained with DAPI (blue) demonstrating that particles 
(red) are present in the lesions but not in the uterus. (Scale Bar = 100 µm). 
 
Following the validation of targeting, we confirmed the effect of albumin-nanoceria on 

endometriosis and infertility. Nanoceria was compared to a vehicle treatment, and the effect on 

number of lesions and implantation were evaluated. Much like with the Tofacitinib, we see a 

significant reduction in endometrial lesions in the mice treated with albumin-nanoceria as 

compared to vehicle treated mice (Figure 22) indicating that the albumin-nanoceria is effective 
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at reducing the disease burden of endometriosis. Unlike the Tofacitinib, however, mice treated 

with particle did not exhibit implantation failure at gestational day 5.5. Mice treated with 

particle showed no statistically significant difference in number of implantation sites as 

compared to the vehicle treated group (Figure 22).  

Figure 22: A) in vivo fluorescence imaging showing the presence of lesions in vehicle, tofacitinib, 
and albumin-nanoceria treated mice. (Scale bar = 5 mm) B) A graph showing statistically 
significant differences between the number of lesions present in the vehicle treated group and 
the tofacitinib or albumin-nanoceria groups (n=5) (* p<0.05). Error bars represent standard 
deviation. C) Representative ex vivo images of uteri with implantation sites of treatment groups 
at GD 5.5. (Scale bar = 1 cm) D) A graph showing a statistically significant reduction in 
implantation sites between vehicle treated and tofacitinib treated animals but not between 
vehicle and albumin-nanoceria treated cells showing that albumin-nanoceria does not influence 
fertility (n=6) (*** p<0.001). Error bars represent standard deviation.  
 
To elucidate the mechanism of action for nanoceria in the treatment of endometriosis, we 

performed IHC for a variety of markers characteristic of various immune cell populations. 

Looking at the sections from a morphological perspective, we can clearly see the glands and 
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stroma typical of endometriosis present in our model mice. However, when we look at our 

immune system markers, we see a dramatic difference between the particle treated and vehicle 

groups. Particle treated mice express lower levels of F4/80 and CD11b (Figure 23) which can be 

used as a proxy for the total number of macrophages present in tissue. Despite the reduction in 

overall macrophages, however, while the particle treated group had lower expression of iNOS 

and thus lower levels of pro-inflammatory macrophages while simultaneously significantly 

increasing the expression of Arg-1 and thus the number of anti-inflammatory macrophages 

(Figure 23). This is the direct opposite of the expression shown in the endometrium of 

untreated model mice indicating nanoceria effectively modulates macrophages in vivo. We also 

see that the number of T cell surface markers (both CD4 and CD8α) are reduced in the uterine 

tissue of particle treated group (Figure 23). To validate that this effect was associated with 

reduction in pSTAT3 in the mice treated with albumin-nanoceria, we compared epithelial 

expression of pSTAT3 between the experimental and control groups. Notably, mice treated with 

the particles exhibited reduced epithelial expression of pSTAT3 (Figure 23) indicating the 

nanoceria is acting as an effective STAT inhibitor196, 197, 203 making it a promising candidate for 

targeted therapy in the future.  
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Figure 23: A) IHC Staining for the presence and phenotype of macrophages present in 
endometrial lesions. F4/80 and CD11c expression indicate that the overall population of 
macrophages found in nanoceria treated animals was lower than that of the vehicle treated 
animals. iNOS expression shows that the population of macrophages present is significantly less 
pro-inflammatory in the nanoceria treated condition while ARG1 expression indicates the 
population of macrophages present is significantly more anti-inflammatory (n=7 for each group) 
(** p<0.01). Error bars represent standard error of the mean. B) ICH staining for both CD4 and 
CD8α show an overall reduced T cell populations in the uterine tissue of nanoceria treated mice 
(n=7 for each group) (** p<0.01). C) pSTAT3 expression in the epithelium and stroma of vehicle 
and nanoceria treated mice show a significant reduction in epithelial pSTAT3 (n=7 for each 
group) (*** p<0.001). Error bars represent standard error of the mean. 
 
This work shows the effect of nanoceria on STAT3 activation in endometriosis. Nanoceria, 

known for its ROS scavenging and immunomodulatory effects, acts as a STAT inhibitor in 

endometriosis196, 197. Luckily, the albumin protein shell of the particles allows them to effectively 

target lesions rather than indiscriminately affecting STAT activation throughout the reproductive 

system. This is critical to preventing implantation failure and thus infertility in those receiving 

treatment for endometriosis. Since STAT3 plays a critical role in the successful implantation of 

embryos in the uterus, any treatment that disrupts the proper activation of this enzyme can 

result in infertility. pSTAT3 expression is associated with disease progression and symptom 
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severity, so targeting the inappropriate activation of STAT3 is a promising treatment strategy for 

endometriosis. 

Though it is well established that nanoceria is an effective anti-inflammatory, there have been 

remarkably few instances of its use in endometriosis. In fact, nanomedicine as a whole has been 

underexplored for this application. However, in recent years there has been some progress in 

the application of nanomedicine to endometriosis204. In the realm of lipid nanoparticles, 

methotrexate loaded particles have been effective in treating the symptoms of endometriosis in 

patients with deep infiltrating endometriosis205. Albumin-glucose oxidase particles were also 

investigated for their potential benefits for patients206. These studies are missing key exploration 

of whether these therapies inhibit or reverse the progression of endometriosis, however, and 

additionally do not discuss the effects of these nanoparticle formulations on pregnancy. 

Polymeric PLGA particles have been loaded with a variety of drugs including doxycycline and 

been shown to inhibit proliferation of endometrial cells while also reducing angiogenesis and 

driving the apoptosis of existing cells207. This approach is non-targeted, however, and thus is 

prone to off target effects not dissimilar to those seen in traditional STAT inhibitors. Magnetic 

hyperthermia driven by the presence of IONPs localized in the lesions has also been explored as 

an option for endometriosis treatment36. This technique allows for effective and targeted 

elimination of regions with high concentrations of particle. However, the location of 

endometrial lesions makes hyperthermia a risky choice. Specifically, endometrial lesions occur 

in the abdominal cavity and are located close to the liver. The liver takes up high levels of IONPs 

and thus is susceptible to damage during treatment208, 209. Finally, laser ablation has been 

explored as an alternative treatment210. Using particles which absorb laser light and heat up, 
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localized regions are heated to temperatures that result in the destruction of surrounding 

tissue. This approach is promising as it allows for much more precise control than other 

methods described in this section. However, a major limitation of laser ablation in this 

application is the laser’s depth of penetration211. Limited penetration depth means that this 

strategy could only be employed on lesions located close to the skin or during invasive surgery. 

Furthermore, laser ablation is known to enhance inflammation in the treated region212 which, in 

the case of endometriosis which proliferates in inflammatory conditions, may cause a rebound 

effect.  

The ICG albumin-ceria used in this study were well suited to the application since they both 

provided a way of targeting endometrial lesions and an extrinsic photoacoustic contrast agent. 

However, further modification of the particles could serve to enhance their performance. 

Notably, the targeting effect seen here is a product of the tendency of albumin to accumulate 

withing areas with disorganized vasculature213. Also called the EPR effect, this method of 

targeting is effective but passive meaning that there is room to enhance accumulation in our 

tissues of interest. By using anti-VEGF antibodies, we could incorporate active targeting. VEGF is 

highly expressed in ectopic tissue meaning that these modified particles would directly interact 

with lesions214-216. Additionally, the existing photoacoustic contrast provided by ICG could 

facilitate non-invasive diagnosis of endometriosis. Photoacoustic imaging, based on a light in 

sound out principle, combines the sensitivity and contrast of traditional optical imaging while 

benefiting from enhanced imaging depth and resolution201. This imaging modality would make 

the lesions, even those located deep within the abdominal cavity, easy to visualize when they 

are effectively tagged by ICG conjugated nanoparticles. By enhancing our active targeting 
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strategy, we can help move diagnosis of endometriosis towards a non-invasive imaging-based 

strategy that is more cost effective and patient friendly.  

4.4 Conclusions 

ICG albumin-nanoceria is uniquely suited to the diagnosis and treatment of endometriosis due 

to its unique properties. While the nanoceria itself acts as an NSAID and STAT3 inhibitor, the 

albumin allows for lesion specific targeting preventing off target effects characteristic of 

traditional STAT3 inhibitors. In fact, ICG albumin-nanoceria causes a statistically significant 

reduction in lesions without affecting the fertility of treated mice. Additionally, the ICG allows 

for straightforward, non-invasive photoacoustic imaging of lesions as validated by ex vivo 

fluorescence imaging and histology. By acting as a theranostic and overcoming many of the side 

effects associated with traditional therapies and diagnostics, ICG albumin-nanoceria will provide 

safe alternatives and ultimately hope to the large number of reproductive aged women who 

suffer from this condition. 
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Chapter 5: Detection of Colorectal Cancer Using Fluorescent Silica Nanoprobes 

5.1 Introduction 

In chapter 4, we explored the benefits of using nanoparticles to allow for imaging of 

endometriosis which is traditionally only able to be diagnosed by exploratory surgery. 

Development of novel contrast agents allows us to detect conditions that otherwise may be 

difficult or impossible to detect using commercially available imaging systems. However, some 

diseases are currently screened for using well established, but imperfect protocols that can be 

further improved using a nanoparticle contrast agent. In chapter 4, we showed the in vivo 

benefits of using an NIR dye, ICG, as both a photoacoustic and NIR fluorescence contrast agent 

for sensitive imaging of lesions for noninvasive diagnosis of endometriosis. NIR fluorescence 

imaging can offer clinicians the ability to easily detect cancerous lesions located close to the 

surface with proper targeting, which would reduce the false negative results. Here, we 

developed a novel nanoparticle for use in fluorescent endoscopy to allow for more sensitive and 

specific detection of early-stage CRC. CRC is the third leading cause of cancer related death in 

the United States despite having an early detection survival rate of 90%217-219. This is due to the 

troubling fact that if CRC is detected after mucosal invasion, the survival rate drops to 14%220. 

For this reason, early detection is both uniquely necessary and uniquely challenging in CRC 

leading to the variety of available screening methods available on the market today.  

Screening methods range from molecular screening tools like fecal DNA testing to standard 

clinical imaging CT221, 222. However, the best known and most employed early detection method 

for CRC is colonoscopy223. Most people are familiar with colonoscopy since it is a commonly 

employed preventative screening recommended for those over 45 years old. The benefits of 
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colonoscopy are numerous. It is safe and well understood, allowing physicians to perform it 

effectively at large scale in the clinic. Additionally, it is real time allowing physicians to assess the 

characteristics of the tissue as they are rather than as they were at a fixed point in time. It also 

gives direct access to the tissue allowing for real time biopsy of regions of interest without 

invasive surgery224. However, there are some critical downsides to colonoscopy. First, 

colonoscopy does not provide any molecular information, such as protein expression, for the 

tissue relying instead on visual differences between healthy and diseased tissue. Second it relies 

on white light imaging that is typically not enhanced by contrast agents making it challenging to 

differentiate between similar looking early-stage cancerous lesions and healthy intestinal 

lining225. Unfortunately, colonoscopy relies completely on the ability of physicians to visually 

distinguish between healthy tissue and cancerous or precancerous tissue. These shortcomings 

can contribute to lower early-stage diagnosis even in patients who receive appropriate 

preventative screenings.  

Fluorescence based imaging techniques have recently been gaining favor within the world of 

biomedical imaging. These techniques range from imaging of natively fluorescent drugs inside 

the body to specially designing contrast agents for different applications226, 227. It is not hard to 

see why fluorescent imaging has been widely adopted. Fluorescence imaging has excellent 

temporal resolution and specificity with a wide variety of fluorescent dyes and molecules 

available on the market covering the entire visual spectrum as well as parts of the UV and IR 

spectra228, 229. Additionally, fluorescence imaging is cost-effective and simple to perform and 

interpret thanks in large part to the ease of accessing machines capable of this kind of 

imaging90. The machines are common and easy to use unlike many other medical imaging 
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modalities. However, fluorescence imaging has some major downsides that contribute to its 

relatively limited clinical use in humans. First, small molecule imaging agents and dyes, including 

natively fluorescent drugs, are often efficiently cleared from the system and making longer 

imaging sessions or multiday studies impractical37. Additionally, fluorescence has limited ability 

to penetrate through water-rich biological tissues resulting in poor imaging depth in large 

animals230, 231. These challenges must be addressed for fluorescence imaging to be effectively 

employed in humans. 

During my PhD, I developed such a contrast agent. Specifically, I developed NIR fluorescent silica 

nanoparticles capable of selectively targeting CRC through use of anti-CEA antibodies37. Silica 

nanoparticles were an ideal choice for this application. Silica is biocompatible with a well-

established history of use in the medical field and multiple unique applications in imaging232-234. 

Additionally, these nanoparticles are straightforward to synthesize with a highly reproducible 

and tunable synthetic method where the size of the particles can be determined by synthesis 

time. Dyes can be covalently conjugated to silicate precursors and integrated directly into the 

nanoparticles rather than being conjugated to the surface of the particles after synthesis235. This 

allows for stable fluorescence that is not susceptible to leaching. In the case of our fluorescent 

silica nanoparticles, we used CF800 NIR fluorescent dye. Use of an NIR fluorescent dye allows us 

to take advantage of the biological transparency window: the part of the electromagnetic 

spectrum at which tissue and water absorb relatively low amounts of light233. This reduced 

absorbance allows imaging of NIR contrast agents at depths of up to several centimeters236.  

The surfaces of FSNs are highly modifiable allowing for enhanced biocompatibility and targeting 

capabilities to be integrated into the particles. This feature allows for the attachment of various 
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targeting molecules to the particles. For our FSNs, after PEGylation, we chose to conjugate a 

targeting antibody to the particle to enhance. Specifically, we chose to use anti-

carcinoembryonic antigen (CEA) antibodies. CEA is an extremely common marker of CRC and 

high levels of CEA expression are associated with malignant lesions while healthy tissues express 

low levels of CEA237-239. This means that our antibody conjugated, PEGylated, silica nanoparticles 

are capable of specifically tagging malignant lesions. 

Fluorescent silica nanoparticles capable of selectively targeting malignant lesions are uniquely 

suited for fluorescent endoscopy. The interior of the colon is comprised of epithelial lining 

which can take up topically applied nanoparticles240. When traditional colonoscopy is replaced 

with fluorescent endoscopy, the nanoparticles can be excited to fluoresce. In areas where lots of 

particles are present, such as targeted lesions, the fluorescence will be visible to the physician 

allowing for real time molecular detection of cancer which does not rely solely on physical 

differences between healthy and abnormal tissues. By eliminating the need for medical 

professionals to use their best judgment in CRC screenings, we can enhance the accuracy of 

early detection preventing needless deaths from otherwise treatable cancer. The work 

presented in this section was recently published as a co-first author paper alongside Dr. Seock-

Jin Chung in ACS Applied Biomaterials under the title “Targeted Biodegradable Near-Infrared 

Fluorescent Nanoparticles for Colorectal Cancer Imaging.” 

5.2 Methods 

5.2.1 Synthesis of Silica Nanoparticles  

FSNs were synthesized using a modified Stöber reaction. In short, CF800-maleimide (150 μmol) 

was mixed overnight with (3-mercaptopropyl) trimethoxysilane (MPTMS; 2 μmol) create silane-
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appended CF800 (CF800-MPTMS). Then, CF800-MPTMS was added to 2-propanol (50mL) with 

ammonium hydroxide (3 mL, 28% v/v) and tetraethyl orthosilicate (1 mL, 99.999% v/v) was 

added. After 30 min to 2 h of stirring the particles were centrifuged once then (10 min;10 000 

rpm; 25 °C) washed once in ethanol and once in DI water. Then, the FSNs were exposed to 

tetrahydrofuran (THF) which activates thiol groups and combined with thiolated poly(ethylene 

glycol) (SH-PEG-COOH; 20 mg). This produced PEGylated FSN capable of further modification as 

needed. 

5.2.2 Characterization of Nanoparticles  

Hydrodynamic diameter and zeta potential were evaluated by DLS (DLS, Zeta Sizer Nano, 

Malvern Instruments). TEM was used to evaluate size and morphology (JEOL, Japan). An M5 

fluorometer (Molecular Devices, SanJose, CA) was used to measure UV absorption and 

fluorescent intensities of FSN. Cell images were taken with a Keyence Optical Microscope 

(Keyence fluorescence microscope, Osaka, Japan). The limit of detection was determined using 

a concentration curve with a threefold dilution factor on a Pearl Trilogy NIRF imaging system (LI-

COR Biosciences, Lincoln, NE). 

5.2.3 Biodegradation Studies  

In vitro biodegradation studies of FSNs were performed in SBF. Particles were added to SBF (pH 

5) at 0.1 mg/mL FSNs then mixed at 100 rpm and 37 °C for 7 days (one week). A small amount 

of degradation solution was taken out for TEM analysis on days 1, 3, and 7.  
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5.2.4 Cell Culture  

HT29 and HCT116, human CRC lines, and CCD841coN (ATCC, Manassas, VA), a human epithelial 

line were used in this study. Cells were maintained in DMEM supplemented with 10% FBS and 

pen/strep (1%) in a humidified atmosphere containing CO2 (5%) at 37 °C. 

5.2.5 Western Blots  

Total proteins were isolated from HT29 andHCT116 cells using radio-immunoprecipitation assay 

buffer (Sigma-Aldrich, St. Louis, MO). The proteins were loaded onto a 4−20% polyacrylamide 

gradient gel with sodium dodecyl sulfate (SDS). Then, after electrophoresis, the proteins were 

transferred to PVDF membranes (Bio-Rad, Hercules, CA) and blocked with skim milk (5%) for 1 h 

at room temperature. Then the membranes were incubated overnight at 4 °C with primary 

antibody directed at CEA (#2383S,Cell Signaling Technology, Danvers, MA; diluted 1:1000), 

epithelial growth factor receptor (#4267S, EGFR; Cell Signaling Technology, Danvers, MA; diluted 

1:1000), vascular endothelial growth factor receptor (#ab32152, VEGFR; Abcam, Cambridge, 

U.K.; diluted1:500), and β-actin (#A5451, Sigma-Aldrich, St. Louis, MO; diluted 1:5000). The next 

day, the membranes were further incubated with horseradish peroxidase-conjugated antirabbit 

or antimouse IgG (Cell Signaling Technology, Danvers, MA) and the signal intensity was 

measured using ChemiDoc (Bio-Rad, Hercules, CA). 

5.2.6 Preparation and Characterization of Antibody Conjugated Nanoparticles  

PEGylated FSNs were conjugated to anti-CEA antibodies by EDC-NHS coupling reaction. Briefly, 

PEGylated FSNs were pelleted and resuspended in MES buffer (0.5 mol; pH 6). 1-ethyl-3-(3-

(dimethylamino)propyl) carbodiimide(EDC) and sulfo-NHS were added to the solution to form 

NHS-esters. CEA antibodies were then added to the solution and stirred overnight. The next day, 
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CEA-FSN were washed twice in DDI water (10 min; 10 000 rpm; 25 °C) and antibody conjugation 

was verified by DLS. 

5.2.7 Cell Viability Assay  

MTT (3-(4,5-dimethylth-iazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to 

check for cytotoxicity of FSNs. HT29 cells were seeded at a density of 1 × 104 cells/well in a 96-

well plate. After overnight incubation, the culture medium was replaced with fresh medium 

containing FSN at concentrations ranging from 0 to10 μg/mL and incubated for an additional 24 

h. Following this, 10 μL of MTT (5 mg/mL in phosphate-buffered saline) was added to the wells 

and then incubated for 4 h followed by removal of the culture medium. Then, 100 μL of DMSO 

was added to each well and absorbance was measured at a wavelength of 570 nm using a 

microplate reader. 

5.2.8 Cellular Imaging  

For NIRF imaging, cells were seeded in 6-well plates at a density of 1 × 105 cells per well and 

incubated overnight. The following day, particles were added to cells at 10 μg/mL in DMEM and 

again incubated overnight. Then, the cells were washed with PBS, and a PearlTrilogy NIRF 

imaging system (LI-COR Biosciences, Lincoln, NE) was used to take images. For optical 

microscopy imaging, cells were seeded in 8-chamber slides at a density of 1 × 104 cells per 

chamber for 24 h. The following day, cells were treated with 10 μg/mL of FSN. After treatment, 

the cells were washed 3 times with PBS. The slides were mounted using Prolong Gold reagent 

with 4′,6-diamidino-2-phenyl-indole (DAPI). Fluorescence images were taken using a Keyence 

imaging system with DAPI and Cy7 filters. 
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5.2.9 Animal Models and In Vivo Imaging  

All animal studies were approved by IACUC of Michigan State University, and animal care and 

wellbeing throughout the study was monitored by the CAR at Michigan State University. For our 

xenograft models, HT29 cells (1 × 106 cells) were implanted subcutaneously in the left flank and 

HCT116 (1 × 106cells) cells were implanted subcutaneously in the right flank of 8-week-old male 

BALB/c-nu/nu mice (Jackson Laboratory, Bar Harbor, ME). When the tumor volume reached 

100−300 mm3, the mice were used for NIRF imaging. For targeting studies, xenograft mice were 

IV injected with either CF800-labeled CEA-FSNs or PEG-FSNs (10 mg/kg) (N = 3 for each group), 

and NIR images were taken by a Pearl Trilogy NIRF imaging system. During the imaging sessions 

occurring between 0 and 48 hours post injection, mice were kept under anesthesia with 2% 

isoflurane, and images were taken with both white-lighted filter and 800 nm filter. The regions 

of interest (ROI) were analyzed with ImageJ software. For our orthotopic validation, polyposis in 

the rat colon (PIRC) rats with an APC gene mutation that spontaneously develop intestinal 

polyps were obtained from the rat resource and research center (RRRC, Columbia, MO). At six-

months-old, male PIRC rats (N = 3) received CEA-FSNs (1 mg/kg) via topical application using a 

tube attached next to the commercial hand-held endoscope (DEPSTECH, London, U.K). At the 

same time, white-light endoscopy images were captured using the DEPSTECH program. After 10 

minutes, PBS was applied through the tube to wash away excess particles, and the intestines 

were excised. NIR fluorescence images of excised tissue were collected by a Pearl Trilogy NIRF 

imaging system. 
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5.2.10 Immunofluorescence Staining in Intestine Tissues  

Excised PIRC rat intestines embedded in OCT for sectioning. Sections taken on a cryostat (4 μm) 

from the center of the tissue were used for staining and validation. The tissue was 

permeabilized in PBS Triton X-100 (5%) for 5 min and blocked for 1 h at room temperature with 

normal goat serum diluted 1:30 in PBS. Primary antibody incubation occurred overnight at 4 °C 

using anti-β-catenin antibody (#8480S, Cell Signaling Technology, Danvers, MA; diluted1:1000) 

and anti-CEA antibody (#2383S, Cell Signaling Technology, Danvers, MA; diluted 1:1000). The 

following day, the slides were washed and then further stained with Alexa 488 (#A-11094, 

Invitrogen, Grand Island, NY; diluted 1:300) and Alexa555 conjugated secondary antibodies (#A-

21422, Invitrogen, NY; diluted 1:300) and incubated for 2 h at room temperature. After this, the 

slides were washed and then cover slipped using Prolong Gold reagent with DAPI 

(#P36931,Invitrogen, Grand Island, NY). Fluorescence images were observed using a THUNDER 

microscopy system. 

5.2.11 Statistical Analysis  

Statistics were performed in GraphPad, and data is presented as means ± SDs. Statistical 

significances were determined using the student’s unpaired t-test, and P-values of <0.05 were 

considered statistically significant. 

5.3 Results/Discussion 

Fluorescent silica nanoparticles were successfully synthesized at three different sizes (50, 100, 

and 200 nm) utilizing a modified Stöber reaction. As validated by TEM, particles were found to 

be 50 nm after 30 minutes of reaction time, 100 nm after 1 hour, and 200 nm after two hours 

(Figure 24). The zeta potential of the synthesized FSNs was +0.617 mV which is in line with the 
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expected positive charge of silica nanoparticles. This reaction included covalently conjugated 

CF800-MPTMS allowing for integrated fluorescence which is more stable than dye 

encapsulation, and PEG was conjugated to the surface utilizing thiol-thiol interaction. For CEA-

FSN, anti-CEA antibodies were further conjugated to the exposed carboxylic acid group to 

enhance targeting capabilities. To validate the conjugation of PEG and antibodies to the surface 

of the particle, DLS was performed. For the 50 nm particles, the initial hydrodynamic diameter 

was 128 nm, the diameter after PEGylation was 224 nm, and the diameter of antibody 

conjugated particles was 341 nm (Figure 24). This gradual increase in size is evidence that 

PEGylation and antibody conjugation were successful. Interestingly, despite having nearly 

identical quantum yields, when compared to CF800 fluorescent dye alone, FSNs were found to 

exhibit 2.2 times higher fluorescence (Figure 24) making them an ideal choice for imaging in the 

body where background, even in the NIR region, can cause low intensity signals to be drowned 

out. To evaluate which FSN size was best suited to our application we determined 

biodegradability of FSN and uptake of FSN conjugated to PEG. Our biodegradability studies, 

wherein FSN of 50, 100, and 200 nm particles were suspended in SBF and stirred slowly over the 

course of a week with small portions being removed for TEM analysis on day 1, 3, and 7, 

indicate that all three sizes show notable signs of degradation by day 3. However, the only size 

that completely degraded within the study length was the 50 nm particles. The larger sizes 

remained partially intact, indicating they would take a longer time to be completely cleared 

from the system.  
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Figure 24: A) TEM images showing 50 nm, 100 nm, and 200 nm particles which were obtained 
through 30 min, 1 h, and 2 h reaction times. B) DLS study of unconjugated, PEGylated, and 
Antibody conjugated FSN showing a slight increase in hydrodynamic diameter with the addition 
of each additional surface modification. C) Brightfield and NIR fluorescent images showing the 
fluorescence intensity of water, CW800 dye alone, and our FSN. Despite having nearly identical 
quantum yields, the particles have 2.2 times higher intensity, making them an ideal choice for 
this application.  
 
Additionally, the nanoparticle formulation enhances the targeting capability of dye as compared 

to dye alone. As smaller nanoparticles are typically taken up more successfully than larger 

particles by cells, it is not surprising that the PEGylated 50 nm particles were taken up 

significantly more than the 100 nm or 200 nm particles (Figure 25). Additionally, 50 nm FSN 

showed no toxicity to cells even at concentrations as high as 10 μg/ml. The combination of 

enhanced uptake and superior biodegradability makes the 50 nm particles an obvious choice for 

our imaging agent. However, the use of bare or PEGylated FSN would be insufficient to allow for 

easy detection of CRC. Specifically, targeting CRC markers is key to distinguishing malignant 

regions from surrounding healthy epithelium. The CRC marker chosen here, CEA, was chosen for 

two reasons. First, CRC is highly overexpressed in the majority of CRC. Second, it is possible to 
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find a CRC cell line that does not over express CEA giving us robust control to evaluate the 

specificity of our particles. Using Western blot (Figure 26), the expression of CEA was validated 

in in HT29 cells while it was confirmed that HCT116 cells do not express CEA despite both being 

CRC cell lines. In order to verify that our CEA-FSN were specifically targeting CEA expressing CRC 

cells, we performed two in vitro cell uptake experiments. In the first, both HT29 and HCT116 

cells were treated with CEA-FSN then imaged using a PEARL NIR imager. This experiment 

showed that HT29 cells took up a significantly higher amount of CEA-FSNs as validated through 

fluorescence quantification (Figure 26). In the second, we compared the uptake of CEA-FSNs to 

plain FSNs in HT29 cells to validate that high uptake by the HT29 cells was due to the presence 

of the anti-CEA antibody rather than due to a cell line specific property. The results of this 

experiment show a statistically significant increase in uptake of the CEA-FSN as compared to FSN 

alone (Figure 26)indicating that specific targeting of CEA is responsible for the high uptake.  
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Figure 25: Size based cell uptake studies show the enhanced uptake of our 50 nm particles as 

compared to 100 or 200 nm FSN (Particle = Red, DAPI = Blue). 
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Figure 26: A) Western Blot showing the expression of CEA, EGFR, VEGF, and GAPDH in two 
different CRC cell lines. HCT116 cells are CEA negative while HT29 cells are CEA positive making 
them ideal choices to test the targeting efficacy of our CEA-FSN. B) Cell uptake experiments 
show that CEA expressing HT29 cells take up more CEA-FSN than HCT116 cells which do not 
express CEA (n=3). Additionally, CEA-FSN were taken up better than unconjugated FSN in HT29 
cells (n=3) validating the antigen specific targeting (*** p<0.001). Error bars represent standard 
deviation.  
 
To validate the in vivo targeting potential of FSNs, a tumor xenograft model was used (Figure 

27). Specifically, a murine flank model of CRC was used where one flank contained a CEA 

positive HT29 tumor and the other had a CEA negative HCT116 tumor. For untargeted PEGylated 

FSNs we see no significant uptake in either tumor. CEA-FSNs, however, show enhanced uptake in 

the HT29 tumors at both 1- and 4-hours post injection (Figure 27). In fact, fluorescence is about 

twice as high as in the HCT116 tumor as validated by ROI analysis and is high enough to be 

detected and visualized through fluorescence imaging (Figure 27) pointing to a strong potential 

of the CEA-FSNs to be used to detect CEA expressing cells in fluorescent endoscopy.  
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Figure 27: A) in vivo tumor xenograft model with an HT29 (CEA +) tumor (left) and an HCT116 
(CEA -) tumor (right). B) in vivo NIR fluorescence imaging showing higher uptake in the HT29 
tumor than in the HCT116 tumor. C) At 1 and 4 h after IV injection, NIR fluorescence is 
significantly higher in the HT29 tumor than the HCT116 tumor (n=3 mice) (* p<0.05).  
 
To evaluate the potential use of CEA-FSNs to detect CRC polyps, PIRC rats, which spontaneously 

develop cancerous CRC polyps, were used. Initially, the PIRC rats received white light endoscopy, 

similar to traditional colonoscopy, to validate the presence of visible polyps in the intestine. 

Then, CEA-FSNs were applied topically to the mucosal lining. As the particles are hydrophilic and 

small, they are well suited to transmucosal uptake as seen in ex vivo NIR imaging of excised 

intestinal tissue (Figure 28). When compared to untreated tissue, tissue treated with particles is 

fluorescent, but the fluorescence is not uniform. Instead, portions of the intestine are bright 

while other sections have low or no signal (Figure 28). To validate that these bright spots are in 

fact CRC, we performed IF. After taking sections of the bright regions of the intestine, slides 

were stained with DAPI, a fluorescent anti-CEA antibody, and a fluorescent anti β-catenin 

antibody (used here as a known marker of CRC). In the resulting images, we see excellent 

colocalization of CEA, β-catenin, and FSNs (Figure 28) indicating both that CEA is an effective 

target for our particles and that the particles are localized in cancerous regions. These findings 
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indicate that CEA-FSNs are ideally suited to topical application and imaging during fluorescence 

endoscopy.  

 
Figure 28: A) Brightfield endoscopy image of polyps in a PIRC rat colon. B) NIR fluorescence 
imaging of a PIRC rat colon topically treated with particles and excised after the rats were 
sacrificed. the treated colon, highly fluorescent areas correlate with polyps. C) To validate the 
findings in part B, ex vivo images were taken of sectioned tissue from the colon. Overlayed 
signal from β-catenin, CEA, and FSNs indicate that particles are highly localized to CEA 
expressing CRC. 
 
The FSNs synthesized for and used in this study are uniform in size and highly monodisperse. 

The 50 nm particles particularly are small and show excellent uptake and biocompatibility. 

However, small nanoparticles are known to be excreted quickly especially in larger organisms 

like humans142. Should translation of the 50 nm particles prove challenging due to the 

premature clearance of the particles, two different approaches could be employed. The 

simplest strategy would involve using one of our larger sized particles (either 100 nm or 200 

nm). However, this strategy is likely to result in reduced uptake and biocompatibility making the 
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use of an alternative strategy ideal. A biocompatible nanocarrier, like albumin protein, could be 

used to prolong the life of the nanoparticles in the body. Albumin, as a common blood protein, 

is highly biocompatible and known to prolong the retention of particles in tumors241. It also is 

not known to affect the uptake of particles to tumors, making it an ideal nanocarrier for this 

application242. 

In the case of this study, we chose to use CF800 NIR fluorescent dye to take advantage of the 

biological transparency window. However, FSNs could easily be synthesized with a variety of 

different fluorophores. Using fluorophores with non-overlapping excitation and emission 

spectra alongside conjugation of particles to a variety of antibodies could allow for multiplexed, 

ratiometric imaging where different targets fluoresce different colors243. For example, antibody 

choice could allow us to distinguish between common and uncommon cancers which have 

unique molecular signatures. It could also allow for the tagging of tumor associated immune cell 

populations which are correlated with treatment outcomes and prognosis allowing for 

personalized care244. If we were to continue to use a single dye, however, it would make sense 

for us to consider the use of NIR II fluorescent dyes. While NIR dyes, like CF800, are well suited 

to biological applications, they are still subject to interference from tissue. In the NIR II (1000-

1700nm) region, also known as the second biological window, the interference from 

surrounding tissue is reduced further when compared with the NIR region245, 246. In fact, use of 

NIR II dyes would allow for multi-centimeter imaging depth. At the present, however, dyes in 

this spectrum are rare and costly, limiting the feasibility of their use in fluorescent endoscopy 

applications. 
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While FSNs were designed with fluorescent endoscopy in mind, use of multimodal imaging may 

further enhance detection of CRC. For example, an integrated system capable of performing a 

traditional white light endoscopy alongside fluorescence imaging would allow for molecular 

information to appear alongside traditional colonoscopy images that physicians are familiar 

with. As this would augment an existing tool rather than replace it entirely, adoption would be 

more likely in the medical space as the benefits are obvious and the burden of entry is low. If 

this advanced colonoscope were capable of Raman imaging, we could achieve incredible 

resolution thanks to Raman’s remarkable specificity. A combined scope capable of both NIR 

fluorescence imaging and Raman imaging combined with a contrast agent like a FSN-Raman 

particle would provide exceptionally detailed and useful clinical images allowing for robust early 

detection and superior patient outcomes247, 248.  

5.4 Conclusions 

Here, CEA-FSNs were evaluated as targeted imaging probes for CRC. The particles were found to 

be highly uniform and monodisperse and exceptionally fluorescent while still exhibiting 

excellent biodegradability which makes them ideally suited to biomedical application. The CEA 

antibody conjugated to the particles showed remarkable targeting capabilities in vitro, in vivo, 

and ex vivo for both topical and IV administration allowing for easy visualization of tumor tissue. 

This targeting capability makes CEA-FSNs ideally suited to both early detection and resection 

applications. Further study of the CEA-FSNs for molecular detection during active colonoscopy is 

needed, however, upon completion of these studies, the use of FSNs in colonoscopy will be 

more widely accepted ultimately leading to clinical translation.   
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Chapter 6: Conclusions and Future Directions 

6.1 Conclusions 

The work presented in this dissertation was subdivided into 4 chapters: 

1. Surface Valence and Substrate Tuned Nanoceria 

2. Immunomodulatory Applications of Formulated Nanoceria 

3. Detection and Treatment of Endometriosis with Theranostic Nanoceria 

4. Detection of Colorectal Cancer using Fluorescent Silica Nanoprobes 

Multiple nanoceria formulations were developed over the course of this work with different 

surface valences and substrates. Successful synthesis of these particles was validated by 

evaluating the size and morphology of the particles with TEM, HRTEM, and DLS. Their surface 

valence was evaluated by XPS, and cerium content was further evaluated and confirmed by ICP. 

The enzymatic behavior of these particles was validated by enzymatic assays showing 

characteristic SOD and catalase activity in all nano-formulations. Macrophage targeting was 

evaluated through a cell uptake assay. Interestingly, we see that the ratio of SOD to catalase 

activity is dependent on substrate indicating that different particles may have different effects 

on their microenvironment.  

To validate these effects, in vitro experiments were carried out where treated J774 cells 

underwent FACS to evaluate the expression of CD80 proinflammatory markers and Arg-1 anti-

inflammatory markers. These qualitative and quantitative experiments showed that higher 

ratios of Ce3+ to Ce4+ are correlated with enhanced anti-inflammatory effects while enhanced 

ratios of Ce4+ to Ce3+ are correlated with weaker anti-inflammatory or pro-inflammatory effects 

in the albumin-nanoceria. The effect of SWCNT as a substrate was observed, and greater anti-
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inflammatory potential than albumin-nanoceria particles with similar surface valence was 

shown in vitro. In vivo, we ran a preliminary study on CIA to evaluate the anti-inflammatory 

efficacy of the most anti-inflammatory albumin-nanoceria and the SWCNT-nanoceria. Though 

further study is required to validate findings and achieve statistical significance, Ce3+ enhanced 

albumin-nanoceria appears to greatly reduce the severity of arthritis in mice indicating while 

SWCNT-nanoceria appears to enhance its severity. This finding was further validated by the ex 

vivo analysis showing that for the albumin-nanoceria, the population of T cells is greatly 

reduced while there is a robust population of macrophages. However, in the SWCNT-nanoceria 

group, we see an increase in T cells compared to the control indicating a more pro-inflammatory 

effect. Macrophages were challenging to image in the SWCNT-nanoceria condition due to 

quenching from the particle. 

The anti-inflammatory albumin-nanoceria was then further explored as a treatment for 

endometriosis, a chronic inflammatory condition characterized by the growth of endometrial-

like tissue outside the uterus. Traditional therapeutics for this disease come with significant side 

effects that can harm patients’ quality of life including loss of fertility. Albumin-nanoceria, used 

as a treatment for endometriosis, shows similar efficacy to traditional STAT/JAK inhibitors 

reducing the size and number of endometrial lesions present in our mouse model. However, 

unlike the inhibitors, albumin-nanoceria did not affect the fertility of our mice. Ex vivo validation 

indicated that the particles acted as an efficient STAT inhibitor in the endometrial lesions 

without affecting normal STAT expression in the uterus accounting for both the treatment 

efficacy and restored fertility of the mice. This effect was due to the enhanced targeting of 

abnormal lesions by the albumin-nanoceria which accumulates in regions with disorganized 
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vasculature. We see through both in vivo and ex vivo imaging that ICG-albumin-nanoceria 

preferentially accumulates in lesions and there is little ICG signal detected in the uterus. This 

makes albumin-nanoceria an excellent candidate for the diagnosis and treatment of 

endometriosis.  

Finally, this dissertation explored another critical application of nanoparticle imaging agents. 

NIR fluorescent silica nanoparticles were used as imaging agents for colorectal cancer to 

enhance traditional screening methods with fluorescent endoscopy. Using a straightforward 

synthesis, FSN were synthesized in three different sizes (50, 100, 200 nm) by varying reaction 

time then conjugated to PEG and anti-CEA antibodies. The 50 nm particles were shown to be 

the ideal choice for CRC imaging due to their complete biodegradation over the course of a 

week and excellent uptake by cells. These particles, when conjugated to anti-CEA antibodies, 

were shown to have the ability to specifically tag cells which express CEA when we compared 

the uptake in a CEA positive and a CEA negative CRC cell line. This finding was further validated 

using a tumor xenograft model where a tumor expressing CEA was implanted in one flank while 

a CEA negative tumor was implanted in the other. We see that, for the antibody conjugated 

particle, not only is fluorescence markedly higher in the CEA positive tumor, but it is also able to 

be easily visualized which would allow this tool to be used by surgeons. Colocalization of 

particles with CEA expression and cancer markers in PIRC rat models after topical application 

and washing shows that the particles could be applied topically during a fluorescent endoscopy 

to accurately tag CRC lesions. These combined factors make NIR-FSN ideal candidates for use as 

a contrast agent in combined white light/fluorescence endoscopy which would enhance the 

diagnostic potential of early CRC screenings.  
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6.2 Future Directions 

The work presented in this dissertation provides many interesting opportunities for future 

research. Based on what has been presented here, I believe robust animal studies of the 

nanoceria in various conditions is the next crucial step in this research. Here, we have 

successfully demonstrated the efficacy of the formulated nanodrugs in vitro and in chronic 

inflammatory conditions including endometriosis. Further studies would allow us to confirm the 

anti-inflammatory effects of the studied formulations in vivo and would allow for further study 

into the effects of substrate and surface valence on the pro and anti-inflammatory 

immunomodulatory effects of the nanoceria. Specifically, larger scale studies in the CIA model 

with an N of at least 4 per group would allow for robust statistical analysis of the scoring trends 

for animals treated different formulations. It will be key to include multiple control groups in 

these experiments including a normal mouse group, a PBS treatment of CIA group, and a drug 

control group. Methotrexate would be an excellent choice for the drug group as it has been 

shown in prior studies to be an effective treatment for CIA30. These same experiments would 

also open the door to further IF staining for macrophage phenotype which, while not performed 

in this study would provide further insight into the macrophage modulating effect of the 

nanoceria in vivo. Following or alongside these experiments, it would also be interesting to 

explore the effect of the nanoceria formulation of immune privileged environments like those 

found in solid tumor cancers. Fortunately, our lab has a pre-established orthotopic breast 

cancer model that would be useful for these studies.  

With regards to the FSNs for CRC imaging, the development of a pre-clinical imaging system 

compatible with the particles is key to their eventual clinical translation. Specifically, a 
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fluorescence endoscope compatible with white light imaging and particle application is 

necessary to fully validate the use of these particles for real time diagnosis alongside traditional 

colonoscopy. Though we would carry out these preliminary experiments in our PIRC rats, 

development of this tool would be critical to the translation of these particles to the clinic. This 

translation could be facilitated through a partnership with a hospital system. Confirmatory ex 

vivo studies of our particle targeting on patient samples combined with proven results with a 

pre-clinical fluorescent endoscope would create the possibility of clinical trials and ultimately 

wide scale adoption. This presents a great opportunity for collaboration with more device-

focused groups and clinicians moving forward.  
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APPENDIX 2: ALTERNATE METHODS ATTEMPTED 

Albumin-Nanoceria pH and Catalyst Variations: In the synthesis of albumin nanoceria, pHs 

from 2-12 were used with and without the addition of hydrogen peroxide in an attempt to 

create a wider variety of particle subtypes. pHs 2-5 and 12 resulted in large aggregates rather 

than nanoparticles, pHs 6 and 7 failed to form nanocrystalline cerium oxide that was detectable 

by HRTEM, and pH 10 too similar to pH 8.5 and pH 11 results to be a useful intermediary for 

these experiments. The addition of hydrogen peroxide either further destabilized the particles 

or forced them to be Ce3+ dominant, so we used the particles synthesized at pH 8.5 for their 

superior stability. 

Albumin-Nanoceria Reaction Timing: Early on, reactions were run for 15 minutes, 1 hour, 2 

hours, 4 hours, and overnight to see if particle yield or quality could be improved. 15 minute 

and 1 hour synthesis conditions resulted in lower cerium detected in the particles by ICP 

indicating that this reaction time was insufficient to allow for biomineralization. 2 and 4 hours 

showed similar amounts of cerium, but the 2-hour particles showed superior stability and 

smaller size. The overnight reaction produced a foamy albumin aggregate rather than 

nanoparticles. This motivated the use of the 2-hour reaction time.  

SWCNT PEGylation Trials: DSPE-PEG was selected for use with the SWCNT due to its ability to 

solubilize the hydrophobic SWCNT through hydrophobic interaction between the PEG and the 

SWCNT. Early on, many ratios of PEG to SWCNT were explored. 1:1, 1:5, 1:10, and 1:50 were 

tested. The 1:1 ratio was insufficient to solubilize the SWCNT resulting in a thick, black solution 

with many SWCNT aggregates that were too large to be taken up by a micropipette. 1:5, 1:10, 

and 1:50 ratios all solubilized the SWCNT, however, it was clear that we were removing excess 
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PEG during washing for the 1:10 and 1:50 conditions, so we chose 1:5 moving forward. 

Additionally, sonication time was found to be very important to the successful, stable 

PEGylation of the particles. Under-sonication and over-sonication both resulted in the 

aggregation of particles with under-sonication also resulting in nanotubes that were too long to 

safely use in living organisms. When 2, 4-, 6-, 12-, and 16-hour sonication times (after the 

combining of PEG and SWCNT) were explored, 6 hours of sonication produced the most uniform 

and stable particles of appropriate size.  

Temperature For Nanoceria Formulations: Due to the delicate nature of the substrates used in 

the production of the nanoceria formulations presented here, care must be taken to prevent 

damage to the substrate while still allowing for efficient formation of cerium-oxide nanocrystals. 

For both albumin and SWCNT, room temperature, 40oC, 60oC, and 80oC were evaluated. Colder 

and hotter temperatures were excluded due to the reduced reaction rate at low temperature 

and the boiling point of water being 100oC. For both the albumin and SWCNT, 40oC proved to be 

the idea temperature to perform synthesis. At room temperature, the reaction was less 

vigorous resulting in a less Ce dense particle. At higher temperatures, we start to see the 

albumin protein denaturing and appearing cooked and the SWCNT begin to aggregate.  

FSN Reaction Time: Three sizes of FSN were used in Chapter 5, however, two others were also 

created with reaction times of 15 minutes and 3 hours respectively. The particles with the 15-

minute reaction time were smaller than 50 nm but were more polydisperse and had a less 

uniform, rounded shape. This combined with the tendency of small particles to be efficiently 

cleared led us to exclude them from the study. The particles with a 3-hour reaction time were 

around 300 nm and were simply too large to be of interest for our studies.  


