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The Use of Macrophages as Targeted Drug Delivery Vehicles  

 

Abstract 

Drug delivery research for cancer relies heavily on nanotechnology. However, 

nanotechnology has several problems, which have hindered its clinical translation. In an attempt 

to find solutions, scientists have begun to study the use of circulatory cells as carriers for drugs. In 

particular, macrophages have garnered much attention due to their ability to deliver large amounts 

of drugs deep into tumors. In this work, I utilize macrophages as delivery vehicles for hypoxia-

activated prodrugs (HAPs). HAPs have tremendous clinical potential due to their selective toxicity 

towards poorly oxygenated tissues, which is a hallmark of solid tumors. However, despite their 

promising results in vitro, this class of drugs has failed to make a clinical impact. This is largely 

because tumor hypoxia is located far from blood vessels, making it difficult for these drugs to 

reach in therapeutically sufficient concentrations. Here, we report a generalized strategy to 

overcome this barrier by employing macrophages as drug carriers to enhance the penetration and 

accumulation of HAPs deep in solid tumors. Our system leverages nanoparticles that encapsulate 

a model HAP, tirapazamine (TPZ), and macrophages to phagocytose and transport those 

nanoparticles into hypoxic regions of solid tumors. We use a sequence of in vitro assays to refine 

the properties of the TPZ-containing nanoparticles and minimize carrier cell toxicity while 

maximizing their therapeutic efficacy. We demonstrate in vivo that our system improves drug 

accumulation in hypoxic areas of triple negative breast tumor models and slows their growth by 

itself and in combination with irinotecan. Our results provide early evidence that macrophages can 



 iv 

significantly improve the transport and efficacy of hypoxic prodrugs by improving their tumor 

penetration, highlighting a potential strategy to advance other hypoxia selective drugs into the 

clinic.  
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Conventional small molecule therapeutics provide a great deal of benefit to patients in all areas 

of medicine. However, the therapeutic efficacy of many drugs is severely limited by factors such 

as poor biodistribution, limited tissue selectivity, and poor solubility. This has resulted in only 1/9th 

of drugs gaining regulatory approval, which has encouraged scientists to utilize novel drug 

delivery systems in an attempt to improve the therapeutic efficacy of these compounds.1–3 

Nanotechnology provides several inherent advantages that can facilitate drug delivery.2 

However, problems such as poor tissue targeting and rapid clearance from circulation have led to 

lackluster results in the clinic.4,5 Several strategies to overcome these hurdles have been tested, but 

have not been as fruitful as originally hoped.5,6  

The mediocre results seen with artificial strategies have made it clear that nonconventional 

thinking is required to find solutions for the limitations of nanotechnology. One possibility is its 

amalgamation with biological entities in an attempt to leverage their beneficial properties. It has 

been established that circulatory phagocytes possess properties that are advantageous to drug 

delivery.7,8 These cells can readily carry drugs in a soluble or nanoparticulate form on their outer 

surface or interior. This allows scientists to leverage the properties of these cells to dramatically 

improve the circulation time and disease targeting of drugs.8 In particular, macrophages have been 

studied extensively for this purpose for several reasons including: i) their strong ability to migrate 

to areas of inflammation (chemotaxis),9,10 ii) their ability to engulf large amounts of particles 

(phagocytosis),11 and iii) their ability to be expanded ex vivo in quantities that are clinically 

relevant.12 

While macrophages are present in almost all inflammatory-based diseases, their significant 

accumulation in the low oxygen (hypoxic) regions of tumors makes them attractive drug carriers 

for cancer therapeutics.9,13 Many studies have demonstrated the ability of macrophages to carry 
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drugs deep into tumors and improve their efficacy.13–20 However, most of these studies have 

focused only on demonstrating the utility of macrophages as a drug carrier with little to no focus 

on the specific cargo being delivered. Because of the problems associated with hypoxia in tumors, 

many drugs are designed to specifically target these areas, which would make them excellent 

candidates for macrophage-based delivery.21 With this in mind, the aim of my research was two-

fold: i) to further demonstrate the utility of macrophages as drug delivery vehicles and ii) to 

highlight the importance of drug selection for this type of system by utilizing drugs that can take 

full advantage of the hypoxia homing ability of these cells. 

I begin this thesis by discussing the challenges associated with nanoparticles and how cell-

mediated drug delivery can help address those challenges (Chapter 2). I provide several examples 

of drug delivery with red blood cells, mesenchymal stem cells, T cells, neutrophils, and 

macrophages as well as highlighting the strengths and weaknesses of each.  

I then discuss my research using macrophages as carriers for hypoxia activated prodrugs (HAP) 

(Chapter 3). I start with an overview of the effects of tumor hypoxia on cancer treatments. I then 

discuss the promise and limitations of hypoxia activated prodrugs (HAP) in cancer therapy with a 

focus on tirapazamine (TPZ, a model HAP used in my studies) as well as ways macrophage 

delivery can help improve its efficacy. Next, I review the methods and materials used to conduct 

my study. Finally, I note and discuss the results of my experiments related to drug optimization, 

nanoparticle formation, macrophage loading, in vitro analysis, and in vivo efficacy. 

In Chapter 4, I conduct a literature review on materials that are commonly used in 

immunotherapy. Specifically, I focus on the effects each material has upon interaction with 

immune cells. By doing this, I hope to provide a guide to allow for intelligent design of future 
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nanoparticle systems, which can be used to avoid problems caused by material-cell 

incompatibilities.    

Finally, in Chapter 5, I conclude my thesis and provide thoughts on each topic discussed. 

 

 Permissions and Attributions 

1) Table 1 in Chapter 2 was adapted from Ref. [22], in The Journal of Leukocyte Biology, 

which is licensed under  CC by NC-4.0. 

2) Content from Chapter 3 has been submitted to Advanced Therapeutics for review. 

3) The content from Chapter 4 was adapted from an article that was previously published in 

Advanced Materials. This article has been cited as Ref. [23]
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2.1 Nanoparticles in Drug Delivery 

2.1.1 Claimed Advantages of Nanotechnology  

Nanoparticles have become one of the most popular drug delivery vehicles to combat the 

issues faced by conventional small molecule therapeutics. There are several attributes of 

nanoparticles that make them attractive to researchers.2 One of the biggest advantages 

nanoparticles hold is their ability to modulate the location and rate of drug release. Release can be 

controlled in a passive or active manner.24–26 Passive drug release from nanoparticles relies on the 

structure of the particle itself.26 Control is often achieved by tuning factors such as particle density, 

hydrophobicity, or degradability. The controlled release from passive methods may help improve 

drug efficacy and reduce dosing frequency. However, these strategies do little to control the release 

of drug in off target tissues.26 Additionally, nanoparticles can be designed so that drug release is 

dictated by either external (light, ultrasound, magnetic fields, etc.) or internal (enzymes, oxygen 

tension, pH, etc.) stimuli.24,25 These actively controlled release strategies provide the same 

advantages as passive strategies with the added benefit of reducing off-target drug release, which 

may help widen the therapeutic window. However, the addition of a required stimulus adds 

additional variables to the therapy, which adds significant complexity to clinical translation.24   

The utilization of a nanocarrier allows multiple therapeutic materials to be packaged in a 

single vehicle. This is particularly useful in combination chemotherapy regimines.27 Certain 

chemotherapeutic drugs are clinically administered in combination because they are 

therapeutically synergistic at certain ratios. However, differing chemical properties of each drug 

effects critical parameters such as diffusion or circulation half-life making it difficult to assure the 

desired ratio will be achieved in the tumor.28  A study by Camacho et al. designed a liposomal 

system containing doxorubicin (DOX) and 5-fluorouridine (5-FUR) to enhance drug synergism 
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for combination chemotherapy.28 DOX and a derivative of 5-FUR chemically modified with 

tryptophan (5-FURW) were loaded into pegylated liposomes in high amounts via an ammonium 

persulfate gradient at a synergistic 5-FURW to DOX ratio of 5:1. When tested in a mouse 4T1 

breast cancer model, intravenous injections of the liposomes inhibited tumor growth by 91% in 

comparison to 39% with free DOX and 5-FUR at the same ratio. In addition, the liposomal 

formulation led to the disappearance of tumors in 62.5% of the mice. The authors hypothesized 

that co-encapsulation maintained the correct drug ratio assuring the combination retained its 

synergism.28  

In addition, nanoparticles have been shown to improve the effective solubility of 

hydrophobic drugs. Up to 40% of newly developed drugs exhibit poor water solubility limiting 

their clinical potential. Because nanoparticles are tiny aggregates suspended in solution, they can 

be used to encapsulate hydrophobic drugs allowing for delivery without the need for 

solubilization.29 Work done by Householder et al. utilized nanoparticles to deliver camptothecin 

(CPT), an exceptionally potent chemotherapeutic drug whose clinical translation is hindered by its 

extreme hydrophobicity.30,31 In this study, the authors produced PLGA nanoparticles containing 

CPT.31 The nanoparticles were tested in a side by side comparison to free CPT in a mouse GL261 

glioma model. Intravenous injections of free CPT at 10 mg/kg failed to induce a significant tumor 

growth inhibition and caused rapid death in several mice due to hydrophobicity-induced 

crystallization of CPT in the blood. Mice treated with CPT-loaded nanoparticles experienced a 

66% inhibition in tumor growth and were able to tolerate much higher doses of CPT (30 mg/kg). 

In addition, the authors noted that nanoparticles preferentially deposited themselves in malignant 

brain tissue instead of the surrounding healthy brain tissue.31 
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2.1.2 Major Challenges Facing Nanoparticles 

Despite its potential, nanotechnology has failed to make a significant clinical impact 

because of technical hurdles that have largely been ignored. One of the biggest issues is particle 

clearance.2 Particles smaller than 5.5 nm are rapidly removed from the blood by the kidneys via 

renal filtration and excreted in the urine. This process is quite efficient, with one study reporting 

an elimination half-life of 4 h for 5.5 nm quantum dots.32 Larger particles do not fare any better 

and are rapidly cleared upon passage through the liver and spleen due to the high presence tissue 

resident macrophages that perceive these particles as foreign and phagocytose them.33 In addition, 

certain conditions such as cancer can alter the phenotype of these macrophages, which can cause 

these organs to clear particles at an even faster rate; further reducing particle retention in target 

tissues.34    

In addition to clearance, the targeting abilities of nanoparticles are much less impressive 

than originally promised. Many nanoparticles designed for deliver drugs to cancer rely on the 

enhanced permeation and retention effect (EPR).35 This theory states that the disorganized 

vasculature in the tumor is leakier than vessels found in healthy tissue allowing nanoparticles to 

preferentially accumulate here.36 However, only 0.7% of injected nanoparticle dose localizes in 

the tumors, which implies the significance of the EPR effect has been exaggerated.5,37   

 

2.1.3 Attempts to Overcome Hurdles Associated with Nanoparticles  

Scientists have attempted to overcome these issues with a wide range of approaches. One of 

the most common is the addition of targeting ligands to the nanocarrier.38 It is hypothesized that 

these ligands can improve nanoparticle uptake in the desired tissues by targeting unique aspects of 

a diseased tissue such as overexpressed receptors. Ligands can range from small molecules such 
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as folic acid to antibodies such as Trastuzumab, (targets HER2 receptor in some types of breast 

cancer).38 However, the addition of targeting ligands to nanoparticles to tumors has only improved 

accumulation to 0.9%.5 Much of this has to do with protein adsorption onto particles. Association 

of blood proteins such as serum albumin and immunoglobulins begins as soon as particles enter 

the bloodstream.2 This biofouling effect has the potential to dislodge, denature, or sterically hinder 

targeting ligands, which prevents them from interacting with the target cells and negates their 

effect.39 

In addition to targeting ligands, many studies modify nanoparticles to improve their circulation 

time. Increased circulation time allows particles more passes through a tumor and thus, more 

opportunities to accumulate there. Two common approaches include particle modification with 

poly(ethylene glycol) (PEG) and alteration of particle shape.2 PEG is a hydrophilic polymer that 

strongly interacts with water molecules. When grafted to the surface of nanoparticles, this 

interaction reduces particle biofouling. This has led to the widespread adoption of PEG as a particle 

“camouflaging agent”.2 Unfortunately, the chemical properties of PEG make it a common additive 

in a wide variety of consumer goods. Frequent exposure to PEG has led to the production of PEG-

antibodies in 22-25% of the population. These antibodies allow for rapid identification and 

clearance of PEGylated particles, eliminating the benefit of PEG.40  

The modification of particle shape is a more recent way to improve the circulation time of 

nanotechnology.41 Arnida et al. studied the circulation time and tumor uptake of spherical and rod-

like gold nanoparticles.42 After 24 h, it was found that 2% and 15% rod-like particles accumulated 

in the tumor and liver respectively. This distribution was considerably better than the 0.3% tumor 

accumulation and 50% liver accumulation seen for spherical particles after the same amount of 

time. Gold nanorods displayed a 4-fold enhancement in phagocytosis resistance than their 
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spherical counterparts. This helped the nanorods remain in circulation for 24 h while spheres 

disappeared after 6 h, which increased the tumor targeting of the nanorods.42  

 

2.2 Cell-Assisted Drug Delivery 

Past research indicates that the challenges nanoparticles face may be insurmountable with 

traditional approaches due to their incompatibility with natural body functions. This fact has led 

researchers to turn to nature for inspiration. One area that holds particular promise is the utilization 

of cells as carriers for nanoparticles. In particular, red blood cells, mesenchymal stem cells, T cells, 

neutrophils, and macrophages possess characteristics that can be leveraged to improve 

nanoparticle circulation time, targeting, and penetration.7,16   

 

2.2.1 Red Blood Cells 

Red blood cells (RBCs) are the most abundant type of circulatory cell. Due to the presence 

of surface receptors, such as cluster of differentiation 47 (CD47), RBCs are able to remain in 

circulation for up to 4 months.43,44 Because of this, drugs associated with RBCs exhibit 

significantly increased circulation half-lives.7 There are two methods to deliver drugs with RBCs. 

In the first method, drugs are loaded inside of RBCs, which essentially camouflages them from 

clearance mechanisms.45  Rossi et al. utilized this strategy to help improve glucocorticoid 

administration in patients with cystic fibrosis (CF).46 Typically, glucocorticoids are administered 

orally to help reduce the damaging inflammation caused by CF. Unfortunately, higher doses 

required for oral administration leads to problematic side effects such as immunosuppression. The 

authors encapsulated dexamethasone 21-phosphate (Dex-21-P) inside of RBCs via hypotonic 

dialysis. Membrane-impermeable Dex-21-P was slowly dephosphorylated to membrane-
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permeable dexamethasone (Dex) by erythrocyte phosphatase, which allowed for its diffusion out 

of the cell. When utilized in a clinical trial, it was demonstrated that a single infusion of therapeutic 

RBCs provided clinically relevant Dex concentrations for 28 days. When this therapy was 

administered over 15 months, clinicians noted improvements in lung function and reduced rates of 

bacterial infection in comparison to a control group receiving oral Dex.46 The promising results in 

this study led to the clinical development of this system to treat Louis–Bar syndrome. The therapy 

is currently undergoing phase III clinical trials.47 While this approach has promise, harsh methods 

such as hypotonic dialysis are needed to facilitate drug loading. These methods cause damage to 

RBC cell membranes and make the cell more likely to be cleared by macrophages in the liver, 

spleen, and bone marrow.44,48  

In another approach, nanoparticles are incubated with RBCs, allowing them to adhere to 

the outer surface of the cell. Anselmo and coworkers adsorbed polystyrene nanoparticles to the 

surface of RBCs.49 They found that particle levels in the blood and lungs were increased by 3-fold 

and 7-fold after 24 h, respectively. RBC association camouflaged the particles, allowing them to 

avoid clearance by the liver and spleen. In addition, the authors hypothesized that the increase in 

lung targeting was due to nanoparticle dissociation from the RBCs as a result of higher shear forces 

in the small lung capilaries.49  

This strategy was investigated further by Brenner et al., who used RBC hitchhiking to 

deliver nanogels to various organs with high targeting efficiencies. 50 Nanogels were adsorbed onto 

the surface of RBCs. When intravenously injected into a mouse, rat, or pig, it was found that over 

40% of RBC-bound particles deposited in the lungs 30 min after administration. In addition, 

particles a showed 20% accumulation when flowed through human lungs ex vivo.50 The high 

targeting rate was attributed to the transfer of the particles from the RBCs to the endothelial cells 
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due to the narrow confines of the capillary network.49,50 Additionally, the authors demonstrated 

delivery to other organs such as the kidney and brain by simply shifting the site of injection so the 

target tissue was the closest organ downstream of the administration site.50 Taken together, these 

reports demonstrate that RBCs have the potential to radically improve particle targeting to organs 

by taking advantage of the natural mechanical forces imposed on them in the circulation.49,50 

 

2.2.2 Mesenchymal Stem Cells 

Another cell type that has garnered a significant amount of attention is mesenchymal stem 

cells (MSC). These cells are self-renewing progenitors for osteocytes, adipocytes, and 

chondrocytes. Their high degree of immune privilege allows for the use of allogenic donor MSCs 

in therapies.51 In a process known as chemotaxis, MSCs are recruited to injured sites by following 

a chemical gradient of inflammatory cues.51–53 Upon arrival, they encourage functions such as 

angiogenesis and tissue proliferation to promote tissue healing.51–53 As discussed in a later section, 

the hallmarks of cancer cause the microenvironment in tumors to mimic wounds in some ways, 

which acts to recruit a large number of MSCs.54  

MSCs are typically loaded with drug or nanoparticles via endocytosis and then 

intravenously injected. The cells use their chemotactic abilities to localize the drug in inflamed 

areas. To date, most of the MSC-assisted delivery systems have been designed to treat cancer.51 In 

one study, MSCs loaded with PLGA nanoparticles containing DOX were evaluated as a therapy 

for  melanoma lung metastases in a B16F10 model in mice.55 The use of MSCs improved the 

accumulation of DOX over the drug alone or in nanoparticle form. The MSC system significantly 

enhanced the targeting of DOX towards the lungs and was able to provide an 84% reduction in 

metastatic nodules.55 
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 In a similar study, MSCs containing soluble paclitaxel (PTX) were used as a therapy for 

prostate cancer and melanoma.56 It was found that 1x106 MSCs could slowly release 200 ng of 

PTX via exosomes.56,57 The system was able to inhibit the growth of DU-145 human prostate 

carcinoma xenografts in mice and B16 mouse melanoma models by 50% and 40%, respectively.56   

MSCs have several problems that need to be solved to minimize risk. Cell-based drug 

delivery strategies require access to a significant number of cells. Isolation of MSCs in sufficient 

numbers is challenging and requires ex vivo expansion.55 While this can be achieved with MSCs, 

their ex vivo expansion can cause them to accrue cancerous chromosomal abnormalities.58 In 

addition, ex vivo culture of MSCs activates them and increases their size. Larger MSCs can get 

trapped within small capillaries, leading to a passively driven accumulation in capillary heavy 

organs.51 MSC accumulation in tumors has been shown to support an immunosuppressive 

environment through the secretion of cytokines such as tumor growth factor beta (TGF-b), 

interleukin 4 (IL-4) and IL-10, which can reduce a patient’s response to the delivered therapy.58 

This issue is compounded by the phenotypic characteristics of these cells that seem to make them 

more resistant to their therapeutic cargo, which could leave the carrier cells alive and able to exert 

their immunosuppressive and growth supporting effects on the tumor at the conclusion of the 

therapy.56 Finally, drug uptake into these cells by conventional means seems to be very low and a 

large numbers of MSCs would be required to treat primary tumors.55  

 

2.2.3    T cells 

T cells are a prominent member of the adaptive immune system. Like other immune cells 

and MSCs, T cells are able to undergo chemotaxis to areas of inflammation, providing a 

mechanism to localize drugs far beyond the limits posed by small molecules and nanoparticles.8,59 
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In one study, T cells were used to carry nanoparticles containing SN-38, the active metabolite of 

irinotecan, to treat a Eµ-myc mouse model of Burkitt’s lymphoma.60 Lipid particles containing 

SN-38 were covalently bound to the free thiol groups on the surface of T cells. Mice treated with 

the therapeutic T cells showed a 60-fold reduction in tumor burden compared to treatment with 

free SN-38. In addition, it was found that T cell mediated SN-38 delivery resulted in a 90-fold 

increase in drug accumulation in the lymph node even when the free drug was administered at a 

10-fold higher dose. The authors hypothesized lymph-node homing receptors naturally expressed 

on T cells were responsible for the striking improvements in drug distribution and therapeutic 

efficacy.60 

In another study by Kennedy et al., T cells were employed as carriers of hollow gold 

nanoshells for thermal ablation therapy.61 Nanoshells were internalized by T cells and did not seem 

to impact cell viability or function. When injected into immunocompromised mice with 

lymphoma, T cells were able to localize 1.6% of the nanoshells in the tumors, representing a 4-

fold increase over the nanoparticles alone. This increased accumulation has the potential to 

increase the efficacy thermal ablation therapy in future studies.61   

In addition to delivering directly cytotoxic materials, studies have appended particles to T 

cells with the intent of controlling the behavior of the immune system. One approach that has been 

taken is to use the therapeutic payload to directly influence the carrier cell.62 This approach has 

received much attention due to the recent clinical success of chimeric antigen receptor T cells 

(CAR-T).63 CAR-T has shown excellent results in treating blood cancers. Unfortunately, its effects 

on solid tumors have been less pronounced due to immune suppression in the tumor 

microenvironment, which reduces CAR-T potency, penetration, and expansion.64 Attempts have 

been made to stimulate CAR-T cells with IL-2 and IL-15. However, systemic administration of 
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these cytokines produces toxic effects.62,65 A study by Tang et al. attempted to overcome the 

challenges seen with CAR-T in solid tumors by anchoring IL-15 super-agonist (IL-15Sa) nanogels 

to the surface of CAR-T cells.62 The particles were designed so that increases in redox activity at 

the carrier T cell surface in response to T cell receptor (TCR) stimulation would lead to IL-15Sa 

release via reduction and self-immolation of a covalent crosslinker. Binding of particles to CD45 

with antibodies permitted them to remain surface-bound for 7 days and allowed 8 µg of IL-15Sa 

to be delivered by 1x106 cells. When tested in a B16F10 melanoma model in mice, it was found 

that the nanogel/CAR-T system significantly improved therapeutic efficacy compared to CAR-T 

cells alone or in combination with systemically administered IL-15Sa. The use of nanogels helped 

the IL-15Sa boost CAR-T expansion and activity without promoting the toxicity that came from 

systemic immune stimulation seen with free IL-15Sa. This procedure was so effective in localizing 

cytokine release that it was possible to increase the IL-15Sa dose 8-fold over what is normally 

considered toxic if it was administered bound to CAR-T cells. This shift in the therapeutic window 

led to the elimination of the tumors in 80% of mice.62 

While T cells have much promise, there are some issues that need to be considered when 

using them as drug carriers. Like MSCs, particle loading is governed by surface anchoring or 

endocytosis, which limits particle loading capacity to small quantities.60,62 Additionally, the 

microenvironment in solid tumors is known to chemotactically inhibit and functionally suppress 

T effector cells (Teff) while promoting the actions of T regulatory cells (Treg), the latter of which 

have roles in cancer progression.64,66,67 The combination of low drug loading capacity and poor 

tumor penetration means the utilization of T cells for delivering therapeutics meant to act directly 

on the cancer cells will be impractical and any clinical advancements of T cell drug delivery will 

be limited to potent immunomodulatory agents.  
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2.2.4 Neutrophils 

Neutrophils (NE) are the most abundant member of the innate immune system and make 

up 70% of the total leukocyte population.68,69 After an acute injury, neutrophils are normally the 

first immune cell type to reach the area. They secrete a number of cytokines to help drive the first 

stages of the defense and healing processes.70,71 One of the biggest roles neutrophils have is 

pathogen defense in the initial stages of an acute injury.71 Phagocytosis allows NEs to rapidly take 

up large quantities of particulate ranging in size from hundreds of nanometers to tens of 

microns.70,72 Because phagocytosis is used naturally to engulf a wide variety of diverse targets, 

phagocytic cells such as NEs will readily take up nanoparticles or microparticles loaded with 

drugs.73,74 The stimulation of NEs with certain pathogen associated molecular patterns (PAMPS), 

cytokines, and reactive oxygen species (ROS) causes them to die and rapidly extrude a mixture of 

decondensed chromatin, histones, and granule proteins.71 Known as a neutrophil extracellular trap 

(NET), this biochemical cocktail is employed to immobilize and destroy surrounding 

microorganisms. NET extrusion has been seen in many pathological conditions indicating its 

activation is not confined strictly to areas of pathogenic inflammation.71 NETs also appear to 

provide a mechanism to rapidly release any drug loaded inside of these cells into the surrounding 

tissue.73 

Rapid NE chemotaxis combined with phagocytosis and NET extrusion have led to 

significant investment in using neutrophils as drug delivery vehicles. A group of studies leveraged 

NEs to target the postoperative brain inflammation from glioma resection.73,75 In the first study, 

NEs were loaded with cationic liposomes containing PTX. The NEs were able to take up 18 µg 

PTX per 1x106 cells. The carrier NEs remained viable and maintained their chemotaxic abilities 
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in vitro. When intravenously injected into mice with resected gliomas, NEs showed measurable 

accumulation in the brain in as little as 1 h and managed to improve drug delivery here by over 

1,000-fold and 86-fold in comparison to free PTX and nanoparticles, respectively. The increases 

in drug accumulation led to statistically significant increases in mean survival time of mice treated 

with drug-loaded NEs (61 days) in comparison to free PTX (29 days) and nanoparticles only (38 

days). While much of this success can be attributed to the enhanced drug accumulation, the authors 

discovered that NEs accumulating at the site released much of the drug in NETs. This was likely 

superior to exosome or diffusion mediated release as it exposed the cancerous areas to extremely 

high doses of drug, assuring that resistant cell populations do not survive and repopulate the area.73  

 In a similar study, NEs were loaded with mesoporous silica nanoparticles (MSNs) 

containing MRI-active Fe3O4 particles and DOX to help prevent postoperative glioma 

recurrence.75 Nanoparticles were taken up by NEs and were released by NETs upon exposure 

conditions mimicking brain inflammation in vitro confirming the findings of the previous 

study.73,75 Additionally, the authors decided to take an in depth look at the biodistribution of their 

therapy.75 They found that the use of NEs decreased particle accumulation in the liver by ~50%. 

Most excitingly, they found that ~30% of the signal from the particles delivered by NEs had 

localized in the brain, which represented a 7-fold enhancement compared to nanoparticles alone.75  

While the above examples indicate NEs have potential to be excellent drug delivery 

vehicles, challenges remain in their development. NEs have an average lifespan of 5.4 days in 

circulation, are difficult to isolate from tissues, and only live only a few hours in ex vivo culture.8 

Clinical scale cell therapies requires processing at remote sites, which is likely incompatible with 

the short lifespan of NEs.76 Many of these challenges were alluded to in work by Hu and associates, 

which studied sialic acid targeted liposomes containing Dex to treat inflammation from rheumatoid 
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arthritis (RA).69 The authors hypothesized that the sialic acid would target the surface receptors on 

NEs to promote particle uptake and lead to their accumulation in areas of RA. The researchers did 

an experiment comparing drug targeting of NE-loaded nanoparticles and free nanoparticles in a rat 

adjuvant-induced arthritis model. Free nanoparticles showed significantly better targeting to 

arthritic limbs than NE-loaded particles. It was hypothesized that the complexities associated with 

ex vivo neutrophil manipulation damaged the cells and causing them to be cleared by macrophages 

in the liver, which lowered the number of cells that made it to the arthritic site in comparison to 

nanoparticles alone.69  

 

2.3 Macrophages  

 

2.3.1 Macrophage Phenotype Plasticity 

Macrophages are a prominent member of the innate immune system with a wide variety of roles 

and functions.77 Tissue resident macrophages (TRM) are mostly formed during embryonic 

development and maintain their populations through cell division.12,78  The main function of TRMs 

is to maintain homeostatic equilibrium in tissues through the release of cytokines and other 

stimulatory factors. For example, the macrophage excretion of tumor necrosis factor alpha (TNF-

a), IL-6, and IL-1b during an infection causes the body to be temporarily resistant to insulin. This 

decreases nutrient storage providing the immune cells mounting the defense access to more 

resources. Once the problem is resolved, the macrophages tune down their response.78 

 When tissue damage or an infection is present, the body will produce inflammation to 

attract immune cells to the area.79 Chemokines released by this process cause circulating 

monocytes, the progenitor cells of macrophages, to extravasate from the bloodstream and 
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accumulate at the inflamed site much like the other immune cells discussed above.9 Once there, 

there monocytes can differentiate into macrophages.80 However, the behavior (phenotype) of the 

macrophages is determined by the specific cytokines and other signals present in the tissue 

microenvironment.77 This allows macrophages to have incredible functional plasticity, which is 

necessary to assure their appropriate response to a wide range of disease states. Macrophage 

phenotypes are hard to define.77 However, scientists typically classify the activated forms of these 

cells as either M1 or M2 macrophages. The initial polarization state of a macrophage is not 

permanent and a shift to a new phenotype can occur in response to changes in the biochemical 

makeup of the local tissue environment.81  

M1 or “classically activated” macrophages are characterized by their expression of surface 

markers such as CD64 and CD80 as well as their excretion of inflammatory cytokines and 

bioregulators such as IL-1b, IL-6, IL-12, TNF-a, and nitric oxide (NO) (Table 1.1).81,82 

Macrophages assume this phenotype when exposed to stimuli such as lipopolysaccharides (LPS), 

interferon gamma (IFN-g), and TNF-a.81,83 The inflammatory nature of these cells helps them play 

a significant role in pathogen defense and tumor rejection.81,82 However, inappropriate or long-

term M1 polarization can cause chronic inflammation, leading to cancer initiation or a host of 

autoimmune diseases.81,84 

M2 or “alternatively activated” macrophages is the label used to characterize macrophages 

with a wide range of “anti-inflammatory” functions. However, the recent explosion in macrophage 

research has revealed that these “alternative” roles for macrophages are far broader than once 

thought.81 Scientists have further divided M2 into M2a, M2b, M2c, and M2d-type macrophages. 

Each of these subsets is formed in different tissue microenvironments and has different functions 

(Table 2.1).22,81 However, all M2 subtypes can be characterized by high levels of IL-10 secretion 
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and little to no secretion of IL-12.81,82 These various subsets are mentioned here to help underscore 

the wide array of phenotypic diversity macrophages can possess.22,81,82 Like their M1 counterparts, 

inappropriate polarization of macrophages to an M2 phenotype can lead to problematic outcomes 

such as immunosuppression and tumor progression, which is described in later sections.81,85  

 

 

Table 2.1: Comparative markers and biologic functions of macrophage subtypes in both humans and mice. Adapted 

from a paper by Wang et al. licensed under CC by NC-4.0.22  adenosine receptor , A2R; arginase-1, Arg-1; chemokine 

(C-C motif) ligand, CCL; chitinase-like 3 Chil3; chemokine (C-X-C motif) ligand,  CXCL; dendritic cell-specific 

intercellular adhesionmolecule-3-grabbing non-integrin, DC-SIGN; found in inflammatory zone 1, FIZZ1; 

granulocyte-macrophage colony stimulating factor, CSF2; immune complex, IC; inducible nitric oxide synthase, 

NOS2; Mer receptor tyrosine kinase, MerTK; vascular endothelial growth factor, VEGF. 

Phenotype Stimuli Markers Functions 

Human Macrophages 

M1 IFN-g, LPS, 

CSF2, TNF-a 

CXCL9, IL-12hi/IL-10low, NOS2, 

IL-6, CD80, CD86, TNF-a  

Pro-inflammatory, microbicidal action, tumor 

rejection, autoimmunity promoting 

M2a IL-4, IL-13 CCL17, IL-1R, CD206, Dectin-1, 

IL-10, DC-SIGN 

Anti-inflammatory, wound healing 

M2b LPS+IC, IL-

1β+IC  

CCL1, IL-10hi/IL-12low, TNF-a, 

CD86, IL-6  

Immunoregulation, infection promotion, tumor 

progression 
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Table 2.1 (Continued) 

M2c IL-10, 

Glucocorticoids 

CXCL13, CD206, CD163, IL-10, 

TGF-β, MerTK 

Immunosuppression, phagocytosis, tissue 

remodeling 

M2d LPS+A2R 

ligands, IL-6 

VEGF, IL-10, TGF-β Tumor progression, angiogenesis 

Mouse Macrophages 

M1 IFN-g, LPS, 

CSF2, TNF-a 

CXCL9, IL-12hi/IL-10low, NOS2, 

IL-6, CD80, CD86, TNF-a  

Pro-inflammatory, microbicidal action, tumor 

rejection, autoimmunity promoting 

M2a IL-4, IL-13 CCL17, IL-1R, Dectin-1, IL-10, 

Arg-1, Chil3, FIZZ1 

Anti-inflammatory, wound healing 

M2b LPS+IC, IL-

1β+IC  

CCL1, IL-10hi/IL-12low, TNF-a, 

CD86, IL-6  

Immunoregulation, infection promotion, tumor 

progression 

M2c IL-10, 

Glucocorticoids 

CXCL13, CD206, CD163, IL-10, 

TGF-β, MerTK, Arg-1 

Immunosuppression, phagocytosis, tissue 

remodeling 

M2d LPS+A2R 

ligands, IL-6 

VEGF, IL-10, TGF-β, NOS2 Tumor progression, angiogenesis 

  

 

2.3.2 Drug Delivery with Macrophages  

Of all of the cell types mentioned above, macrophages have received the most attention for 

their use as potential drug delivery vehicles. Macrophages have the ability to undergo chemotaxis 

like other immune cells and MSCs.9 However, macrophages have a particular attraction to tumor-

based inflammation.9 The drive is so strong that up to 50% of the cellular makeup of a tumor can 
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be macrophages, which gives them the potential to deliver therapeutics in a more efficient manner 

than T cells.9,11 Similar to NEs, macrophages are phagocytes, allowing them to take up far more 

particles than MSCs or T cells.11,74,86 However, macrophages are easier to culture ex vivo and have 

a longer lifespan under the right conditions, which makes them a more practical cell type for drug 

delivery.8,87,88 In addition, previous clinical studies on adoptive macrophage therapies have helped 

to establish robust ex vivo expansion protocols, which are necessary for scale-up.12  

   Transport by macrophages can be achieved by i) loading free drugs or nanoparticles into 

the macrophage interior or ii) anchoring particles to the outer surface of the macrophage 

membrane. In the first method, drug loading is mediated by endocytosis and phagocytosis for 

nanoparticles, while other mechanisms such as passive diffusion or active transport by membrane 

receptors are used for free drugs.89 Delivery of internalized nanoparticles is the most well studied 

method because of its simplicity and high drug loading capacity.11 Proof of concept was 

established as early as 2007 by Choi and coworkers.90 They demonstrated that macrophages could 

improve the penetration of gold nanoshells into large tumor spheroids. This provided an 

enhancement in the therapeutic efficacy of thermal ablation therapy in comparison to nanoparticles 

alone.90  

This initial success helped popularize the use of macrophages as delivery vehicles for 

inorganic nanoparticles. A study by Li et al. examined the ability of macrophages to enhance the 

efficacy of intratumorally injected gold nanorods.86 The authors found that gold nanorods were 

taken up by macrophages in quantities as high as 105 µg of nanorods per 1x106 macrophages. 

Uptake was 2.3-fold higher than achieved by nonphagocytic hepatic cells indicating it was driven 

partly through phagocytosis. Nanorods showed little toxicity to carrier macrophages on their own. 

However, exposure to an 808 nm laser (10 min, 1.0 W/cm2) caused apoptosis in 30% of the 
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macrophages in vitro. When macrophages with nanorods were injected intratumorally, they were 

able to employ chemotaxis to spread over the entire tumor in as little as 72 h. Laser exposure for 

10 min allowed tumors to reach a maximum temperature of 53.8°C resulting in a 95% inhibition 

in tumor growth. Nanorods without macrophages remained localized near the injection site and 

only provided a 25% inhibition of tumor growth.86 While intratumoral injection of this therapy 

provided exciting results, this method is impractical for harder to reach tumors or those that have 

metastasized, making the development of intravenously delivered therapeutics much more 

desirable. 

A study by Huang et al. demonstrated the ability of inorganic/organic hybrid nanoparticle-

loaded macrophages to target and treat tumors.15 Specifically, polymer nanobubbles containing 

superparamagnetic iron oxide nanoparticles (SPION), chlorin e6 (Ce6), and gaseous oxygen were 

designed. Each component served a therapeutic purpose. SPIONs allowed for hyperthermia 

therapy upon stimulation with a high frequency magnetic field. Ce6 acted as a photosensitive dye 

for photodynamic therapy, which converted the gaseous oxygen into singlet oxygen upon exposure 

to a 660 nm laser source. The produced singlet oxygen induced cell apoptosis through oxidative 

DNA damage. When loaded into macrophages, the nanobubbles showed little toxicity in the 

absence of 660 nm laser light or high frequency magnetic fields. The biodistribution of 

intravenously injected therapeutic macrophages was assessed in a mouse TRAMP-C1 prostate 

cancer model. Free nanobubbles showed higher accumulation levels in the tumor 24 h after 

injection. However, macrophages continued to accumulate at the site and provided considerably 

higher nanobubble accumulation levels 72 h post injection. In addition, the use of macrophage 

delivery in combination with exposure to a high frequency magnetic field (9 min, 2.5 kA/m, 37 

kHz) and a 660 nm laser (10 min, 100 mW/cm2) helped improve therapeutic efficacy in vivo 
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providing significant reductions in tumor weight in comparison to control mice (3.9-fold), Ce6 

alone (2.5-fold), or therapeutic nanobubbles alone (1.3-fold). Immunohistochemical (IHC) 

analysis of tumors revealed that nanobubbles delivered by macrophages increased the expression 

of caspase-3 (a protein commonly associated with apoptosis) by over 2-fold in well oxygenated 

(normoxic) and 3-fold in poorly oxygenated (hypoxic) tumor tissues in comparison to other 

treatment groups.15 

Macrophages have also been well studied for the delivery of small molecule 

therapeutics.13–20  Macrophages loaded with liposomes containing DOX were used to treat A549 

adenocarcinoma primary tumor and lung metastases models.14 The researchers found that 

therapeutic macrophages migrated deep into primary and metastatic tumors. It was found that 5 

injections of therapeutic macrophages helped induce a significant inhibition in primary tumor 

volume in comparison to free DOX or the nanoparticles alone. While this study helped to establish 

the potential of macrophages as delivery vehicles for chemotherapeutic drugs, it also helped reveal 

the importance of designing cell-based drug delivery systems that minimize carrier cell toxicity 

due to the significant damage induced in carrier macrophages post-loading.14 

Another study attempted to build upon the results seen above with the goals of fixing 

premature toxicity and improving macrophage targeting.13 In this paper, the authors co-loaded 

macrophages with echogenic polymer bubbles and DOX-loaded polymer bubbles. Macrophages 

loaded with these bubbles maintained high cell viability due to the absence of premature drug 

release as indicated by the lack of DOX signal in the cell nucleus. The application of focused 

ultrasound caused the echogenic bubbles to collapse and induce membrane damage to the DOX 

containing bubbles allowing for drug release. The authors used a transwell assay to compare the 

chemotaxic abilities of their particle-loaded macrophages to macrophages without particles. They 



 25 

found that the chemotaxic rate of particle-loaded macrophages towards tumor cell conditioned 

media was reduced by almost 50% in vitro.13 This is likely due to the small size of the bubbles, 

which can reorganize the actin in macrophage cellular membranes during particle phagocytosis in 

a way that is counterproductive to chemotaxis.91 However, the authors found that pretreatment of 

tumor cells with γ-radiation helped to improve the chemotaxic response of the macrophages by 

almost 2-fold.13 Next, the in vivo biodistribution of this therapy was tested in a mouse TRAMP-

C1 prostate cancer model. Nanoparticles without macrophages showed a more rapid tumor 

accumulation for the first 24 h. However, at 48 h, particles loaded into macrophages showed 

superior tumor accumulation with up to 60% of the payload making it to the tumor. In contrast, 

80% of the nanoparticle only group ended up in the liver. When these tumors were analyzed via 

IHC, the authors found that macrophages could help transport DOX over 150 μm from the nearest 

blood vessel, which was considerably further than free DOX (78 μm) or the DOX containing 

bubbles alone (10-20 μm).13 This finding is particularly significant because poor drug penetration 

into tumors is one of the most challenging aspects of chemotherapy.92 This work provided an 

excellent proof of concept on the importance of preserving carrier macrophage viability.13 

However, the use of two different nanoparticles to control drug release makes this system 

infeasible for clinical translation.   

In a related study, researchers designed a system that could slow drug release and prevent 

premature macrophage toxicity.19 Here, a co-condensation of DOX and tetraethyl orthosilicate 

(TEOS) produced DOX-silica hybrid particles. Acidic conditions such as those found in lysosomes 

or phagosomes induced the dissolution of the silica releasing the DOX. Particles were wrapped in 

a thick shell made of pure silica, which delayed release of the drug for a long enough time to allow 

macrophages to reach the tumor. Researchers tested several particle types with outer shells of 
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differing thicknesses and settled on a particle with a 52 nm thick shell and a DOX loading of 5.1 

wt.%. This particle delayed release of 94% of the drug for 12 h (enough time for macrophages to 

undergo chemotaxis). Uptakes of 16.6 μg of drug per 1x106 macrophages were achieved in a 

manner that did not significantly impact cell viability. Particles also shifted macrophages towards 

an M1 phenotype as evidenced by increases in IL-6, IL-12, and TNF-a excretion and decreases in 

IL-10 excretion. Even with the delayed release, particles were able to discharge around 50% of 

their total DOX in as little as 48 h. While most of this release was a result of diffusion, greater than 

16% of released DOX was found to be packaged in exosomes similar to that reported with 

MSCs.56,57 Next, the authors tested their macrophage-based system in an mouse subcutaneous 

U87MG glioblastoma model.19 They found that while free DOX and free nanoparticles were 

ineffective, macrophage-assisted nanoparticle delivery was able to induce a 62% inhibition of 

tumor growth. Further analysis revealed macrophages were able to help circumvent many of the 

side effects seen with DOX-based cancer therapy such as increases in white and red blood cell 

counts, and low mean corpuscular volumes (average volume of RBCs).19 While these results are 

promising, the need for a thick shell lowered DOX loading volume. In addition, the pH-mediated 

drug release could cause the system to produce variable results because of the drastic difference in 

phagosomal pH as a function of macrophage phenotype.19,93  

As referenced above, the complexity of some nanoparticle systems could make clinical 

translation challenging. With this in mind, Fu and coworkers developed a nanoparticle-free 

macrophage delivery system for DOX.94 Macrophages were exposed to a concentrated solution of 

free DOX (400 μg/mL) for 10 s. This brief drug exposure was able to incorporate 98.8 μg of DOX 

in 1x106 macrophages due to the high binding affinity DOX has for the nucleus. Despite this high 

drug loading, macrophages remained viable for up to 72 h, which was attributed to the low 
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proportion of cells in the G2/M phase of the cell cycle where DOX exerts its toxic effects. Within 

2 h of loading, 60% of the DOX had been released; much quicker than nanoencapsulated DOX. In 

vivo biodistribution analysis in a 4T1 model for mouse breast cancer revealed that macrophages 

initially accumulated in the lungs and made their way to the liver and primary tumor in as little as 

30 min with levels increasing over several hours. In mice with metastatic lung nodules, higher lung 

accumulation of macrophages was seen indicating chemotaxis towards these sites. This 

accumulation allowed macrophage-assisted delivery of DOX to exhibit enhanced metastasis 

control and survival times in comparison mice treated with saline and free DOX. However, the 

rapid drug release seen by this system caused significant release of DOX in the bloodstream, which 

led to levels of cardiotoxicity similar to free DOX.94  Overall, this strategy is attractive because of 

its simplicity, but the rapid drug release may make treatment difficult. However, the use of cell 

cycle to maintain carrier cell viability could be leveraged by others in future designs by 

incorporating cell cycle inhibitor drugs into their systems to keep their carrier cells in a state that 

will reduce the effects of their cytotoxic cargo.95  

The studies above demonstrate how macrophages can help improve the efficacy of well-

known cytotoxic cancer therapeutics. However, there are many other classes of cancer drugs, 

which could benefit from enhanced tumor targeting. One of these molecules is NO. NO is a potent 

small molecule bioregulator. Depending on its concentration, NO can induce beneficial or 

detrimental effects for cancer therapy. Low levels of NO (0.5 nM to 50 nM) lead to mostly 

beneficial effects such as enhanced sensitivity to chemotherapy and radiotherapy.96 In addition, 

these concentrations upregulate NF-kB in macrophages causing them to be more sensitive to M1 

polarization in the presence of inflammatory stimuli.97 At high concentrations, NO can be used to 

induce direct cytotoxicity to cancer cells via p53 phosphorylation and apoptosis (300 nM+) or 
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nitrosative stress of DNA repair enzymes and zinc finger complexes (1000 nM+).96 Intermediate 

concentrations of NO (50 nM to 100 nM) mediate wound healing and tissue regeneration 

processes. Thus, NO at these levels leads to apoptosis resistance, immunosuppression and 

promotion of cancer growth.96 Due to its biphasic effect, it is critical that NO-based therapies have 

precise control over concentration. However, the short biological half-life of NO coupled with the 

difficulty of delivering drugs deep into tumor tissue make this endeavor extremely challenging.11,98 

A study spearheaded by Dr. Po-Ju Huang and myself with assistance from members of the labs of 

Dr. Samir Mitragotri, Dr. Peter Ford, and Dr. Yutaka Hitomi set out to overcome these challenges 

by using macrophages as carriers NO-releasing prodrugs.11 The employed prodrug was a novel 

manganese nitrosyl complex, which released NO upon exposure to near infrared (NIR) light. This 

light has been reported to penetrate up to 8 cm deeply into tissue, which gives this strategy the 

potential to treat deeper tumors.99 The prodrug was loaded at 4.36 wt.% inside 1 µm PLGA 

particles with an immunoglobulin G (IgG) surface coating. Loadings up to 263 µg of particles per 

1x106 macrophages could be achieved with minimal effects on macrophage viability. 

Macrophages incubated with the fluorescent NO reporter, 4-amino-5-methylamino-20,70-

difluoro-fluorescein diacetate, showed a positive signal for NO upon exposure to 794 nm light (90 

s, 13.0 W/cm2) indicating internalized particles were releasing NO. Loaded macrophages retained 

a reasonable amount of chemotactic ability allowing them to bring an average of 8.7 pmol of NO 

deep into large tumor spheroids (deep penetration was not seen with particles alone). The 

efficiency of macrophage delivery coupled with the control garnered by light activation allowed 

us to use NO in two different therapeutic approaches. In the first approach, spheroids were exposed 

to a 794 nm laser (3 x 6 min, 13.4 W/cm2). This high laser power allowed rapid release of NO, 

which produced an average steady state concentration in excess of 1 µM (enough to induce p53 
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phosphorylation or nitrosative stress mediated apoptosis).11,96 After 12 min of exposure, spheroids 

that had been infiltrated with particle containing macrophages experienced a 26% drop in viability 

compared to untreated spheroids while spheroids infiltrated with macrophages without particles 

showed little if any reduction in viability.11 In the second approach, spheroids containing 

therapeutic macrophages were exposed to a 735 nm light emitting diode (7 h or 8.5 h, 0.58 

mW/cm2). The reduced power density allowed for a slower NO release rate producing a lower 

steady state concentration. Flow cytometry results indicated that this low-level NO exposure was 

able to significantly reduce the expression of hypoxia inducible factor 1a (HIF-1a), a factor 

indicated in tumor resistance to chemotherapy and radiotherapy, by up to 28.1%. Spheroids that 

were not exposed to light or were infiltrated with macrophages without particles did not show these 

effects.11  

In addition to internalized cargo, drugs can be delivered via particles anchored to the outer 

surface of the macrophage membrane. Drugs loaded into macrophages via phagocytosis or 

endocytosis end up in phagosomes and lysosomes.100 These vesicles contain acidic pH values 

and/or degradative enzymes, which are used to break down their contents.101,102 The harsh 

conditions may degrade more sensitive therapeutics. In these instances, scientists have elected to 

anchor the particles to the outer surface of the cell membrane.101 This process is tricky as a 

macrophage’s capacity for phagocytosis means they will quickly internalize most particles they 

come in contact with. However, the efficiency of macrophage phagocytosis is highly dependent 

on the geometry of the target particle.74 Champion and coworkers produced polystyrene particles 

of various geometries and sizes and incubated them with macrophages.74 Their results indicated 

that spherical particles up to 10 µm in diameter were able to be rapidly phagocytosed. However, 

particles with higher aspect ratios such as rods and disks showed delayed or no internalization 
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when phagocytosis was initiated along their major axis. This trend held even with particles as small 

as 1 µm in diameter. The authors attributed this effect to the energy intensive nature of the actin 

polymerization step in phagocytosis. In order to phagocytose an object, actin polymerization must 

occur to allow for the formation of an actin cup. This cup is slowly expanded over the entire object 

until it has been internalized.  For spheres, the initial point of contact with the cell and requires the 

formation of a small actin cup, which can gradually expand over the object. This allows the energy 

requirements at all points in the process to stay relatively low. The long axis of rods or disks have 

much larger initial points of contact with the cell. This means they require a high initial energy 

input to form a larger actin cup. The cell is unable to meet these energy requirements leading to 

incomplete cup formation, which is known as frustrated phagocytosis. Because the cell fails to 

internalize the object, it will remain on the surface of the macrophage instead of being 

internalized.74 This insight has been used to design phagocytosis-resistant particles, which bind to 

the outer surface of macrophages.101,103 Known as cell backpacks, these particles tend to be several 

microns in width and several hundred nanometers in thickness. One of the first examples of cell 

backpacks was reported by Anselmo et al.101 In this study, backpacks 7 µm in diameter and 500 

nm in thickness were constructed from numerous materials via a layer-by-layer (LBL) approach. 

The IgG surface coating encouraged cell binding, which caused 50% of macrophages to be 

associated with a backpack after 30 min of incubation. When intravenously injected into mice with 

LPS inflamed lungs or skin, backpacks bound to cells showed a respective 2 and 9-fold 

enhancement in accumulation at the inflamed sites in comparison to unconjugated backpacks.101  

A study by Klyachko et al. used backpacks to deliver the protein catalase to LPS inflamed 

regions of the brain.103 Backpacks with a 7 µm diameter and 600 nm thickness were constructed 

with a similar LBL approach. To achieve high therapeutic loading, catalase was incorporated as 
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the polyanion for many of the applied layers. The catalase inside the backpacks was able to rapidly 

decompose hydrogen peroxide, but was protected from proteases that normally destroy the protein. 

In addition, Intravenous injections of backpacks conjugated to macrophages were able to localize 

in mouse brains inflamed with LPS.103 

 

2.4 Conclusion 

Nanoparticles have fascinated drug delivery researchers throughout recent history due to 

their potential to improve the efficacy of a myriad of chemotherapeutic drugs.2 Unfortunately, poor 

rates of clinical translation in combination with lackluster results in animals indicate that the 

benefit of nanoparticles may be overblown.5 These shortcomings often arise from the 

incompatibility of these artificial materials with biological systems, which leads to rapid particle 

clearance and poor retention in target tissues.2 However, recent research indicates that the 

combination of nanoparticles with cells of the circulatory system can provide methods to overcome 

many of the challenges faced by nanotechnology. The blood contains a number of diverse cell 

types, which have different strengths and weaknesses as drug delivery vehicles.7,16  

RBCs are attractive because of their long circulation time and ease of isolation, which gives 

them potential as a depot to release drugs in circulation.46 In addition, several studies have 

demonstrated that RBCs can be used to localize particles in target organs via capillary shearing.49,50 

However, it is likely that particles lodged in these organs will struggle to penetrate deeper than a 

few cell lengths into the organ.13,104 

MSCs and T cells have chemotaxic abilities allowing them to transport drugs deep into 

inflamed tissue.7,16 This has been shown to dramatically improve targeting of drugs and reduce 

systemic toxicity.51,62  However, methods to load these cells with drugs are limited to surface 
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anchoring and internalization via endocytosis.51,62 Because of this, most reports indicate drug 

loading into these cells is rather low. Additionally, MSCs and certain T cell subsets are reported 

to have poor targeting to tumors.51,66 When taken together, these issues will likely restrict these 

two cell types to carrying potent cytokines or other immunomodulatory materials. 

NEs are able to undergo chemotaxis like MSCs and T cells. Additionally, these cell types 

are able to take up much larger quantities of particles via phagocytosis.7,16 NEs have gotten a lot 

of attention for drug delivery because they quickly accumulate in areas of inflammation and are 

able to rapidly release all of their cargo with NETs.70,73 Proof of concept studies have shown 

striking results giving these cells promise as delivery vehicles for cancer therapeutics. However, 

these cells have an extremely short half-life in circulation and in culture, which will make scale up 

to clinical levels virtually impossible.8    

Macrophages possess chemotaxic and phagocytic abilities like NEs. However, 

macrophages are likely superior to NEs because they are able to undergo long-term ex vivo culture 

and expansion to levels that are clinically relevant.7,12,16 In addition, macrophages are known 

populate tumors in abundance giving them the potential to target these areas more efficiently than 

T cells.9 This combination has made macrophages the most popular cell type for drug delivery. 

Proof of concept studies with these cells show that their use as drug delivery vehicles can help 

improve various facets of cancer therapy over free drugs and nanoparticles alone.11,13,15,16 

However, very little work has been done to find drugs that would benefit the most from this form 

of drug delivery. In the following chapter, I present my work on using macrophages as carriers for 

HAPs: a class of drugs, which we hypothesized would take particular advantage of the localization 

of these cells in tumor hypoxia.   



 

 
Chapter 3: Macrophage-Mediated Delivery of Hypoxia-Activated Prodrug-Containing 

Nanoparticles Leads to Improved Therapeutic Efficacy 
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3.1 Tumor Hypoxia 

The last several decades have brought about incredible advancements in our understanding 

of what cancer is and how to treat it. Perhaps one of the most important lessons learned is that 

tumors are heterogeneous structures with biology that varies on a case by case basis.105 However, 

there are several hallmarks that define cancer. One of the most important is a tumor’s propensity 

for unrestricted growth.106 Cancer cells often proliferate at a faster rate than healthy cells. To keep 

up nutrient demands, tumor vasculature grows in a rapid and disorganized fashion. The result is 

that much of this new vasculature is dysfunctional and unable to supply a constant stream of 

oxygen and nutrients to the tumor tissue.107 Tumor cells greater than 100 µm from the nearest 

functioning blood vessel often experience low oxygen conditions known as tumor hypoxia.108,109 

 With a few notable exceptions, significant hypoxia is absent from healthy tissue and 

indicative of a wound.110,111 Because of this, hypoxia is used as a signal to stabilize or upregulate 

factors such as HIF-1a, a transcription factor responsible for controlling the expression of 

numerous genes implicated in wound healing.110 The body often mistakes tumor hypoxia for a 

chronic wound and kicks off these processes.112 This can cause issues including metastasis, 

immunosuppression, and resistance to chemotherapeutic drugs and radiotherapy all of which 

worsen a patient’s prognosis.107,113  Each of these factors are discussed in detail below. 

  

3.1.1 Cancer Metastasis  

Several studies have demonstrated the presence cancer hypoxia induces tumor 

metastasis.114,115 The underlying mechanism for this seems to be related to hypoxia’s ability to 

upregulate angiogenic factors such as HIF-1a and VEGF.107 Both of these signals increase the 
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pace of blood vessel growth into the tumor. This vasculature is often dysfunctional and leaky, and 

its enhanced permeability facilitates the extravasation of cancer cells into the bloodstream. Once 

in the circulation, cancer cells are able to travel to distant sites where they can form metastatic 

nodules.107,113  

 

3.1.2 Cancer Immunosuppression 

In a healthy organism, surveillance by immune cells such as T cells and NK cells helps 

identify and eliminate cancerous cells. However, cancer has several mechanisms to help it avoid 

immune detection. One of these strategies is hypoxia-based immunosuppression.116 For example, 

NK cells and CD8+ T cells commonly express the receptor NKG2D. This receptor can detect 

surface markers commonly found on cells with deleterious mutations.117,118 Successful binding 

with NKG2D causes activation of NK cells or T cells and allows them to destroy the target cell. 

Tumor hypoxia can induce the production of soluble ligands for NKG2D. These soluble ligands 

act to block the NKG2D receptors preventing them from identifying cancer cells.117,118 

 Cancer hypoxia also has marked effects on dendritic cells (DC). DCs exposed to hypoxia 

show reductions in CD40 and major histocompatibility complex (MHC) expression. In addition, 

these DCs exhibit decreases in IFN-g, TNF-a, and IL-12 secretion and increases in IL-4 secretion. 

These results indicate that hypoxia inhibits the maturation of DCs.119 Maturation is critical as it 

improves the antigen presentation and T cell stimulating abilities of DCs, which are critical for the 

establishment of a robust adaptive immune response.113  

 Inflammation and secreted cytokines in regions of tumor hypoxia are able to attract 

monocytes via chemotaxis.9 Once at the site, the monocytes differentiate into macrophages.9 

Macrophages with an M1-like phenotypic skew have been shown to be tumoricidal making their 
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presence welcome.120 Through actions such as the stabilization of HIF-1a, tumor hypoxia typically 

skews macrophage polarization towards a M2d-like phenotype.121 Known as tumor-associated 

macrophages (TAM), these cells secrete a myriad of problematic cytokines such as VEGF, IL-10, 

and  matrix metallopeptidase 9 (MMP9), which are major contributors to angiogenesis, 

immunosuppression, and metastasis respectively.121,122 These cells are so problematic that several 

clinical studies demonstrate that a high presence of TAMs leads to reduced median survival times 

in many cancer types including non-small cell lung cancer123 and node-negative breast cancer.124   

 

3.1.3 Chemotherapy and Radiotherapy Resistance  

Radiotherapy and chemotherapy are two of the most common approaches to cancer 

treatment. However, hypoxic cells are often more resistant to these forms of therapy.125–127 The 

effectiveness of radiotherapy relies heavily on the presence of oxygen.107,128 Ionizing radiation 

produces hydroxyl radicals from water, which collide with the DNA backbone to abstract a 

hydrogen and leave a free radical. This site will react with the first source of electrons it can find. 

Thiols such as glutathione will transfer a proton to the DNA leaving it in a state that can be mended, 

which negates the damage. The DNA radical can also react with oxygen leaving it in a state that 

is unable to be repaired, which induces apoptosis.107,128 Hypoxic tumors are more resistant to this 

type of therapy because of their lower levels of oxygen.107 For example, a 2 to 3-fold increase in 

radiation dose is needed when oxygen tension drops below 30 mmHg from normal biological 

levels as high as 80 mmHg.110,129 Many clinical studies indicate that 50-60% of solid tumors have 

hypoxic areas with oxygen tensions as low as 2.5 mmHg, which increases their resistance even 

further.110,125 
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Tumor hypoxia also increases the resistance of tumors to chemotherapeutic drugs. For 

example, hypoxia-associated HIF-1a stabilization leads the transcription and eventual translation 

of survival promoting factors such as ABC transporters.130 ABC transporters are able to pump 

chemotherapeutic drugs out of cells, which lowers drug efficacy. One study demonstrated the 

suppression of the ABC transporter, P-glycoprotein (P-gp), by siRNA led to a 7-fold increase in 

the sensitivity of human uterine sarcoma cells to DOX. The lack of P-gp slowed drug expulsion 

out of the cell and helped promote higher intracellular concentrations of DOX, which led to 

increased cell kill.131 

The inadequate tumor vascularization that induces hypoxia in tumors also blunts the 

delivery efficiency of chemotherapeutics.92 Without sufficient vascularization, therapeutic drugs 

typically rely on extravascular diffusion to reach these distal sites.132 Great distances in 

combination with factors such as, drug metabolism or high interstitial fluid pressure due to a 

dysfunctional tumor lymphatic system can prevent the drug from reaching these hypoxic areas.92 

A paper by Namazi et al. developed a computational model to predict drug penetration.104 Their 

model matched experimental observations reported by others for a number of drugs. Of the ten 

drugs tested in silico and in vivo, only one was able to penetrate further than 100 µm, which is the 

distance from a blood vessel that hypoxia usually begins.104,108,109 Perhaps most interestingly, 

Doxil, a clinically approved liposomal formulation of DOX, demonstrated a significantly reduced 

penetration depth when compared to free DOX (34 µm vs 78 µm) likely due to its size.104 

 

3.2 Hypoxia Activated Prodrugs 

As discussed in the previous section, hypoxic tumor cells can have a detrimental effect on 

patient prognosis.125 This makes hypoxia an attractive therapeutic target.21 One of the most 
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interesting approaches to improve therapy in these regions is a class of small molecules known as 

hypoxia activated prodrugs (HAP). These molecules are converted from a non-toxic to a toxic 

form by unique characteristics of the tumor microenvironment. In addition, the relative scarcity of 

hypoxia in most healthy tissues helps these drugs specifically target tumors, which increases their 

therapeutic window.21,133  

The prevalence of hypoxia in tumors has led to a significant investment in the development 

of HAPs, resulting in drugs that can selectively target tumors through numerous mechanisms.21 

However, while many of these drugs have advanced to clinical trials, none have been granted 

approval by the FDA.134 Like other chemotherapy drugs, their localization in tumor hypoxia 

requires excellent tissue penetration capabilities, which has been difficult to achieve.  

TPZ is the oldest and most well studied HAP. Upon entering cells, a cytochrome P450 

reductase-driven one-electron reduction converts TPZ to a radical intermediate. In normoxic 

conditions, the oxygen rapidly reoxidizes the TPZ radical to its original form.135–137 Low oxygen 

conditions stabilize this radical long enough to allow for its protonation, leading to the production 

of hydroxyl and benzotriazinyl radicals, which result in extensive DNA damage.21 Despite 

demonstrating a 50 to 200-fold enhancement in toxicity in hypoxic 2D cell cultures for certain cell 

types, TPZ has failed in over 10 clinical trials.21 Like other HAPs, TPZ exhibits poor penetration 

into tumor hypoxia. A study by Hicks et al. explored the implications of TPZs oxygen dependence 

on its extravascular diffusion and efficacy.138 They found the enzymatic metabolism of TPZ as a 

function of oxygen concentration displayed both first order and Michaelis-Menten characteristics 

(Equation 3.1). These results indicated that the KO2 (The concentration of oxygen required to 

inhibit the rate of TPZ decomposition in anoxia by 50%) was 1.21 µM (0.867 mmHg). However, 

experiments indicated that notable TPZ metabolism was still occurring in regions with partial 
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pressures of O2 as high as 25 µM (17.9 mmHg), which occur only 20 µm from the nearest blood 

vessel.138 TPZ metabolism in these normoxic areas is seen at rates that are unable to exert cytotoxic 

effects and act mainly to inactivate the drug before it can reach hypoxic areas . When coupled with 

its slow extravascular diffusion, this premature metabolism helps assure that sufficient TPZ 

concentrations are only maintained up to 75 µm from the vessel and the furthest cells are only 

exposed to 10% administered concentration, which blunts its effect in hypoxia.138,139   

 

 

Equation 3.1: The effect of oxygen concentration on TPZ metabolism per unit of intracellular volume (M). Kmet = 

first order rate constant for TPZ consumption, Vmax = maximum rate of TPZ consumption, Km = TPZ concentration 

where rate of reaction is half of Vmax (Michaelis constant), C1 = oxygen independent component of TPZ metabolism, 

C2 = oxygen dependent component of TPZ metabolism (C1 + C2 = 1).138 

 

3.3 Macrophages as Carriers for HAPs 

As mentioned previously, macrophage delivery of chemotherapeutic drugs can help 

improve their penetration into tumor tissues, particularly to areas of hypoxia. I hypothesize that 

this ability can be leveraged to improve the targeting of these drugs to hypoxic areas. Our system 

utilizes PLGA nanoparticles containing one of several hydrophobic TPZ derivatives (MAC-TPZ). 

Macrophages phagocytose these nanoparticles in large amounts, while avoiding significant carrier 
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cell toxicity in normoxia. Thus, the macrophages are able to infiltrate hypoxic regions in solid 

tumors, whereupon the hypoxic prodrug provides a potent therapeutic effect (Figure 3.1) 

 

 Figure 3.1: Overview of treatment procedure with MAC-TPZC12. TPZ-loaded PLGA nanoparticles are phagocytosed 

by macrophages, free particles are washed off (not shown), and the subsequent MAC-TPZs are injected intravenously 

into tumor-bearing mice. Macrophages travel to the tumor site via chemotaxis and infiltrate regions of hypoxia, 

whereupon TPZ converts into its active form. Green cells indicate oxygenated areas; purple cells indicate hypoxic 

areas. Tumor-associated cells are shown, including cancer cells, dendritic cells, TAMs, and other lymphocytes. Some 

tumor-associated cell types (e.g., fibroblasts) are excluded for simplicity.   
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3.4 Materials and Methods 

3.4.1 Materials  

 All cell lines (4T1, NIH-3T3) were purchased from ATCC. BALB/c mice (6–8 weeks old) 

were purchased from Charles River. Decanoic anhydride (96%), dodecanoic anhydride (99%), 

tetradecanoic anhydride (95%), octadecanoic anhydride (³97.0%), 4-dimethylaminopyridine 

(³99.0%), poly(vinyl alcohol) (MW = 31,000 – 50,000 g/mol, 98-99% hydrolyzed), poly(lactic-

co-glycolic) acid (MW = 24,000 – 38,000 g/mol, 65:35 lactide:glycolide, acid terminated), Tween 

20, Triton X-100, red blood cell (RBC) lysing buffer Hybri-Max, glutaric anhydride (95%), 1,1’-

carbonyldiimidazole (³97.0%), and all solvents were purchased from MilliporeSigma. 

Tirapazamine was purchased from MedChemExpress. All types of media, fetal bovine serum 

(FBS), Dulbecco’s phosphate buffered-saline (DPBS), Hanks’ balanced salt solution (HBSS), 

penicillin/streptomycin (P/S), P-nitrophenyl phosphate tablets, eFluor 570 labeled mouse anti-

phospho-histone H2A.X (Ser139) (CR55T33), alamarBlue, ProLong Diamond antifade mountant, 

and octadecyl rhodamine B chloride were purchased from ThermoFisher Scientific. All 2D tissue 

culture plasticware was purchased from Corning. The gravityPLUS hanging drop plates and 

gravityTRAP ULA plates were purchased from PerkinElmer. The OCT compound was purchased 

from VWR. Irinotecan hydrochloride trihydrate (>99%) was purchased from LC Laboratories. 

Accumax was purchased from Innovative Cell Technologies. Alexa Fluor 647 labeled rabbit anti-

carbonic anhydrase 9 (bs-4029R-A647) was purchased from Bioss Antibodies. Hypoxyprobe 

Pacific Blue Kit containing pimonidazole HCl and mouse pacific blue monoclonal antibody was 

purchased from Hypoxyprobe.  
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3.4.2 Cell Culture 

Bone marrow macrophages (BMM) were produced as described previously with minor 

modifications.11 Briefly, 6–8 week old female BALB/C mice were euthanized via CO2 inhalation. 

Surgical scissors were used to remove the femur from the forelimbs as well as femurs and tibias 

from the hindlimbs. Each bone was soaked in 70% ethanol for 1 min and transferred to DPBS. The 

epiphyses of each bone were cleaved with scissors and the marrow was flushed into a 50 mL 

conical tube with HBSS or DPBS dispensed through a syringe with a 30 G needle. Cells were 

pipetted up and down to dislodge aggregates, poured through a 40 μm cell strainer, and centrifuged 

at 400xg for 15 min. Cells were resuspended in RBC lysis buffer for 5 min at 37°C. A 30 mL 

aliquot of BMM- (comprising 500 mL Dulbecco's modified eagle medium (DMEM) F12 media 

supplemented with 50 mL FBS, 25 mL GlutaMAX supplement, and 5 mL P/S) was added to the 

solution, which was centrifuged at 400xg for 10 min. The liquid was aspirated; cells were 

resuspended in BMM+ (i.e., BMM- with 20 ng/mL macrophage colony-stimulating factor) and 

counted with a hemocytometer.  

After marrow isolation, 1.25x106 bone marrow cells were added to non-TC treated T175 

flasks containing 25 mL of BMM+. Cells were incubated under standard culture conditions for a 

total of 7 days. Additional BMM+ (25 mL) was added to the flasks on Days 3 and 5. After 

maturation was complete, the BMM+ was aspirated from the flasks. The cells were washed once 

with 10 mL DPBS. The DPBS was aspirated and replaced with 10 mL of 4°C Accumax to dislodge 

the cells. Cells were incubated with the Accumax at 37°C for 10 min. The flask was then removed 

from the incubator and thumped with the side of a hand several times. More Accumax (10 mL) 

was added to the flask and the cells were incubated for 10 min and thumped again. The solution 



 43 

of macrophages in Accumax was added to a 50 mL conical tube with an equal volume of BMM- 

and centrifuged at 400xg for 10 min. Liquid was aspirated and replaced with BMM+. Macrophages 

were counted and replated on non-TC treated cultureware for all experiments at a cell density of 

62,500 cells/cm2.  

Due to extensive BMM death observed due to surface tension effects resulting from media 

removal (as has been reported with other cells) I utilized a special media exchange technique in 

wells or dishes with diameters smaller than 60 mm (Figure 3.2).140 Instead of aspirating the full 

liquid volume and then adding fresh media, fresh media was added first and then an equal volume 

was removed. This process was repeated 7 times per well to provide a near-complete washing to 

prevent loss of macrophage viability. Complete liquid removal was only preformed at the end of 

an assay if viability was no longer a factor. This procedure is herein referred to as serial dilution. 

 

Figure 3.2: An illustration of the serial dilution process. 

 

NIH-3T3 murine fibroblast cells and 4T1 murine breast cancer cells, between Passage 3–12 

were cultured on TC-treated plasticware with DMEM supplemented with 10% FBS and 1,000 

U/mL of P/S. Cells were passaged with 0.25% trypsin/EDTA once they reached a confluency of 

>80%. 

A hypoxia incubator chamber (Stemcell Technologies) was used to culture cells under hypoxic 

conditions. Before incubation, paper towels soaked with DPBS were placed inside of the chamber 

   

Mix  

  

Wells with liquid A 

Wells with liquid B 

Wells with liquid A + B 

Repeat 6x  

Remove half of liquid 
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to minimize evaporation. Plates containing cells were sealed with parafilm and placed into the 

chamber. Parafilm limits evaporation but allows for gas exchange. The chamber was flushed with 

a gas mixture containing 94% N2, 5% CO2 and 1% O2 at a flow rate of 20 L/min for 10 min. The 

chamber was sealed and incubated at 37°C. The chamber was flushed again 2 h later and every 24 

h thereafter to ensure consistent oxygen levels. To allow for culture in normoxic conditions, plates 

were sealed with parafilm and placed in a culture incubator under standard culture conditions (74% 

N2, 5% CO2, and 21% O2). 

 

3.4.2  Preparation of Tumor Spheroids 

Tumor spheroids were produced with minor modifications from previous reports.11,141 Briefly 

NIH-3T3 and 4T1 cells with a passage number no greater than 12 were mixed together in a 5:1 

ratio at a total cell concentration of 4.4x105 cells/mL in DMEM. The humidity pad of a 96-well 

gravityPLUS hanging drop plate was soaked in 25 mL of a 1:1 culture grade water: DPBS solution 

for 5 min. The pad was placed inside the base of the hanging drop plate. The spheroid holders were 

filled with 45 µL of the 4T1:NIH-3T3 mixture. The plate was covered, wrapped in parafilm, and 

placed in an incubator for 4 days under standard cell culture conditions. On Day 3, media was 

exchanged by removing 15 µL of media and adding 15 µL of fresh media. This was repeated two 

times. On Day 4, spheroids were transferred to a 96-well gravityTRAP ULA plate with 15 µL of 

DMEM already added. Spheroid transfer was accomplished by positioning the spheroids in the 

holders above the plate and directly adding 100 µL of media, causing the spheroid to fall into the 

plate below. Media was carefully aspirated from each well and replaced once. Spheroids were then 

used in experiments, as described in later sections. For determination of tumor spheroid size, 

images were taken with an Olympus CKX53 Microscope to determine the length and width of 
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each spheroid. These measurements were used to determine tumor volume using the formula: V = 

¾pr3, where V = volume and r = radius. 

 

3.4.3 Synthesis of TPZ Conjugates 

  

3.4.3.1 Synthesis of 3-(4-carboxybutanamido)benzo[e][1,2,4]triazine 1,4-dioxide (TPZG) 

Glutaric anhydride (1.5 g, 13.1 mmol, 46.8:1 eq) and TPZ (50 mg, 0.28 mmol, 1:1 eq) was 

added to a round bottom flask. Heated under nitrogen to 65 -70 °C causing the glutaric anhydride 

to melt and the TPZ to dissolve. The reaction was stirred leading to the appearance of a light orange 

solid (Figure 3.3). After 3 h, the reaction was stopped and transferred into 20 mL of acetone. The 

solid was collected with a fritted funnel. The powder was washed once with 10 mL of DI water, 

10 mL of acetone, and 10 mL of diethyl ether. After drying, 52 mg (63.4%) of a light orange 

powder was produced. 1H NMR (DMSO-D6) d 1.77 (t, 2H, CH2), d 2.28 (t, 2H, CH2), d 2.64 (t, 

2H, CH2), d 7.84 (m, 1H, CH), d 8.06 (m, 1H, CH), d 8.32 (m, 2H, (CH)2), d 10.88 (s, 1H, NH),  

d 12.10 (s, H, COOH); LCMS purity 99.3%, retention time: 12.63 min; MS (ESI) m/z: [M + H]+ 

calculated for C12H13N4O5 393.0; Found 393.1. 

 

Figure 3.3: The synthesis of TPZG. 
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3.4.3.2 Synthesis of the TPZG-HA Conjugate 

TPZG (22.5 mg, 0.077 mmol, 3.09:1 eq.) and 5.55 mg of carbonyldiimidazole (CDI, 11.2 

mg, 0.034 mmol, 2.72:1 eq) was dissolved in 400 µL of DMSO at RT and allowed to react under 

nitrogen for 1h.   HA (10.2 mg, 0.025, 1:1 eq) mmol was dissolved in 400 µL of formamide under 

nitrogen at 60 °C. After 15 min, the HA solution was cooled to room temperature and 4-

dimethylaminopyridine (DMAP, 52.5 mg, 0.42 mmol, 16.8:1 eq) was added until dissolved. Once 

the TPZG solution was done incubating, the two solutions were mixed together and allowed to 

react under nitrogen for 16 h (Figure 3.4). The next morning, 1 mL of PBS was added to the 

solution followed by 14 mL of acetone causing the conjugate to precipitate. The solution was 

centrifuged for 1 min at 1500xg. The liquid was decanted off and the conjugate was dissolved in 

1 mL of PBS. Acetone (14 mL) was added to precipitate the conjugate. This procedure was 

repeated a total of three times. A known amount of the conjugate was dissolved in DI water and a 

Spectramax i3 plate reader was utilized to measure solution absorbance at λabs = 430 nm. This was 

compared to solutions of TPZG in water to determine drug loading.  
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 Figure 3.4: The synthesis of TPZG-modified HA. 

   

3.4.3.3 Synthesis of 3-decanamidobenzo[e][1,2,4]triazine 1,4-dioxide (TPZ-C10) 

TPZ (50 mg, 0.28 mmol, 1:1 eq.) and DMAP (68.4 mg, 0.56 mmol, 2:1 eq.) were added to 

15 mL of chloroform. The mixture was briefly sonicated to break up chunks of TPZ, forming an 

orange slurry. Decanoic anhydride (282 mg, 0.87 mmol, 326.5 µL, 3.1:1 eq.) was dissolved in the 

solution. The solution was heated to 35°C under a constant stir and monitored via thin layer 

chromatography (TLC). After 3 h, the slurried orange solution of TPZ had dissolved into a clear 

orange-yellow solution (Figure 3.5) After the reaction was complete, the solution was dried with 

rotary evaporation. The dry powder was added to a fritted funnel. Acetone (10-15 mL, 4°C) was 

added to the product. The solution was stirred, and the acetone was removed. This was repeated 

twice. The powder was then washed twice with 20 mL of diethyl ether in the same manner. After 
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washing, the solid was dried with rotary evaporation, leaving 36.4 mg (40.2% yield) of a 

goldenrod-colored powder. UV-vis (CH2Cl2) λmax (ε); 450 (7140 L mol-1 cm-1). 1H NMR (CDCl3) 

d 0.87 (t, 3H, CH3), d 1.30 (m, 10H, (CH2)7), d 1.41 (p, 2H, CH2), d 1.77 (p, 2H, CH2), d 2.74 (t, 

2H, CH2), d 7.75 (m, 1H, CH), d 8.01 (m, 1H, CH), d 8.45 (m, 2H, (CH)2), d 9.60 (s, 1H, NH); 

LCMS purity 99.5%, retention time: 24.97 min; MS (ESI) m/z: [M + H]+ calculated for C17H25N4O3 

332.2; Found 332.2. 

 

Figure 3.5: The synthesis of TPZ-C10. 

 

3.4.3.4 Synthesis of 3-dodecanamidobenzo[e][1,2,4]triazine 1,4-dioxide (TPZ-C12) 

TPZ (50 mg, 0.28 mmol, 1:1 eq.) and DMAP (68.4 mg, 0.56 mmol, 2:1 eq.) were added to 

20 mL of dichloromethane (DCM). The mixture was briefly sonicated to break up chunks of TPZ, 

forming an orange slurry. Dodecanoic anhydride (130.1 mg, 0.34 mmol, 1.2:1 eq.) was dissolved 

in the solution. The solution was heated to 35°C under a constant stir and monitored via thin layer 

chromatography (TLC). After 3 h, the slurried orange solution of TPZ had dissolved into a clear 

orange-yellow solution (Figure 3.6). After the reaction was complete, the solution was washed 

with 5-10 mL of DI water 5 times. The organic layer was dried with rotary evaporation. The dry 

powder was added to a fritted funnel. Diethyl ether (10-15 mL) was added to the product. The 

solution was stirred, and the diethyl ether was removed. This was repeated 5 times. After washing, 
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the solid was dried with rotary evaporation, leaving 71.8 mg of a goldenrod-colored powder 

(70.9% yield). UV-vis (CH2Cl2) λmax (ε); 450 (7690 L mol-1 cm-1). 1H NMR (CDCl3) d 0.88 (t, 3H, 

CH3), d 1.30 (m, 14H, (CH2)7), d 1.41 (p, 2H, CH2), d 1.77 (p, 2H, CH2), d 2.74 (t, 2H, CH2), d 

7.75 (m, 1H, CH), d 8.01 (m, 1H, CH), d 8.45 (m, 2H, (CH)2), d 9.61 (s, 1H, NH); LCMS purity 

99.6%, retention time: 27.78 min; MS (ESI) m/z: [M + H]+ calculated for C29H29N4O3 361.2; Found 

361.2.  

 

Figure 3.6: The synthesis of TPZ-C12. 

 

3.4.3.5 Synthesis of 3-tetradecanamidobenzo[e][1,2,4]triazine 1,4-dioxide (TPZ-C14) 

TPZ (50 mg, 0.28 mmol, 1:1 eq.) and DMAP (68.4 mg, 0.56 mmol, 2:1 eq.) were added to 

15 mL of chloroform. The mixture was briefly sonicated to break up chunks of TPZ, forming an 

orange slurry. Tetradecanoic anhydride (368 mg, 0.84 mmol, 3:1 eq.) was dissolved in the solution. 

The solution was heated to 35°C under a constant stir and monitored via TLC. After 3 h, the 

slurried orange solution of TPZ had dissolved into a clear orange-yellow solution (Figure 3.7). The 

organic layer as washed two times with DI water and then dried with rotary evaporation. The dry 

powder was added to a fritted funnel. Acetone (10-15 mL, 4°C) was added to the product. The 

solution was stirred and the acetone was removed. This was repeated twice. The powder was then 

washed twice with 20 mL of diethyl ether in the same manner. After washing, the solid was dried 
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with rotary evaporation, leaving 72.5 mg (63.5% yield) of a goldenrod-colored powder. UV-vis 

(CH2Cl2) λmax (ε); 450 (7860 L mol-1 cm-1). 1H NMR (CDCl3) d 0.87 (t, 3H, CH3), d 1.30 (m, 18H, 

(CH2)9), d 1.41 (p, 2H, CH2), d 1.77 (p, 2H, CH2), d 2.74 (t, 2H, CH2), d 7.75 (m, 1H, CH), d 8.02 

(m, 1H, CH), d 8.45 (m, 2H, (CH)2), d 9.62 (s, 1H, NH); LCMS purity 99.8%, retention time: 

30.38 min; MS (ESI) m/z: [M + H]+ calculated for C21H33N4O3 389.3; Found 389.2. 

 

Figure 3.7: The synthesis of TPZ-C14. 

 

3.4.3.6 Synthesis of 3-stearamidobenzo[e][1,2,4]triazine 1,4-dioxide (TPZ-C18) 

TPZ (50 mg, 0.28 mmol, 1:1 eq.) and DMAP (68.4 mg, 0.56 mmol, 2:1 eq.) were added to 

20 mL of DCM. The mixture was briefly sonicated to break up chunks of TPZ, forming an orange 

slurry. Octadecanoic anhydride (462.8 mg, 0.84 mmol, 3:1 eq.) was dissolved in the solution. The 

solution was heated to 35°C under a constant stir (Figure 3.8). After 3 h, the slurried orange 

solution of TPZ was replace by a fluffy goldenrod-colored precipitate. The precipitate was filtered 

and washed well 3 times with 20 mL acetone and 3 times with diethyl ether. The product was then 

dried with rotary evaporation, leaving 77.5 mg (59.7% yield) of a goldenrod-colored powder. Due 

to its poor solubility in all solvents that were compatible with LCMS, only NMR and UV-vis 

measurements were collected for TPZ-C18. UV-vis (CH2Cl2) λmax (ε); 450 (7100 L mol-1 cm-1). 

1H NMR (CDCl3) d 0.90 (t, 3H, CH3), d 1.30 (m, 26H, (CH2)13), d 1.43 (p, 2H, CH2), d 1.78 (p, 
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2H, CH2), d 2.76 (t, 2H, CH2), d 7.77 (m, 1H, CH), d 8.04 (m, 1H, CH), d 8.47 (m, 2H, (CH)2), d 

9.63 (s, 1H, NH). 

 

Figure 3.8: The synthesis of TPZ-C18. 

 

3.4.4  Analysis of TPZ Conjugates 

NMR spectra were acquired on an Agilent DD2_600 spectrometer or a Varian 

Unity/Inova500C spectrometer. LC-MS analysis was performed using an Agilent 1290/6140 Ultra 

High Performance Liquid Chromatography/Mass Spectrometer UHPLC–ESI-MS instrument. This 

system is composed of an Agilent 1290 Binary UHPLC configuration coupled to an electrospray 

ionization single quadrupole mass spectrometer. The samples were retained, resolved and eluted 

using an Agilent 300 Extended-C18 analytical column (150 mm × 2.1 mm, 3.5 μm) and the 

column compartment was set to 35 °C. All samples were kept at 25°C in the UHPLC autosampler 

and a 10μL injection volume was used with a total flow rate of 0.5 mL/min over a total run time 

of 40 min. Gradient separation details are shown in Table 3.1. All solvents used were LC-MS grade 

and ultra-pure 18.2 MΩ water was used for each step. Mobile phase A consisted of water + 0.1% 

formic acid while mobile phase B was acetonitrile + 0.1% formic acid.  
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Table 3.1: LC gradient conditions used for analysis. 

Time 
(min) %A %B 

Flow 
(mL/min) 

initial 98 2 0.5 
5 98 2 0.5 
30 0 100 0.5 
35 0 100 0.5 
35.1 98 2 0.5 
40 98 2 0.5 

 

Mass spectrometry detection was conducted through electrospray ionization (ESI).  Data 

acquisition was achieved using scan mode in both positive and negative polarity and screened in 

the m/z scan range of 150–1350 Da. Scanning conditions were set to 1 scan every 520 μ/sec to 

ensure at least 9 scans were obtained for each compound peak.  The ESI spray chamber settings 

were: Capillary voltage 2500 kV (positive) and 4.1 kV (negative), desolvation temperature 300 °C, 

desolvation gas flow 10 L/min, nebulizer pressure 40 psi.  An Agilent Infinity DAD (UV spectrum) 

was also configured and set to acquire at wavelength 280 nm with a bandwidth of +/- 4nm. The 

UV trace was used to determine compound purity.  Instrument control and data analysis were done 

with Agilent OpenLab CDS ChemStation software 

 

3.4.5 Determination of TPZG-HA Conjugate Release Rate 

TPZG-HA conjugate prepared as described above was dissolved in PBS pH = 7.4 at 20 

mg/mL. Approximately 200 µL of the TPZG-HA solution was added to dialysis mini devices 

(thermo fisher) with a pore size of 2,000 Da. These were put into receiving tubes with 1125 µL of 

PBS pH = 7.4 and incubated at 37 °C. Timepoints were taken at t = 0, 6, 24, 48, 72, and 122 h by 

removing all of the liquid in the receiving tube and freezing. Timepoints were analyzed for 

absorbance on a Spectramax i3 plate reader at labs = 430 nm in comparison to solutions of TPZG 
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at known concentrations. To determine the extent of release, values were compared to TPZG-HA 

solution what was frozen before dialysis and diluted accordingly.  

 

3.4.6 Determination of HA uptake by BMMs 

An HA-fluorescein conjugate (HA-fl) was synthesized as previously described.142 BMMs 

were seeded in 100 mm dishes at a seeding density of 62,500 cells/cm2 in BMM+ overnight. HA-

fl was dissolved in BMM+ at 0, 100, 250, 500, and 1000 µg HA-fl/mL. The media was aspirated 

from the cells and replaced with 10 mL of the respective HA-fl solution. The cells were incubated 

with the HA-fl for 2 h. The cells were washed 6 times with DPBS. A 0.5% solution of Triton X-

100 (3.4 mL) was added to each dish to lyse the cells. The lysate was analyzed on for fluorescence 

on a on a Spectramax i3 plate reader labs = 485 nm, lem = 535 nm. These values were compared to 

solutions with known amounts of conjugate to determine the cell loading.  

 

3.4.7 Synthesis of LDC Particles 

 

3.4.7.1 Pure Lipid-Drug Conjugate (LDC) Nanoparticles 

TPZ-C18 (1.25 mg) was added to 1 mL of DCM and completely dissolved. A 1 wt.% 

solution of poly(vinyl alcohol) (PVA) in DI H2O was added to a 25 mL glass vial with a stir bar 

and stirred at 1,300 rpm. The solution of TPZ conjugate was added dropwise to the solution. The 

stir bar was removed and the vial was placed in an ice bath. Particles were ultrasonicated with a 

Sonics Vibra-Cell ultrasonic processor (Model:VCX-600) with a model CV26 horn at 50% power 

for 40 s and a 10 s pause in the middle. DCM was removed from the solution via rotary evaporation. 

The particle solution was then centrifuged at 10,000xg for 30 min. The particles were resuspended 
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in PBS and sonicated for 10 min. The process was repeated 3 more times. Once washed, particles 

were analyzed with a Malvern zen3600 DLS to determine their size. To determine particle 

concentration, a small volume of particles was resuspended in DI water, dried, and weighed 

(Figure 3.9). 

 

 

Figure 3.9: A flow chart illustrating the procedure for making TPZ nanoparticles with ultrasonication. 

 

3.4.7.2 PLGA/LDC Nanoparticles 

TPZ conjugate, PLGA, and DCM were mixed together in a conjugate-dependent ratio so 

that the average TPZ concentration was 23.7% w/w (Table 3.2). This solution was added dropwise 

to 12.5 mL of a 1 wt.% PVA solution in DI H2O stirring at 1,300 rpm in a 25 mL glass vial. The 

stir bar was removed and the solution was placed in an ice bath. The solution was then exposed to 

ultrasonication from a Sonics Vibra-Cell ultrasonic processor (Model:VCX-600)  with a model 

CV26 horn for 20 s. This solution and the stir bar were added to a round bottom flask and subject 

to rotary evaporation until the DCM was completely removed. The particle solution was then 

collected in tubes and centrifuged at 10,000xg for 30 min. The particles were resuspended in PBS 

and sonicated for 10 min. The process was repeated 3 more times. Once washed, particles were 

analyzed with a Malvern zen3600 DLS to determine their size. To determine particle 
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concentration, a small volume of particles was resuspended in DI water, dried, and weighed. This 

dry powder was then dissolved in DCM and analyzed for absorbance at 450 nm with a Nanodrop 

2000c UV-vis spectrophotometer to determine encapsulation efficiency.  Due to its low solubility, 

TPZ-C18 particles were made at half the concentration of the others in PVA. In cases where 

fluorescent particles were required for visualization or quantification, 0.3 mg of each drug was 

replaced with octadecyl rhodamine B chloride. For the rest of the preformed experiments, particles 

containing PLGA was used. Thus, references such as “TPZ-C12 particles” refers to particles 

containing the TPZ conjugate and PLGA 

 
Table 3.2: Material quantities for making particles of various TPZ conjugates. 
 

Drug Type Drug Amount 
(mg) 

PLGA Amount 
(mg) 

DCM Volume 
(mL) 

TPZ-C10 6.9 8.1 2.5 
TPZ-C12 7.5 7.5 2.5 
TPZ-C14 8.1 6.9 3.5 
TPZ-C18 4.6 2.9 5.5 

 

3.4.8 Determination of TPZ Toxicity Towards Cancer in 2D Culture 

4T1 cells were resuspended in DMEM at a concentration of 5.0x103 cells/mL. 100 µL of 

this solution was added to the first 8 rows of wells on 96-well TC-treated plates. Plates were 

wrapped in parafilm and left at standard cell culture conditions overnight. The next day, 200 µL 

of TPZ in DMEM was added to each well at 0, 0.1, 0.5, 1, 5, 10, 50, and 100 µM. All dishes were 

again wrapped in parafilm. Cells were then incubated for 48 h in normoxic or hypoxic culture 

conditions, as described above.  

 

After 48 h, a solution containing a 9:1 ratio of DMEM:alamarBlue was made, covered in foil, and 

gently rocked for 30 min at ambient conditions. The solution was filtered with a syringe filter with 
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a pore size of 220 nm. Media from the wells of the culture dishes was aspirated and replaced with 

220 µL of the alamarBlue solution. The plates were incubated in standard cell culture conditions 

for 3-4 h and analyzed on a Spectramax i3 plate reader for fluorescence at lex = 570 nm and lem = 

610 nm. Baseline fluorescence levels from wells without cells were subtracted from each data 

point.  

 

3.4.9  Determination of TPZ Toxicity Towards Cancer Cells in 3D Culture 

Solutions of TPZ in DMEM at 0, 0.5, 1, 5, 10, 50, 75, and 100 µM were made. The media 

from wells with tumor spheroids was aspirated. A 70 µL aliquot of the appropriate TPZ solution 

was added to each well. The plate was sealed with parafilm and incubated under standard cell 

culture conditions for 48 h, as described earlier. The media was aspirated from each spheroid and 

70 µL aliquots of DPBS were added to each well and aspirated and repeated three times. 100 µL 

DPBS was added to each well. Spheroids were transferred to a standard 96-well plate, along with 

the 100 µL of DPBS.  

A previously reported P-nitrophenyl phosphate (PNPP) assay was used with minor 

modifications to analyze spheroid viability.11 The solution of PNPP was prepared by adding 2 

PNPP tablets to 5 mL of 0.1% Triton X-100 in 0.1M sodium acetate. 100 µL PNPP solution was 

added to each well. Plates were incubated at standard cell culture conditions for 4-6 h. Prior to 

analysis, 20 µL of 1.0M NaOH was added to each well. Plates were analyzed for absorbance at 

labs = 405 nm with a Spetramax i3 plate reader immediately after NaOH addition. Values from 

wells without spheroids were averaged together and subtracted from each data point. 
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3.4.10 Determination of Macrophage/Particle Loading 

BMM cells were plated at 62,500 cells/cm2 (2.0x104 cells/well) on non-TC treated 96-well 

plates in 75 µL of BMM+. Plates were wrapped in parafilm and left overnight at standard cell 

culture conditions. The next day, particles of all TPZ types with the inclusion of octadecyl 

rhodamine B chloride were made, purified, resuspended in BMM+, and sonicated for 10 min. 

Particles and BMM+ were added to the existing media so that particle concentrations in each well 

were 25, 50, 100, 200, 300, 400, or 500 µg/mL in 100 µL BMM+. Cells and particles were 

incubated at standard cell culture conditions for 2 h. Particles were removed using the serial 

dilution technique with HBSS, as described earlier. All media was aspirated and replaced with 100 

µL of 0.5% Triton X-100 in DPBS. Samples were wrapped in aluminum foil, incubated for 30 min 

on a plate shaker at ambient conditions, and analyzed for fluorescence on a Spectramax i3 plate 

reader at lex = 553 nm and lem = 625 nm. Fluorescence intensities were compared to a calibration 

curve of each particle type in 0.5% Triton X-100 to quantitatively determine the extent of particle 

uptake. Representative images of cells containing pure LDC (after 24 h of uptake) and PLGA/TPZ 

blends (after 2 h of uptake) were acquired with an Olympus CKX53 Microscope using the 

fluorescent octadecyl rhodamine B in the particles. Images were processed using ImageJ. 

 

3.4.11 Determination of Particle/Macrophage Toxicity 

BMMs were plated at 62,500 cells/cm2 (2.0x104 cells/well) in seven of the eight rows on 

non-TC treated 96-well plates in 75 µL of BMM+. Plates were wrapped in parafilm and left 

overnight at standard cell culture conditions. The next day, particles of all TPZ types were 

produced as described above, suspended in BMM+ and sonicated for 10 min. Particles and BMM+ 

were added to the existing media so that particle concentrations in each well were 0, 50, 100, 200, 
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300, 400, or 500 µg/mL in 100 µL BMM+. Plates were incubated for 2 h under standard cell culture 

conditions. Excess particles were washed away gently with the serial dilution technique with 

BMM+.  Plates were then incubated in normoxic or hypoxic conditions as described above for 24 

h. A prefiltered alamarBlue solution (20 µL alamarBlue and 100 µL BMM+) was added to the 

media already in each well. The plates were incubated in standard cell culture conditions for 3-4 h 

and analyzed on a Spectramax i3 plate reader for fluorescence lex = 570 nm and lem= 610 nm. 

Baseline fluorescence levels from wells without cells were subtracted from each data point.  

 

3.4.12  Tumor Spheroid Efficacy Studies of TPZ Conjugates 

BMM cells were plated at 62,500 cells/cm2 (3.4x106 cells/dish) on 100 cm2 diameter non-

TC treated dishes in 8.6 mL of BMM+. Cells were left overnight at standard cell culture conditions. 

The next day, particles of all types were resuspended at 600 µg/mL in BMM+ and sonicated for 10 

min. An 8.6 mL aliquot of a solution containing the appropriate particle type or BMM+ was added 

the media already in each dish, mixed well, and incubated at cell culture conditions for 2 h. The 

media was then removed from the cells and placed in a conical tube. The dish was washed once 

with HBSS, and this was placed in the same conical tube. Accumax (5 mL) was added to each dish 

of cells in the culture incubator until the cells could be suspended with light tapping (10-20 min). 

The cell suspension was added to the conical tube and centrifuged at 300xg for 10 min to pellet 

the cells. The non-pelleted particle suspension was aspirated, and the cells were resuspended in 

DMEM. This process was repeated 3 times to completely remove free particles. After the final 

wash, cells were resuspended in DMEM at 1x106 cells/mL.     

Spheroids were grown and placed in gravityTRAP plates, as described above. The media 

was aspirated from the wells and replaced with 17.5 µL of DMEM. Unloaded control cells, MAC-
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TPZC10, MAC-TPZC12, MAC-TPZC14, and MAC-TPZC18 were added to the wells at 7,000, 17,000, 

35,000, or 52,500 cells/well to represent drug concentrations of 10, 25, 50, and 75 µM, 

respectively. DMEM was added to each well so that the total volume was 70 µL. In addition, 

spheroids exposed to free TPZ and particles alone at equal drug concentrations were also included 

in the study. All spheroid plates were wrapped in parafilm and incubated under standard cell 

culture conditions. After 24 h, wells containing macrophages and particles were washed three 

times with DMEM, as described earlier, to remove everything that had not penetrated into the 

spheroid. The media was aspirated from each spheroid 48 h later. 70 µL DPBS was added to each 

well and aspirated a total of three times. 100 µL DPBS was added to each well. Spheroids were 

then transferred to a standard 96-well plate, along with the 100 µL of DPBS. A PNPP assay was 

used to analyze cell viability, as described above (Figure 3.10). Values were normalized using an 

untreated control as a baseline for particles only and free TPZ groups. For groups that were 

exposed to therapeutic macrophages, spheroids exposed to unloaded macrophages of the same cell 

number were used to account for the effect that macrophages can have on tumor growth.11,143 

 

Figure 3.10: A flowchart illustrating the procedure for analyzing MAC-TPZ conjugates against tumor spheroids. 
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3.4.13  In Vivo Tumor Model Inoculation and Establishment 

All animal work was in compliance with National Institutes of Health (NIH) and the 

Harvard Institutional Animal Care and Use Committee (IACUC). Female BALB/C mice (6-8 

weeks old) were subcutaneously injected with 1x105 4T1 cells in 100 µL of saline into a mammary 

fat pad. Mice were weighed every other day to monitor for weight loss. Tumor volumes were 

calculated starting on Day 8. Mice were randomized into groups when the average tumor volume 

approached 100 mm3 (Day 12, Figure 3.11). For studies exploring macrophage or free particle 

accumulation in tumor hypoxia, tumors were allowed to grow to at least 600 mm3 before injection. 

 

 

Figure 3.11: The general procedure for 4T1 tumor establishment in mice. 

 

3.4.14  In Vivo Efficacy of MAC-TPZC12 as a Monotherapy 

BMMs were plated 150 cm2 diameter dishes at 1x107 cells/dish in 30 mL of BMM+. Cells 

were left overnight at standard cell culture conditions. The next day, particles containing TPZ-C12 

were resuspended at 600 µg/mL in BMM+ and sonicated for 10 min. A 30 mL aliquot of the particle 

solution was added the media already in each dish and mixed well and incubated at cell culture 

conditions for 2 h. The media was removed from the cells and placed in a conical tube. The dish 
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was washed once with HBSS and this was placed in the same conical tube. 10-15 mL Accumax 

was added to each dish of cells. Dishes were placed in an incubator until the cells could be 

suspended from lightly tapping on the dish (10-20 min). The cell suspension was added to the 

conical tube. The conical tube was centrifuged at 300xg for 10 min to pellet the cells. The non-

pelleted particle suspension was aspirated, and the cells were resuspended in DMEM. This process 

was repeated 3 times to completely remove free particles. After the final wash, cells were 

resuspended 0.9% saline at a concentration of 2.5x107 cells/mL for a full dose and 1.25x107 

cells/mL for a half dose. 

Tumor-bearing mice were injected with saline, free TPZ (2.73 mg/kg), TPZ-C12 particles 

alone (5.66 mg/kg, 2.73 mg/kg TPZ eq.), or MAC-TPZC12 (full dose, 2.73 mg/kg TPZ eq.) in 100 

µL of saline. After three days, mice were injected with a half dose of each therapy in 100 µL of 

saline. Mice were weighed and tumor volumes were assessed with the formula: V = (L x W2)/2, 

where V = volume, L = length, and W = width, using calipers every other day. All mice were 

sacrificed 8 days after the first injection (Day 20, Figure 3.12). After euthanasia, tumors were 

harvested from the mice and weighed. Tumors were then immersed in OCT compound and frozen 

with dry ice. Tumors were sectioned and analyzed for histone H2A.X phosphorylation and CAIX 

expression, as described in the histology section below. 
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Figure 3.12:  An illustration of the procedure for testing efficacy of MAC-TPZC12 as a monotherapy. 

 

3.4.15 Determination of Macrophage Accumulation in Tumor Hypoxia 

MAC-TPZC12 was prepared as described above, except particles were made to co-

encapsulate octadecyl rhodamine B. Mice were intravenously injected with a full dose of MAC-

TPZC12 or the TPZ-C12 particles alone via the tail vein. After 23 h, 60 mg/kg pimonidazole in 

saline was injected intraperitoneally on the opposite side of the tumor. 1 h later, mice were 

sacrificed. The tumors were removed, immersed in OCT compound, and frozen with dry ice. 

Tumors were sectioned and analyzed, as described in the histology section below. 

 

3.4.16 Irinotecan/MAC-TPZC12 Combination Therapy  

Irinotecan hydrochloride trihydrate was added to a 0.9% sterile saline solution at 3.75 

mg/mL and heated to 80°C. Once the solid was fully dissolved, the solution was heated for an 

additional 5 min and allowed to cool to room temperature. The solution was then left to equilibrate 

for 30 min, after which point it was filtered with a 0.22 µM syringe filter. The irinotecan solution 

was injected into the tail vein of 4T1 tumor-bearing mice at a dose of 25 mg/kg on Day 12. A full 
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dose of MAC-TPZC12 was prepared and injected into the tail vein of the mice two days later (Day 

14). On Day 19, another 25 mg/kg dose of irinotecan was injected into each mouse. Mice in the 

treatment group were compared to mice injected with saline only, irinotecan only (25 mg/kg) on 

Days 12 and 19, and irinotecan (25 mg/kg) on Days 12 and 19 along with free TPZ (2.73 mg/kg) 

on Day 14. Mice were weighed and tumor volume was assessed with the formula: V = (L x W2)/2, 

where V = volume, L = length, and W = width, using calipers every other day. After Day 30, tumor 

volume and weight measurements were halted and mice were observed daily until they succumbed 

to tumor burden or were euthanized with CO2 due to being moribund. Dates of death were recorded 

to help determine the median survival time of each group (Figure 3.13).   

 

Figure 3.13: An illustration of the procedure for testing the efficacy of MAC-TPZC12 in combination with irinotecan. 

 

3.4.17 Immunohistochemical Staining Protocols 

Tumors embedded in OCT were cut into sections with a 30 µm thickness with a Leica 

CM1950 cryostat and mounted on SuperFrost Plus microscope slides (ThermoFisher Scientific). 

Once dried, slides were washed with PBS two times for 7 min. Slides were fixed with a 3.0 vol.% 

paraformaldehyde in PBS for 15 min. After fixation, slides were washed once with PBS for 7 min. 

For analysis of histone H2A.X phosphorylation and carbonic anhydrase IX (CAIX) expression, 

slides were permeabilized with 0.1% Triton X-100 in PBS for 10 min. Slides were washed once 
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in PBS with 0.05% Tween 20 (PBST) for 5 min, followed by blocking in PBST with 4% FBS for 

1 h. Upon completion of blocking, slides were stained with their respective antibodies. For analysis 

of DNA double strand break locations (Group A), a combination of eFluor 570 labeled mouse anti-

phospho-histone H2A.X (Ser139) (1:100, CR55T33; ThermoFisher Scientific) and Alexa Fluor 

647 labeled rabbit anti-carbonic anhydrase IX (1:100,bs-4029R-A647; Bioss Antibodies) were 

incubated with the sections for 3 h at ambient conditions in PBST with 4% FBS. For analysis of 

macrophage accumulation in hypoxia (Group B), sections were stained with Hypoxyprobe Pacific 

Blue (#HP15-100Kit; Hypoxyprobe) in a 1:50 dilution for 18 h at 4°C in PBST with 4% FBS. 

After staining, slides were washed 2 times with PBST for 10 min, followed by a final wash with 

PBS for 10 min and mounting with ProLong Diamond antifade mountant. After 24 h, slides were 

sealed with nail polish and stored at -20°C until imaging. Sections from Group A were analyzed 

with a Zeiss Axio Scan.Z1 Slide Scanner Microscope (10x objective). Group B sections were 

imaged with an Olympus CKX53 Microscope (10x objective) (Figure 3.14). Images were 

processed with ImageJ. 
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Figure 3.14: A flowchart illustrating the procedure used to section and stain tumors. 

 

3.4.18 Statistical Methods 

Unless otherwise indicated, the data were represented as mean ± standard error using 

GraphPad (Prism 8.0). For determination of statistical significance, a Student’s t-test was used and 

significance was determined at the following cutoff points (p < 0.05 = *, p < 0.01 = **, p < 0.001 

= ***). Calculation of IC50 curves from reported data was performed using GraphPad’s dose 

response nonlinear regression curve fitting program comparing inhibitor concentration versus 

normalized response. Significance from the survival time was quantified with the Gehan-Breslow-

Wilcoxon method using GraphPad. 
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3.5 Results and Discussion 

3.5.1 In Vitro Confirmation of Poor TPZ Efficacy 

Since its initial discovery, TPZ has gained attention across clinical communities because 

of its hypoxia-selective toxicity in vitro.144  I first set out to confirm these in vitro findings and 

understand the effect of TPZ on my cells of interest. 2D cultures of 4T1 breast cancer cells were 

incubated with free TPZ for 48 h in normoxia (21% O2) and hypoxia (1% O2). Analysis with 

alamarBlue indicated that TPZ displayed an IC50 value of 8.1 µM in normoxia and 1.2 µM in 

hypoxia (Figure 3.15A). This 6.8-fold change in toxicity supports previous findings for 2D 

hypoxia selectivity.145  

Next, I incubated free TPZ with co-culture tumor spheroids comprising 4T1 breast cancer 

cells and 3T3 fibroblasts in a 1:5 ratio (average diameter = 740 ± 27 µm; Figure 3.15B). Previous 

studies have indicated that this spheroid model is highly hypoxic, with over 90% of cells staining 

positive for HIF-1a.11 The viability of tumor spheroids incubated with TPZ for 48 h was measured 

with a PNPP assay, which has been previously been reported to give far more accurate assessments 

of viability in large spheroids than other methods.146 Results indicated 48 h of TPZ incubation 

produced an average IC50 value of 50.3 µM, suggesting TPZ was 6.2-fold and 42-fold less potent 

toward spheroids than it was for 2D cultures of normoxic and hypoxic cells, respectively (Figure 

3.15A). The striking disparity between IC50 values in 2D and 3D culture conditions supports my 

hypothesis that the limited penetration of free TPZ reduces its efficacy in solid tumors.139,147–149  

It is worth noting that the results of this spheroid experiment are in contrast to a previous 

study using monoculture spheroids, which demonstrated an enhancement in TPZ toxicity in 

spheroids compared to normoxic cell culture conditions.150 I believe the differences observed in 

my study and others is because (i) my spheroids were 75% larger by volume (0.21 mm3 vs. 0.12 
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mm3), increasing the diffusion requirements and (ii) the inclusion of fibroblasts in my tumor 

spheroid model helps support enhanced growth and spheroid compactness compared to 

monoculture spheroids, making it more analogous to a real tumor.141 The agreement between this 

3D model and what has been observed clinically helps support its strength as a predictive model 

and underscores the importance of multiple cell types in predicting and understanding the behavior 

of various tissues.141 

 

 

Figure 3.15: Effect of free TPZ on 4T1 cells in vitro. (A) Dose-response curves for the effect of TPZ on viability of 

2D 4T1 cell cultures in normoxic and hypoxic as well as large 3D tumor spheroids, which also contained 3T3 cells. 

IC50 values for each curve are displayed at the top of the graph (n = 12). (B) A representative tumor spheroid.  

 

3.5.2  Production of a TPZ Carrier 

Based on previous reports, effective macrophage-based delivery systems ideally use 

particles with high drug compositions,12 that are readily phagocytosed by macrophages,11 and do 
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not exert toxic effects immediately on the carrier cells, allowing them to undergo chemotaxis and 

penetrate deep into solid tumors.16,19,20 I decided to rigorously evaluate these characteristics with 

a set of in vitro characterization studies. My first challenge was to devise a method to incorporate 

large amounts of TPZ into a nanoparticulate form. TPZ is hydrophilic, with a solubility of 13.5 

mM in saline, making encapsulation in most particulate systems challenging.151 The maximum 

TPZ concentration in nanoparticles that has been previously reported was 13.2 wt.%.152 One way 

to improve loading of hydrophilic molecules is through chemical modification to 1) anchor them 

to the delivery vehicle or 2) to make them more hydrophobic. TPZ’s primary aromatic amine 

allows chemical modification of this molecule to facilitate a number of various encapsulation 

strategies. I elected to focus on chemical methods to achieve the needed drug loading. 

 

3.5.3 Polymer-Drug Conjugates 

Early attempts focused on forming polymer drug conjugates (PDCs) from hyaluronic acid 

(HA) and TPZ. HA was selected for several reasons including i) its biocompatibility and 

biodegradability,153 ii) its plethora of functional groups (Figure 3.16),153 iii) previous reports 

demonstrating its utility as a drug carrier,154 and 4) its well-known uptake by macrophages due to 

their expression of CD44.155,156 HA is available in a wide variety of chain lengths (from 1 kDa to 

over 2500 kDa). I selected 50 kDa because of its widespread availability as well as reports that 

claim smaller chain lengths promote an M1 phenotype in macrophages.157  
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Figure 3.16: A repeat unit of hyaluronic acid, sodium salt (sodium hyaluronate). Carboxylic acids and hydroxyl 

groups available for chemical modification are colored green and red respectively.  

 

To achieve my goals, I opted to append the TPZ to the hydroxyl moieties on the HA through 

the use of a glutaric acid linker. We opted to target the hydroxyl groups over the carboxyl groups 

because they were more abundant and provided reaction strategies that would avoid crosslinking 

of HA strands. A TPZ-glutaric acid conjugate (TPZG) was synthesized by combining TPZ powder 

with molten glutaric anhydride at 65-70 °C for 3 h. TPZG conjugation to HA was achieved by 

activating TPZG with CDI in DMSO and adding it to a solution of HA and DMAP in formamide 

for 17 h. The TPZG-HA conjugate was bright orange in color and had a drug loading of 6.7 mol% 

determined with analysis via UV-vis spectroscopy. Release studies in PBS at pH = 7.4 indicated 
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that the PDC exhibited an 84% drug release after 122 hours (Figure 3.17). However, macrophages 

incubated with a fluorescently tagged HA demonstrated a maximum uptake of 761.4 ng of HA per 

1x106 cells, which equates to 51.0 ng of drug. This poor drug loading indicated HA based PDCs 

would be ineffective for my purposes. 

 

Figure 3.17: Release rate of the optimized TPZG-HA conjugate at pH = 7.4 (n = 3). 
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After the insurmountable problems seen with PDCs, I decided to pivot to a new approach, 

which took inspiration from Lipid drug conjugate-based nanosystems to maximize particle-drug 

loading.158 Conjugating a lipid tail to the amine on TPZ significantly lowered its hydrophilicity 

and allowed for the production of nanoparticles made completely out of the LDC, whereby the 

loading of TPZ was dependent on the ratio between the drug and the lipid tail. 

Contrary to previous reports, in which similar TPZ-amide analogs were formed, I found 

that traditional carbodiimide or uronium-based coupling approaches produced numerous 

unidentified side products, which were impossible to remove with column chromatography.159 

Alternatively, the use of acid anhydrides alone was not powerful enough to allow for a reaction to 

take place. However, a high-yielding synthesis of TPZ conjugated to decanoic acid (TPZ-C10), 

dodecanoic acid (TPZ-C12), tetradecanoic acid (TPZ-C14), and octadecanoic acid (TPZ-C18) was 

achieved through the use of fatty acid anhydrides and DMAP in combination with modest heating 

(Figure 3.18). I produced and tested multiple TPZ conjugates, as I hypothesized that small changes 

in the length of the carbon tail would affect the properties of the nanoparticles and thus treatment 

efficacy.  
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Figure 3.18: A summary of the various reactions attempted to synthesize TPZ conjugates and their general outcomes 

(n = 8, 10, 12, or 16). 

 

3.5.4 Particle Formation Attempts and Macrophage Uptake 

Initial particle formation efforts were focused on making pure LDC particles. 

Emulsification of TPZ-C18 in water containing 1 wt.% PVA with ultrasonication produced 

nanoparticles with an effective TPZ loading of 40.1 wt.%. Unfortunately, macrophages were 

unable to efficiently phagocytose these particles within 24 h, as determined by fluorescence 

microscopy (Figure 3.19A). To remedy this, PLGA was added to the particles by including it in 

the organic phase of the emulsion. This biodegradable and FDA-approved polymer has been 

demonstrated to enhance macrophage phagocytosis of particles in comparison to other polymeric 

materials.23,160 The addition of PLGA led to a marked improvement of particle uptake compared 

to those without PLGA (Figure 3.19A). Therefore, all particles used for the remainder of this study 
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were blended with PLGA; thus, labels like “TPZ-C12 particles” indicate particles made from TPZ-

C12 conjugates blended with PLGA. The same method was used for each TPZ conjugate by 

adjusting the PLGA content so that the particles contained an average of 23.7 wt.% TPZ. Particles 

of all types had sizes near 250 nm with narrow polydispersity index (PDI) values less than 0.2 and 

encapsulation efficiencies greater than 90% (Table 3.3), regardless of the size of the fatty acid 

appendage attached to TPZ. Particles of all TPZ conjugates containing PLGA demonstrated similar 

uptake by macrophages in a concentration-dependent manner (Figure 3.19B).  

 

Figure 3.19: In vitro TPZ particle optimization. (A) Representative images of macrophages with phagocytosed TPZ-

C18 particles after 24 h (left) and TPZ-C18 particles blended with PLGA after 2 h (right). (B) Macrophage uptake of 

PLGA particles blended with different TPZ conjugates as a function of solution concentration after 2 h (TPZ = 23.7 

wt.%; n = 6). (C) Macrophage viability in hypoxic and normoxic conditions after uptake of the particles shown in (B) 

(n = 12). (D) Difference in toxicity of the particles shown in (B, C) in hypoxia verses normoxia at 300 μg/mL. 
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Table 3.3: A summary of the properties TPZ particles made with various derivatives of TPZ. 
 

 
 

3.5.5 Particle Toxicity  

Despite its increased activity in hypoxic environments, TPZ still produces some cytotoxic 

effects in normoxia as a consequence of superoxide radical production by the oxygen-driven back-

oxidation of the TPZ radical intermediates.136,137 As a result, I sought to find the specific conjugate 

and macrophage loading concentration that would induce the greatest hypoxia selectivity on the 

carrier cells. This is defined by the maximum ratio, or factor, of carrier cell viability in normoxia 

versus hypoxia. This factor is important to assure that macrophages remain viable and are able to 

undergo chemotaxis. Macrophages were loaded with particles at incubation concentrations of up 

to 500 µg/mL for 2 h (Figure 3.19C). After incubation, excess particles were washed away, and 

the cells were cultured in 21% or 1% O2 for 24 h, which is sufficient time for macrophages to reach 

tumor hypoxia in vivo.161–163 Cell viability analysis with alamarBlue revealed two important 

insights. Longer carbon chains (i.e., TPZ-C14 and TPZ-C18) helped to preserve viability of the 

carrier cells in normoxia and blunt the toxicity of the particles in hypoxia. Short chains (i.e., TPZ-

C10) increased toxicity regardless of oxygen concentration, leading to reduced sensitivities. TPZ-

C12 performed as the most ideal conjugate by preserving carrier viability in normoxia while 
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simultaneously preserving the hypoxia selectivity of TPZ (Figure 3.19D). The second insight from 

these results was that incubation concentrations above 300 µg/mL produced viabilities of <50% 

after 24 h in all cases except for TPZ-C18, which helped me to establish an incubation 

concentration of 300 µg/mL for all drug combinations. 

 

3.5.6 Effect of Macrophage Delivery on TPZ Toxicity in Tumor Spheroids 

Tumor spheroids were used to assess the toxicity of MAC-TPZ containing TPZ-C10 

(MAC-TPZC10), TPZ-C12 (MAC-TPZC12), TPZ-C14 (MAC-TPZC14), and TPZ-C18 (MAC-

TPZC18) compared to free TPZ and particles alone (Figure 3.20). Free TPZ showed a similar IC50 

value to the 2D culture experiments (51.0 µM). Different MAC-TPZ combinations showed results 

that were highly dependent on the conjugate tail length, with IC50 values of 51.3 µM, 18.0 µM, 

37.1 µM, and 134.8 µM for MAC-TPZC10, MAC-TPZC12, MAC-TPZC14, and MAC-TPZC18, 

respectively (Figure 3.20A). Interestingly, free particles of any conjugate type and concentration 

did not affect spheroid viability (Figure 3.20B). This suggests that particles on their own were 

unable to penetrate into the hypoxic center of the spheroids, which hampered TPZ activation. This 

data further supports the hypothesis that the solubility of MAC-TPZC12 is appropriately balanced 

(i.e., hydrophobic enough to prevent premature macrophage toxicity, yet hydrophilic enough to 

allow for the drug to diffuse within the tumor). As a result, an increase in potency of 3.1-fold was 

observed for MAC-TPZC12 over free TPZ in vitro (Figure 3.20C). When taken together, these data 

confirm that macrophages are able to carry sufficient quantities of TPZ without compromising 

their chemotaxis, providing sufficient evidence to advance MAC-TPZC12 to an in vivo setting.  
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Figure 3.20: Evaluation of TPZ particles using 3D tumor spheroids. Dose-response curves of (A) macrophages 

containing nanoparticles with different TPZ conjugates (MAC-TPZ) and (B) particles alone compared to free TPZ. 

(C) The fold-reduction in IC50 values of the different MAC-TPZ combinations compared to the IC50 value of free TPZ 

(n = 6). 

 

3.5.7 In Vivo Efficacy of MAC-TPZC12  

Next, I sought to determine the therapeutic efficacy of MAC-TPZC12 on 4T1 breast tumors 

in vivo. 4T1 tumor-bearing BALB/c mice were injected with a full dose (2.5x106 cells/mouse, 2.73 

mg/kg TPZ eq.) 12 days post inoculation and a half-dose (1.25x106 cells/mouse, 1.36 mg/kg TPZ 

eq.) of MAC-TPZC12 16 days post inoculation (Figure 3.21). Changes in tumor volume on Day 14 
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indicated that the treatment induced a complete inhibition of tumor growth for two days post-

injection. Growth resumed after this period and continued at a steady yet slowed pace. By Day 20, 

the growth of tumors treated with MAC-TPZC12 were significantly inhibited by 72.1%, 52.5%, and 

53.2% compared to injections of saline, free TPZ (2.73 mg/kg), and free TPZ-C12 particles (5.66 

mg/kg, 2.73 mg/kg TPZ eq.; Figure 3.21A). Average tumor weights collected on Day 20 indicated 

that MAC-TPZC12 tumors were 39.1%, 31.9%, and 33.1% smaller than those treated with saline, 

free TPZ, and free TPZ-C12 particles (Figure 3.21B). In all cases, the body weights of mice 

remained relatively constant (Figure 3.21C). Taken together, the MAC-TPZC12 significantly 

improved the efficacy of free TPZ, and macrophages were essential to provide this enhancement.  

It is worth noting that the tumor weights correlate well with the change in IC50 values from 

the tumor spheroid experiments. Results indicate that the difference in tumor mass between mice 

treated with MAC-TPZC12 and saline was 3.7-fold larger than that between mice treated with free 

TPZ and saline (Figure 3.21D). In the spheroid model, the IC50 enhancement was estimated to be 

3.1-fold. While these values are not directly comparable, their similarity helps to highlight the 

importance of advanced tissue culture models for screening and refining therapeutic drugs and 

their delivery systems. 
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Figure 3.21: In vivo analysis of intravenously injected MAC-TPZC12 compared to TPZ-C12 particles alone or free 

TPZ alone in an orthotopic, 4T1 tumor model. (A) Tumor growth curves and (B) Day 20 tumor weights. Mice were 

intravenously injected with 2.5x106 macrophages (2.73 mg/kg TPZ eq.), 5.7 mg of TPZ-C12 particles alone (2.73 

mg/kg TPZ eq.), or 2.73 mg/kg of free TPZ on Day 12, and half of these doses were administered on Day 16 (orange 

arrows; n = 9 for saline and free TPZ and n = 8 for TPZ-C12 particles alone and MAC-TPZC12). (C) Average mouse 

weights during the course of observation. (D) The fold-weight change in tumors in comparison to the weight change 

observed with free TPZ. 

 

In addition to assessing tumor volume and weight, I investigated the mechanism by which 

the MAC-TPZC12 therapy intervened via IHC analysis. The first round of sections were stained 

with antibodies for CAIX, a protein used to detect hypoxia, and histone H2A.X phosphorylation, 

a marker commonly used to assess TPZ damage to DNA via double strand breaks.164–166 
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Fluorescent images of these tissues revealed that areas staining positive for CAIX in tumors treated 

with MAC-TPZC12 had higher incidences of histone H2A.X phosphorylation, while areas that were 

negative for CAIX did not show an observable change in H2A.X phosphorylation (Figure 3.22). 

This indicates that the damage caused by MAC-TPZC12 seems to be specific to areas of hypoxia, 

which supports the established mechanism for TPZ.  

 

 

Figure 3.22: Comparison of IHC sections of 4T1 tumors 20 days post-inoculation. Tumors were treated with saline, 

free TPZ, TPZ-C12 particles alone, or MAC-TPZC12 on Days 12 (full dose) and 16 (half dose). (A) CAIX (red) and 

(B) phosphorylated histone H2A.X (green) staining in hypoxic regions of tumors. (C) Composite images of the 

hypoxic regions. (D) Composite images of normoxic regions. Scale bar = 200 µm.  
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While these results match the observed changes in tumor growth, they do not directly prove 

the effect was due to macrophage penetration into the hypoxic regions of the tumors. To confirm 

this, I injected either MAC-TPZC12 containing 2.1% octadecyl rhodamine B chloride or the same 

particles alone into a 4T1 tumor-bearing mouse. 23 h later, the mice received an intraperitoneal 

injection of pimonidazole. One hour later, tumors were sectioned and stained with Hypoxyprobe 

Pacific Blue. These sections revealed that particle transport by macrophages allowed for 

penetration and accumulation in hypoxic areas; however, particles alone showed minimal 

accumulation in these areas (Figure 3.23).  

 

 

Figure 3.23: Comparison of IHC sections of 4T1 tumors in mice 24 h post-injection with (A, B) TPZ-C12 particles 

alone tagged with rhodamine B (red) or (C, D) rhodamine B-tagged MAC-TPZC12. Sections were stained with 

Hypoxyprobe Pacific Blue to label areas of hypoxia. Arrows in images of sections with free TPZ-C12 particles help 

to identify the location of the particles due to their small size. Scale bar = 100 µm.  
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From these results, I hypothesized that the initial injection of MAC-TPZC12 was sufficient 

to eliminate at least a portion of the hypoxic tumor areas, leading the stall in tumor growth observed 

between Days 12 and 14. The growth that occurred after this point was likely due to the 

proliferation of tumor cells in more oxygenated areas and thus, the second injection was unable to 

produce the same effect. This hypothesis is supported by (i) histological sections of MAC-TPZC12-

treated tumors, which reveal a higher prevalence of histone H2A.X phosphorylation in areas of 

hypoxia, indicating increased DNA damage in these areas (Figure 3.22) and (ii) marked increases 

in drug transport to areas of hypoxia by macrophages (Figure 3.23). 

Due to the hypoxia-selective nature of TPZ and other HAPs, it is likely that successful 

therapies involving this class of drugs will require co-administration with drugs that are able to act 

upon normoxic regions of the tumor.167 Like many chimeric antigen receptor-based cell therapies 

(CAR) currently in the clinic, the steps involved in ex vivo modification of autologous cells makes 

macrophage-mediated drug delivery an expensive route.63 Thus, it is imperative that any 

treatments used in conjunction with macrophage-based drug delivery systems are as simple as 

possible to improve economic feasibility and potential for clinical translation.  

I opted to combine the MAC-TPZC12 therapy with a commonly used chemotherapeutic 

drug that affects normoxic tissues. This strategy is frequently used in oncological regimens with 

the intent of increasing the toxicity of a nonselective chemotherapeutic drug toward tumors without 

significantly increasing its toxicity towards healthy tissue.144,167 While many studies have 

employed cisplatin due to its potential synergistic effects with TPZ by an unknown mechanism, 

some evidence suggests that their effects are additive at best and highly schedule dependent.144 As 
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a result, I chose to combine this therapy with irinotecan, which has been shown to produce 

promising results with TPZ in previous studies.164  

Mice bearing 4T1 tumors were injected with intravenous irinotecan (25 mg/kg) on Days 

12 and 19 and with a single full dose of intravenous MAC-TPZC12 (2.5x106 cells/mouse, 2.73 

mg/kg TPZ eq.) on Day 14. These mice were compared to mice injected with saline, irinotecan 

only, and irinotecan with free TPZ (Figure 3.24). Results indicated that the combination was able 

to inhibit tumor growth by 83.1% compared to irinotecan combined with TPZ for up to 6 days, 

while irinotecan alone and free TPZ alone were only able to achieve 32.3% inhibition. 16 days 

after the therapy started (28 days post-inoculation), the growth of tumors in mice treated with 

irinotecan and MAC-TPZC12 was significantly inhibited by 56.7%, 41.4%, and 45.0% in 

comparison to saline, irinotecan alone, and irinotecan with free TPZ (Figure 3.24A). In addition, 

MAC-TPZC12 in combination with irinotecan was able achieve a modest, yet significant, extension 

in the median survival time for mice by 22.6% and 15.1% compared to mice treated with saline or 

irinotecan with free TPZ, respectively (Figure 3.24B). Comparison of saline verses irinotecan or 

saline verses irinotecan with free TPZ failed to produce statistical significance, indicating that the 

use of macrophages was critical in inducing meaningful changes in treatment efficacy.  
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Figure 3.24: Analysis of the effects of MAC-TPZC12 (2.5x106 cells/mouse, 2.73 mg/kg TPZ eq.) in combination with 

irinotecan (25 mg/kg) on mice bearing orthotopic, 4T1 tumors in comparison to those treated with saline, irinotecan 

alone (25 mg/kg), and irinotecan (25 mg/kg) with free TPZ (2.73 mg/kg). Irinotecan was administered on Days 12 

and 19 (blue arrows), while free TPZ or MAC-TPZC12 was administered on Day 14 (orange arrow). Results of the 

experiment are displayed as (A) tumor growth curves and (B) survival curves (n = 7). 

 

3.6 Conclusion 

 

The scarcity of hypoxia in many healthy tissues makes HAPs attractive candidates for 

treating solid tumors.21 However, the great distances that these drugs must diffuse in order to 

reach these areas is a significant bottleneck in their clinical translation.168,169 In this work, I 

demonstrated the potential of macrophages as carriers of TPZ, a model HAP, to overcome its 

penetration issues and improve its efficacy.  

My initial work analyzing the toxicity of TPZ in 2D and 3D cultures demonstrated the 

impressive hypoxia selectivity seen in 2D cultures is eliminated in advanced 3D models, which 

supports the penetration hypothesis.  With this in mind, I set out to design a vehicle to allow for 

macrophage uptake of TPZ. The amine on TPZ provides a convenient point for synthetic 
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modification allowing for a large number of possible vehicles to be considered. However, low 

macrophage uptake of both PDCs and pure LDC nanoparticles underscored the importance of 

selecting carrier materials that display a propensity for macrophage uptake. This insight led to 

the production of a PLGA/LDC hybrid particle that had a 24% TPZ loading and macrophage 

uptakes of 19-28 µg TPZ/1x106 cells.23,160 

The combination of high drug loading and particle uptake gave this system the potential 

to deliver large amounts of drug to the hypoxic regions of tumors. However, higher loading can 

produce additional issues such as carrier cell toxicity, which would prevent the drug from 

reaching its target. The TPZ conjugates in the system achieved high drug loading with the help 

of a lipid tail, which increased their hydrophobicity. I hypothesized that the size of this tail would 

play a major role in the success of this treatment. By designing TPZ conjugates with differing 

tail lengths, I was able to test this effect. When the viability of the carrier cells was tested, it was 

found that shorter tails caused cell killing that was independent of oxygen concentration 

indicating they were too hydrophilic. However, conjugates with the longest tail lengths failed to 

induce toxicity in hypoxia indicating they were too hydrophobic. The compound, TPZ-C12, 

struck a balance between the two allowing for a 5.1-fold toxicity increase in hypoxia. The 

importance of these results was confirmed when the MAC-TPZ systems were analyzed for their 

efficacy against tumor spheroids. In comparison to free TPZ, MAC-TPZC12 was able to improve 

spheroid killing by 3.1-fold while the other conjugates alone or delivered by macrophages were 

unable to significantly enhance the drug’s effect. 

Further work with MAC-TPZC12 verified its enhanced efficacy over free TPZ in an in 

vivo orthotopic 4T1 mouse breast cancer model. Studies using two injections of MAC-TPZC12 

demonstrated a 3.7-fold increase in tumor weight reduction from saline in comparison to free 
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TPZ. However, the tumor volume readings indicated that the second therapeutic injection failed 

to produce a response as significant as the first. Histological analysis of the tumors demonstrated 

that MAC-TPZC12 was accumulating in hypoxic areas and specifically inducing damage in these 

regions. This evidence helped me conclude that the first therapeutic injection likely induces a 

significant amount of damage to the hypoxic region, which left little tissue that could be 

damaged by the second injection. With this in mind, we tested the ability of MAC-TPZC12 to 

work in concert with irinotecan, a nonspecific chemotherapeutic. Results indicated that two 

injections of irinotecan and a single injection of MAC-TPZC12 had superior efficacy in 

comparison to free TPZ with irinotecan and irinotecan only resulting in a 45% reduction in 

tumor growth and a 22.6% extension in the median survival time.  

These results underscore the significance of the penetration issues plaguing HAPs. Based 

on the work done here with TPZ, I believe that the chemotactic abilities of macrophages provide 

a novel way to overcome these issues, which could help unlock the potential of these complexes.  

     



 

 
Chapter 4: The Effect of Particle Materials on Immune Cell Response 
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Too often, researchers choose materials to construct nanoparticles based solely on their 

chemical or mechanical properties under the assumption that they will be biologically inert. 

However, many of these materials have the potential to alter cell behavior in ways, which could 

significantly alter treatment outcome. When circulatory cells are used to deliver drugs, this 

consideration becomes even more important because of the intimate interactions these cells have 

with their cargo.  With this in mind, I use this chapter to present an organized discussion of the 

effects commonly used materials for immunotherapy have on the immune cells they interact with 

(Table 4.1). The majority of cellular effects summarized here were discovered from controlled in 

vitro studies. Therefore, I provide several caveats. First, these effects may change depending on 

various materials-based factors (e.g., the purity, size, shape, and concentration of materials), 

cellular factors (e.g., the source, arrangement, and distribution of cells and cell neighbors), and 

environmental factors (i.e., the overall microenvironment, including soluble factors, extracellular 

matrix, and pH therein). Second, I broadly classified materials as inflammatory or anti-

inflammatory for simplicity. However, in reality, the degree to which the immune response can 

vary between materials with some generating responses that are significantly higher than 

others.  Due to the sensitivity and complexity of these interactions, I intend for the summary below 

to be used as a general set of design considerations that necessitate experimental validation in 

animal models. 
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Table 4.1: Immunomodulatory materials. A non-exhaustive summary of materials commonly used in 

immunotherapy, organized by type and immunomodulatory effect. MΦ, NK, DC, and NE correspond to macrophages, 

natural killer cells, dendritic cells, and neutrophils, respectively.   

Category Classification Name General 
Effect 

Cellular Response  
   Green = upregulated  
   Red = downregulated 

Natural 
Materials 

Polysaccharides Alginate170,171 Inflammatory MΦ: IL-1β, IL-6, TNF-α 
NK: Cytotoxic activity 

Chitosan172–176 Mostly anti-
inflammatory 

MΦ: CD206, CD86, MHC II, CD163, 
CSF2, IL-6, TNF-α, IL-1β, NO 
DC: TNF-α, IL-1β, TGF-β1, IL-10 
NE: Wound healing phenotype, 
Chemoattractant 

HA (<10 
kDa)157,177,178 

Inflammatory MΦ: TNF-α, NOS2, CD80, IL-12β 
DC: Maturation, TNF-α, IL-1β, IL-12 

HA (>1,000 
kDa)157 

Anti-
inflammatory 

MΦ: IL-10, MRC1 

Nanocellulose17
9 

Anti-
inflammatory 

DC: Maturation, IL-10, TGF-β, IL-4, IL-
12, IL-23, IL-6, IFN-γ, IL-17 

Pullulan180,181 Inflammatory MΦ: TNF-α, TRAIL 
DC: IFN-α, IFN-β1, TNF-α, IL-6, IL-23 

Polypeptides Collagen182–184 Inflammatory MΦ: CD35, Mac-1 
DC: T cell Proliferation, CD83, CD86, 
HLA-DR, IFN-γ, TNF-α, IL-12 

Nucleic Acids CpG ODN185–188 Inflammatory MΦ: TNF-α, IL-1β, NOS2 
DC: T cell proliferation, MHC II, CD40, 
CD86, CD83, CD205, IL-12 
B cell: Autoantibody, Proliferation, 
CD69, CD86, IL-6, IL-12, Apoptosis  

Lipids Cationic 
lipids189–191 

Inflammatory MΦ: ROS  
DC: CD80, CD86, CD11c, CCL2, CCL3, 
CCL4, IL-1RA, ROS, IL-1β 

Synthetic 
Materials 

Polyesters PCL192,193 Inflammatory MΦ: IL-1β, IL-6, IL-10, IL-12, IFN-α, 
IFN-γ, TNF-α, ROS 

PLGA194–196 Inflammatory MΦ: TNF-α, IL-1β 
DC (Sheets): T cell Proliferation, HLA-
DQ, CD44, CD80, CD86  
DC (Nanoparticles): CD80, CD86, MHC 
II 

Dendrimers PAMAM197 Inflammatory MΦ: TNF-α, CXCL2, IL-6, ROS 
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Table 4.1 (Continued) 

Inorganic 
Materials 

Metal Oxides Iron Oxide120,198 Inflammatory MΦ: CD86, CD80, CD206, TNF-α, ROS, 
Arg-1, IL-10 
DC: CD80, CD86, MHC II 

Mesoporous 
Silica199,200 

Inflammatory DC: T cell Proliferation, CD86 

Metal 
Hydroxides 

Alum201 Inflammatory MΦ: MHC II, CD40, CD54, CD58, 
CD83, CD86, IL-4 
DC:  MHC II, CD40, CD80, CD86 

Carbon-Based 
Materials 

CNTs202–206 Mostly Anti-
inflammatory 

MΦ: CD11b, CD14, CD206, CXCL2, 
MMP-9, VEGF, RNS, TNF-α, IL-1β, 
CCL3, TLR4/MD2 
DC: CD80, IL-6, IL-12, IL-23, IL-10, 
TNF-α, T cell Proliferation, Pinocytosis 
NK: CD69, CD107a, NK1.1, IFN-γ, TNF-
α 

Graphene207,208 Inflammatory MΦ: CCL3, CCL4, CCL5, IL-6 
DC (Sheets): CD80, CD86, MHC II, 
MHC I, IL-2, LMP7  
DC (Nanoparticles): IL-27, CD86, CD40, 
CD83, HLD-DR, IL-12, IL-23 

 

4.1. Natural Materials 

The following section surveys common natural materials used in immunotherapy, 

organized by polysaccharides, polypeptides, nucleic acids, and lipids.  

4.1.1 Polysaccharides  

Natural polysaccharides have diverse immunomodulatory effects that depend on their 

chemistry and molecular weight. In this section, I discuss the effects of five common 

polysaccharides: alginate, chitosan, hyaluronic acid (HA), nanocellulose, and pullulan. First, 

alginate has been shown to induce inflammatory effects in macrophages through the NF-κB 
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pathway.170 Significant concentration-dependent increases in IL-1β, IL-6, and TNF-α production 

have been observed for low viscosity alginate.170 Alginate has also been shown to induce 

inflammatory (i.e., tumoricidal and secretory) responses in NK cells both in vitro and in vivo, as 

evidenced by increases in cytotoxic functions.171  

Second, chitosan has been shown to induce both proinflammatory and anti-inflammatory 

effects. Primary human monocytes cultured on chitosan differentiated into macrophages and were 

found to display mostly M2 phenotypes, as indicated by a downregulation of CD86 and MHC II 

and an upregulation of CD206. However, contrary to this, a downregulation of CD163 was also 

observed.175 Cultured macrophages also showed increased secretion of inflammatory cytokines 

TNF-α and IL-1β. In other studies, macrophages exposed to high MW chitosan were found to 

increase secretion of IL-6, CSF2, and NO.174 Dendritic cells cultured in the same way increased 

secretion of TNF-α and IL-1β and decreased secretion of IL-10. However, IL-23 secretion 

remained unchanged and secretion of TGF-β1 increased, indicating that the acquired phenotype 

was somewhat different than the classical definition of an inflammatory dendritic cell. Chitosan 

was found to modestly induce dendritic cell maturation, as indicated by a slight increase in T cell 

proliferation in vitro.175 The mechanism driving this effect is believed to be due to chitosan being 

taken up, causing the mitochondria in dendritic cells to release their DNA (mtDNA), activating 

the cGAS-STING pathway, and eventually leading to a Th1-based immune response.209 For this 

reason, chitosan is sometimes used as a vaccine adjuvant.210 Further, at least two studies have 

shown that chitosan is a chemoattractant to neutrophils.172,173 However, compared to other 

neutrophil chemoattractants, chitosan does not induce the production of a superoxide burst or 

degranulation, suggesting that chitosan may promote wound-healing phenotypes in neutrophils.173  
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Third, HA has immunomodulatory effects that strongly depend on its MW.211 At high MWs 

(e.g., >1,000 kDa), HA is anti-inflammatory; whereas at low MWs (e.g., <10 kDa), HA is 

proinflammatory.157 In the body, HA is used as an injury and infection “thermostat”. Upon injury, 

high MW HA is broken down. The newly formed low MW HA is detected by toll like receptor 2 

(TLR2) and TLR4, which activate innate immune responses.211 Macrophages exposed to low MW 

and digested HA subsequently show upregulation of TNF-α, nitric oxide synthase 2 (NOS2), 

CD80, and IL-12β.157 Small HA fragments lead to dendritic cell maturation and cause an increase 

in cytokine production (e.g., TNF-α, IL-1β, and IL-12). The production of these cytokines enhance 

the proliferation of alloreactive T cells, which has implications combating bacterial infections.177 

On the other hand, high MW HA results in significant upregulation of genes in macrophages for 

IL-10 and mannose receptor c-type 1  (MRC1), indicating the promotion of an anti-inflammatory 

phenotype.157 Additionally, it is worth noting that HA is commonly used as a particle coating 

material in cancer therapy due to its ability to target CD44.212  

 Fourth, nanocellulose typically generates an anti-inflammatory response in dendritic 

cells.179 Exposure to cellulose nanofibrils (CNFs) leads to reductions in proinflammatory cytokines 

like IL-12, IL-23, IL-6, IFN-γ, and IL-17. Further, exposure to CNF also leads to increases in anti-

inflammatory cytokines like IL-10, TGF-β, and IL-4. When exposed to T cells, polarized dendritic 

cells have shown improved abilities to transform Th2 cells into a CD25hi and forkhead box P3 

(FoxP3)hi regulatory (immune tolerant) phenotype. The same dendritic cells displayed reduced 

auto-stimulation and a reduced stimulation of Th1 and Th17 cells.179  

 Last, pullulan is natural polysaccharide produced by mushrooms, yeasts, and fungi, and is 

potently proinflammatory. Macrophages exposed to pullulans have been shown to induce TRAIL 

expression at levels comparable to or exceeding those by LPS induction, which plays a role in 
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macrophage-mediated cancer cell apoptosis. To confirm this, one group showed that pullulan-

exposed macrophages enhance apoptosis of HeLa cells in vitro.181 The authors also found modest 

increases of TNF-α production by three different macrophage cell lines. Further, pullulan has been 

shown to upregulate IFN-α, IFN-β1, TNF-α, IL-6, IL-23 in dendritic cells in a concentration 

dependent manner.180 These effects are a result of interactions with multiple toll-like receptors 

(e.g., TLR7, TLR8, or TLR9), which induce signaling through the type I IFN and NF-κB signaling 

pathways. 

4.1.2 Polypeptides 

While many types of polypeptides have been used in immunotherapy, collagen is one of 

the most common. Collagen is the main structural protein in the extracellular matrix. Several 

reports have shown that prolonged the exposure to collagen activates dendritic cells via its 

interaction with the discoidin domain receptor 2 (DDR2).183,213,214 Binding of this receptor leads 

to the activation of NF-κB and c-Jun N-terminal kinase (JNK) pathways.214 Exposure to collagen 

has been shown to lead to upregulation of CD83, human leukocyte antigen DR isotype (HLA-DR), 

and CD86 to levels commensurate with cells incubated with TNF-α or LPS, indicating that 

collagen may be involved in dendritic cell maturation and activation. Collagen also has been found 

to increase the production of inflammatory cytokines IFN-γ, TNF-α, and IL-12 at levels 

comparable to those produced by LPS.182,183 These collagen-exposed dendritic cells displayed 

enhanced antigen uptake, spurred T cell proliferation, and possessed the ability to slow melanoma 

growth.183 Collagen has also been found to enhance the phagocytic activity of macrophages and 

monocytes several fold.184 The authors hypothesized that this response is biologically beneficial, 

as contact with collagen would indicate that the cells have migrated into tissue, which normally 

only occurs during tissue inflammation.  
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4.1.3 Nucleic Acids 

While many types of nucleic acids have been used in immunotherapies, I constrain my 

focus to CpG oligodeoxynucleotides (ODN). CpG ODNs are short single-stranded DNA 

molecules that are considered PAMPs, which can be recognized by pathogen recognition receptors 

(PRRs) on immune cells to evoke an inflammatory response. Eukaryotic CpG motifs are 

preferentially (e.g., ~80%) methylated at a given time, whereas CpG motifs in pathogens are 

typically demethylated.215 This distinction allows the body to use CpG ODNs as a signal for 

pathogens, triggering TLR9 and directly activating B cells, macrophages, and dendritic cells. In B 

cells, CpG ODNs result in protection against apoptosis after removal of IL-7, increased 

autoantibody production, protection of immature B cell precursors from negative selection, 

proliferation of immature and mature B cells, and B cell activation (increases in CD69 and 

CD86).185 When macrophages are exposed to CpG ODNs, increases in TNF-α, IL-1β, and NOS2 

(in macrophages primed with IFN-γ) have been observed.186  In dendritic cells, exposure to CpG 

ODNs have been shown to result in the upregulation of MHC II, CD40, CD86, CD205, and IL-12, 

indicating dendritic cell maturation.187  These matured dendritic cells have been shown to 

subsequently prime T cells into a Th1 phenotype and spur their proliferation.188  

4.1.4 Lipids 

While lipids have been shown to modulate the immune system in several ways, I constrain 

my focus to cationic lipids.216 Cationic lipids, particularly those present in cationic liposomes, have 

been shown to increase the expression of CD80 and CD86 in dendritic cells, but not affect the 

secretion of proinflammatory cytokines due to the inability to stimulate NF-κB translocation.189  

When combined with TNF-α, however, cationic liposomes have been shown to inhibit activation 
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by TNF-α, indicating that cationic liposomes interact with LPS binding proteins.189 Another study 

showed that dioleoyl-3-trimethylammonium propane (DOTAP)-based liposomes downregulate 

IL-1 signaling pathways (this pathway can promote mast cell activation and Th2 cytokine 

production), upregulate CD11c (a dendritic cell maturation marker), and increase the production 

of CCL2, CCL3, CCL4, IL-1RA, and ROS.190 Cationic liposomes also decreased the production 

of IL-1β.190 This study confirmed the actions of these cationic lipids were NF-κB independent. 

Last, cationic lipids have been shown to spur the generation of ROS via interactions with 

macrophages.191 

4.2 Synthetic Materials 

The following section surveys common, synthetic materials used in immunotherapy, 

organized by polyesters and dendrimers.  

4.2.1 Polyesters 

Polycaprolactone (PCL) is a synthetic polyester that naturally degrades by hydrolysis of its 

ester linkages in physiological conditions. Nanoporous PCL in vivo has been shown to exacerbate 

the inflammatory formation of fibrous capsules (i.e., via the foreign body response).217  Yet, PCL 

has been shown to elicit several types of immunomodulatory effects that are form and size 

dependent in vitro.192 On flat surfaces of PCL, monocytes have been shown to increase secretion 

of IL-1β, IL-6, and IL-10, which are anti-inflammatory signals for tissue repair and remodeling. 

The same study found that PCL led to decreases in TNF-α, ROS, and superoxide species compared 

to tissue culture polystyrene surfaces.192 In another study, authors found that small PCL 

nanoparticles caused significant increases in the secretion of IL-10 and IL-12 from macrophages 

while larger particles did not.193  
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 PLGA is one of the most commonly used materials in drug delivery and immunotherapy. 

PLGA a biodegradable polymer that is mechanically robust, biocompatible, and amenable to be 

used to transport drugs, proteins and other macromolecules such as DNA, RNA and peptides.218 

The byproducts formed from the degradation of PLGA (i.e., lactic acid and glycolic acid) have 

long been known to decrease the pH of the surrounding tissue and lead to proinflammatory 

effects.219 When exposed to PLGA films, dendritic cells increase expression of inflammatory 

markers CD80, CD86, CD83, HLA-DQ, and CD44.195 These matured dendritic cells were also 

shown to promote T cell proliferation. However, when dendritic cells are exposed to low MW 

PLGA nanoparticles, they developed immunosuppressive phenotypes, as indicated by decreased 

expression of CD80, CD86, and MHC II.196 It was hypothesized this was due to the release of 

lactic acid, which is immunosuppressive to dendritic cells. These effects were even able to help 

reduce the inflammatory response of the cells generated after LPS challenge. When exposed to 

PLGA microparticles, macrophages have been shown to upregulate TNF-α and IL-1β, suggesting 

a proinflammatory phenotype. The microparticles also induced NF-κB translocation to a higher 

degree than LPS. Nanoparticles were not able to induce any of these effects. This difference was 

postulated to be due to the fact that microparticles take longer to internalize and thus are in contact 

with the cell surface receptors longer. This extended contact was able to trigger NF-κB 

translocation.194  

4.2.2 Dendrimers 

PAMAM dendrimers are comprised of repetitively branched subunits of amides and 

terminal amines. Once internalized, PAMAM dendrimers have been shown to cause macrophages 

to release ROS, which leads to the production of inflammatory cytokines such as CXCL2, TNF-

α, and IL-6.197 When overproduced, these cytokines were shown to generate cellular cytotoxicity 
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in a manner that is dependent on dendrimer size. However, while deleterious in certain cases, this 

change in cytokine production could enhance therapeutic efficacy in other cases. Also, it is worth 

noting that the chemical modification of the terminal amine groups of the dendrimer could obviate 

these effects and allow for the effective use of PAMAM dendrimers in anti-inflammatory 

applications.  

4.3 Inorganic Materials 

The following section surveys common, inorganic materials used in immunotherapy, 

organized by metal oxides, metal hydroxides, and carbon-based inorganic materials.  

4.3.1 Metal Oxides 

Iron oxide nanoparticles are a popular class of inorganic materials for immunotherapy due 

to their superparamagnetism, enabling magnetic field-based imaging, transport, and hyperthermia. 

Iron oxide nanoparticles have been shown to induce potent M1 phenotypes in macrophages, as 

indicated by an upregulation of CD86 and TNF-α as well as a downregulation of Arg-1 and IL-

10.120 The cells exposed to the iron oxide also showed significant increases in ROS produced 

including hydrogen peroxide and hydroxyl radicals. This led to M1 polarization of endogenous 

macrophages in vivo, as evidenced by an increase in CD80 and a decrease in CD206. In another 

study, iron oxide nanoparticles were found to increase expression of CD80, CD86, and MHCII on 

immature dendritic cells.198 Interestingly, however, expression of the same markers on mature 

dendritic cells were not affected, suggesting that iron oxide nanoparticles have effects restricted 

to immature dendritic cells.  

 Mesoporous silica has gained popularity in recent years as a promising material for drug 

delivery and immunotherapy due to its unique structural properties and biocompatibility below 
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certain doses.220 As nanoparticles, mesoporous silica has been shown to act as a potent adjuvant 

when combined with antigenic OVA via increased production of IL-10, IL-4, IL-2, and IFN-γ by 

T cells, outperforming the adjuvancy of alum in certain respects.109 Further, the mesoporous and 

charged nature of the silica nanoparticles allows them to adsorb large amounts of biomolecules, 

suggesting that bare particles infiltrating a tumor may absorb antigens and enhance uptake by 

APCs to facilitate efficient immunizations (stimulation of Th1 and Th2 immunity).109 Further, 

another study found that mesoporous silica can significantly increase CD86 expression in dendritic 

cells.200 These dendritic cells were able to change the cytokine expression pattern of T cells in a 

manner that was similar to those mentioned above.  

4.3.2 Metal Hydroxides 

Alum broadly refers to trivalent aluminum-containing salts. It is a popular adjuvant because 

it is a strong immunopotentiator, chemoattractant, and is generally regarded as safe.201 The 

mechanisms responsible for its adjuvancy are multifold and still under investigation, but are 

generally thought to involve an affinity to (and subsequent disruption of) lipid membrane 

structures.201 This membrane disruption releases uric acid and heat shock proteins, which act as 

damage-associated molecular patterns (DAMPs), producing an inflammatory response. 

Consequently, this response makes alum unique from other proinflammatory agents such as LPS, 

as it does not trigger inflammation through TLR-mediated pathways.201 The process works to 

generate NOD-like receptor (NLR) pyrin domain containing 3 (Nlrp3) inflammasomes, which 

release caspase-1 and allow for the upregulation of IL-1 family cytokines IL-1β, IL-18, and IL-

33.221 These cytokines are proinflammatory and are stimulators of the adaptive immune response. 

When exposed to a model antigen and alum, dendritic cells have been shown to increase their 

production of MHC II, CD40, CD80, and CD86.201 Building on this effect, Shi and co-workers 
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showed that even large (5 μm diameter) alum microcrystals can serve as a potent adjuvant to 

increase dendritic cell presentation.222 In macrophages and monocytes, alum has been shown to 

increase expression of MHC II, CD40, CD54, CD58, CD83, and CD86 as well as mRNA for IL-

4. Further, alum has been shown to promote the differentiation of monocytes into dendritic cells.221  

4.3.3 Carbon-Based Inorganic Materials 

Carbon nanotubes (CNTs) are allotropes of carbon with cylindrical nanostructures, and are 

classified as either single-walled or multi-walled. CNTs are mostly anti-inflammatory, but can 

produce proinflammatory effects in certain contexts. When mixed into polymer films, CNTs led 

to anti-inflammatory effects in adhered macrophages by reducing the production of nitric oxide, 

TNF-α, and IL-1β.204 CNTs were also found to recruit naïve macrophages and led to MMP-9 

secretion, encouraging angiogenesis while slowing their production of proinflammatory cytokines 

(e.g., IFN-γ and IL-2).206 In NK cells, CNTs have been found to significantly decrease IFN-γ and 

TNF-α production. Further, CNTs reduced the expression of CD69 (marker of NK cell activation), 

CD107a, NK1.1, TNF-α, IFN-γ, and reduce the cytotoxicity of NK cells.205 In some contexts, 

however, CNTs have been found to be potently inflammatory (e.g., generating pulmonary 

inflammation and fibrosis via inhalation).223 When cultured on sheets of CNTs, dendritic cells 

were less capable of inducing T cell proliferation or performing pinocytosis, produced less IL-6 

and IL-10, downregulated CD80, and yet increased secretion of TNF-α.202 These confounding 

results indicate that both proinflammatory and anti-inflammatory effects occur simultaneously. 

The authors postulated that this may be due to the CNTs preventing cytoskeletal rearrangement; 

however, further testing is needed to validate this hypothesis.202  

Graphene is another allotrope form of carbon, although it exists in the form of a sheet that 

is a single-atom thick. Unlike CNTs, graphene is mostly proinflammatory due to its interactions 
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with cell surfaces. When incubated with low concentrations of graphene oxide nanoparticles, 

macrophages were found to increase expression of IL-6, CCL3, CCL4, and CCL5.207 However, at 

high concentrations, the same nanoparticles were found to generate cytotoxicity. In dendritic cells, 

graphene oxide and fullerenes spurred upregulation of CD80, CD86, MHC I, and MHC II, which 

normally indicates a mature phenotype. However, the authors also noted a significant 

downregulation of LMP7 (a critical component of dendritic cell antigen presentation) due to 

electrostatic interactions between the graphene and LMP7. This reduced the ability of dendritic 

cells to process and present antigens to T cells, giving them a functional capacity similar to an 

immunosuppressive phenotype despite its confounding marker expression.224  

Graphene quantum dots are anti-inflammatory. Graphene quantum dots have been shown 

to cause dendritic cells to increase secretion of IL-27 as well as decrease secretion of IL-12 and 

IL-23.208 Further, graphene quantum dots have been shown to suppress the ability of dendritic cells 

to produce Th1 and Th17 cells and have helped increase the production of Th2 cells with regulatory 

T cell phenotypes. Lastly, polyhydroxylated fullerenols have been shown to regulate macrophage 

phenotypes following their phagocytosis, leading to potent inhibition of cancer metastasis.225  

 

 



 

 
Chapter 5: Conclusions and Future Directions 
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Current trends in drug delivery rely heavily on nanotechnology. While nanotechnology does 

have its benefits, inherent hurdles stymie most endeavors at clinical translation. Many attempts to 

modify nanoparticles to combat these issues have been made, but the benefit they bring has not 

been significant enough to overcome the high rate of clinical failure.4,5  

The problems encountered by nanotechnology such as rapid clearance and poor tissue 

targeting are due to the body’s defense mechanisms against foreign materials.1,2 To assure 

selectivity, cells in the body are endowed with special properties, which help them avoid detection. 

Because of this, scientists have begun to explore the possibility of using cells as drug carriers to 

leverage these properties for drug delivery.7 Circulatory cells are particularly attractive because 

they can help drugs avoid clearance by the liver and spleen as well as localize therapeutics in areas 

of inflammation via chemotaxis.7 Proof of concept studies have demonstrated that cell-assisted 

delivery of drugs can improve targeting, circulation time, and efficacy.7,16 In particular, 

macrophages have been well studied because in addition to the benefits mentioned above, these 

cells can internalize large amounts of drug via phagocytosis and are able to be expanded to 

clinically relevant levels with industrially scalable methods.11,12,16 

 

5.1 The Use of Macrophages as Carriers of HAPs 

During my time in graduate school, I utilized macrophages as carriers for the hypoxia 

activated prodrug TPZ. This drug was an ideal candidate for macrophage mediated delivery due 

to its specificity for hypoxic tumor tissue coupled with its inability to reach this tissue on its own. 

After a few failed attempts, particles constructed from PLGA and hydrophobic derivatives of TPZ 

were made. These particles could be phagocytosed in high amounts. To assure system 
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optimization, I tested a number of different TPZ derivatives for their ability to induce toxicity 

towards tumor spheroids while remaining nontoxic to carrier cells in normoxic conditions. From 

these studies a single TPZ derivative (TPZ-C12) was selected for in vivo study. It was found that 

the use of macrophages was able to significantly enhance the efficacy of TPZ-C12 over the free 

TPZ or the particles alone in vivo. Postmortem analysis revealed that much of this enhancement 

was due to the accumulation of macrophages in these areas of hypoxia. 

 While this study provided excellent insight into the use of macrophages as delivery 

vehicles, there are several ways that this system could be improved for further study. 

Hydrophobicity from the carbon tail was required for high loading and prevention of carrier 

toxicity, but this feature may have limited the amount of drug release. The design of TPZ 

derivatives with a biologically labile functional group in their tail region would maintain 

hydrophobicity and also increase drug release over time.226,227  

In addition, the investigation of other HAPs may be warranted. I choose to use TPZ because 

of its popularity and its ease of functionalization. However other HAPs exist, which may be more 

effective. For example, TH-302 is another HAP that is undergoing clinical investigation.21,228,229 

This drug requires more intense hypoxia for activation than TPZ, which could further improve its 

carrier toxicity profile without the need for extensive chemical modification. In addition, hypoxic 

activation of this drug forms a stable toxic metabolite. This metabolite is able to travel much 

greater distances, which allows it to act on normoxic tumor tissue in a process known as the 

bystander effect. Because of this, TH-302 may be able to be used as a monotherapy, which would 

simplify the treatment even further.21  

 The use of monocytes as carriers instead of macrophages may help further increase the 

delivery efficiency due to their superior rates of accumulation in areas of inflammation.230 
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However, regardless of the exact cell type used, it will be important to understand how the carrier 

change the biodistribution of TPZ. While largely absent in a healthy organism, certain tissues such 

as the thymus and bone marrow display significant hypoxia, which can be critical to their 

function.111,231 For example, bone marrow hypoxia is used to help control Hematopoietic stem cell 

(HSC) function. Previous reports have demonstrated that TPZ administration can induce toxicity 

towards these cells. Bone marrow is also a reservoir for macrophages and monocytes. Thus, using 

these cells as delivery vehicles could increase the transport of HAPs to this area, which could result 

in unwanted toxicity to HSCs.111,232  

  

5.2 The Importance of Material Selection in Particle Design 

In addition to my work with macrophage mediated delivery, I have provided a review of the 

effects of common particle construction materials have on immune cells.23 Each material listed has 

effects that are unique making it impossible to precisely predict the properties of a material without 

experimental study. However, the summarized findings in Chapter 4 of this thesis do provide some 

oversite into the general effects certain classes of materials have on cells.   

 Arguably the general trends of natural materials present in the body will be easier to predict 

than their synthetic counterparts. The quantity and form of these materials is often correlated with 

the state of a tissue. Because of this, the immune system uses them as signals to help determine 

the appropriate course of action allowing for generalized predictions about their immunological 

effects. A good example of this was the response seen with short chain HA, collagen, and CpG 

DNA. Due to their close association with wounds or infection, interactions with these materials 

produced responses that were largely inflammatory.157,182,183,185  Conversely, materials such as long 
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chain HA are associated with healthy tissue or later stages of wound healing and induced 

immunosuppression.157 

 Foreign or synthetic materials have responses that are harder to predict. Most of these 

materials produce an inflammatory response that ranges in intensity. However, the reason that 

inflammation is induced can vary based on the material type. For example, PCL and iron oxide 

particles both induce an inflammatory response, but the inflammation from the former is caused 

by a foreign body response while the inflammation from the latter is due to ROS 

production.120,192,198,217   In addition, many of these materials such as nanocellulose and chitosan 

defy this trend and produce anti-inflammatory responses, which highlights the complexity of 

material selection and emphasizes the need to test the immunological properties of materials before 

use.173,175,179  

Finally, material effects can differ depending on the cell type used or a material’s orientation 

with a cell. Most of the effects I was able to uncover were induced in macrophages and DCs. This 

is likely because are constantly sampling their surroundings so they can rapidly sense and respond 

to an injury or infection.233 Thus, they often react when they come in contact with a new material. 

Because of this, it is critical that systems employing these cells seriously consider all materials 

they use. In addition, these materials may have drastically different effects if cell exposure is 

internal or external. For example, most studies report that PLGA has inflammatory effects on 

immune cells.194 However, internalization of PLGA nanoparticles by DCs produces an 

immunosuppressive effect because of the production of lactic acid upon lysosomal decomposition 

of the particles.196    
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Glossary of Terms 
 
Abbreviation Full Name Definition 
5-FUR 5-fluorouridine A metabolite of 5-fluorouracil, an 

antimetabolite chemotherapeutic 
drug. 

5-FURW 5-fluorouridine tryptophan ester A conjugate of 5-FUR with 
improved liposomal loading. 

ARG-1 Arginase-1 A common enzymatic marker for 
mouse M2 macrophages, which 
converts L-arginine to L-
orthenine. 

CAIX Carbonic anhydrase IX An enzyme that serves as a long-
lived marker for hypoxia and 
promotes cancer acidosis. 

CAR-T Chimeric Antigen Receptor T cell T cells engineered to express a 
chimeric antigen receptor 
employed as a cellular therapy for 
cancer. 

CCL2 Chemokine (C-C motif) ligand 2 A chemokine that recruits 
monocytes, DCs, and T cells to 
sights of inflammation. 

CCL3 Chemokine (C-C motif) ligand 3 A chemokine that recruits NEs, 
eosinophils, basophils, and mast 
cells and can induce fevers. 

CCL4 Chemokine (C-C motif) ligand 4 A chemokine that recruits 
monocytes, NK cells, and other 
immune cells.  

CCL5 Chemokine (C-C motif) ligand 5 A chemokine that recruits T cells, 
eosinophils, and basophils.  

CCL17 Chemokine (C-C motif) ligand 17 A chemokine that recruits T cells. 
CD11b Cluster of differentiation 11b A surface marker for members of 

the innate immune system that has 
roles in phagocytosis and cell 
adhesion. 

CD11c Cluster of differentiation 11c A dendritic cell surface marker 
also expressed in lower levels on 
monocytes, macrophages, and NEs 
with roles in cell activation. 

CD35 Cluster of differentiation 35 A surface marker expressed on 
macrophages, monocytes, NEs, 
eosinophils, and B cells, which 
assists in adhesion and 
phagocytosis. 
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Abbreviation Full Name Definition 
CD40 Cluster of differentiation 40 A surface protein with roles in the 

activation of antigen presenting 
cells. 

CD44 Cluster of differentiation 44 A surface glycoprotein with roles 
in cell adhesion with a particular 
affinity for hyaluronic acid. 

CD47 Cluster of differentiation 47 A protein on the surface of many 
cell types that helps prevent their 
clearance by bodily defenses. 

CD54 Cluster of differentiation 54 A surface protein involved in 
immune cell extravasation and 
chemotaxis to areas of 
inflammation. 

CD58 Cluster of differentiation 58 An adhesion molecule expressed 
on antigen presenting cells that 
helps improve their interaction 
with T cells. 

CD69 Cluster of differentiation 69 A marker of early activation 
expressed on a variety of immune 
cells and hematopoietic stem cells. 

CD80 Cluster of differentiation 80 A common marker of DC 
maturation with roles in antigen 
presentation and T cell maturation. 

CD83 Cluster of differentiation 83 A common DC surface marker. 
CD86 Cluster of differentiation 86 A surface protein expressed on 

antigen presenting cells that helps 
encourage T cell stimulation and 
survival. 

CD107a Cluster of differentiation 107a A protein that makes up a large 
part of lysosomal membranes. 

CD205 Cluster of differentiation 205 A surface marker expressed on 
DCs that is used to gauge their 
maturation. 

CD206 Cluster of differentiation 206 A mannose receptor commonly 
expressed on the surface of M2 
macrophages and immature DCs 
with roles in phagocytosis, 
endocytosis and antigen 
presentation. 

Ce6 Chlorin e6 A red light activated, lipophilic 
photosensitizer. 

Chil3 Chitinase-like protein 3 precursor A gene that is a common 
intracellular marker of mouse M2 
macrophages. 
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Abbreviation Full Name Definition 
CPT Camptothecin A highly toxic chemotherapeutic 

in the topoisomerase inhibitor 
family. 

CSF2 Colony stimulating factor 2 A cytokine with major roles in the 
development, survival, and 
proliferation of macrophages. 

CXCL9 Chemokine (C-X-C motif) ligand 9 A chemokine that attracts 
cytotoxic lymphocytes, 
macrophages, and NK cells. 

DC-SIGN Dendritic cell-specific intercellular 
adhesionmolecule-3-grabbing non-
integrin 

A surface protein on macrophages 
and DCs that mediates their 
adhesion.  

DEX Dexamethasone A corticosteroid used as an 
immunosuppressant for a number 
of autoimmune conditions. 

DEX-21-P Dexamethasone-21-phosphate An enzymatically cleavable pro-
drug of dexamethasone. 

DOX Doxorubicin An anthracycline 
chemotherapeutic commonly used 
to treat a wide variety of cancers. 

EPR Enhanced permeation and retention 
effect 

The theory that the inherent 
leakiness of tumor vasculature 
allows nanoparticles to 
preferentially accumulate in solid 
cancers.  

FIZZ1 Found in inflammatory zone 1 A gene that is a common 
intracellular marker of mouse M2 
macrophages. 

HA Hyaluronic acid A glycosaminoglycan that is a 
major constituent of the 
extracellular matrix. 

HAP Hypoxia activated prodrug A class of chemotherapeutic drugs 
that exploits the biology of 
hypoxic tissue to transform into a 
toxic metabolite. 

HER2 Human epidermal growth factor 
receptor 2 

A receptor commonly 
overexpressed in breast cancer. 

H2A.X H2A histone family member X A histone protein whose 
phosphorylation is an indicator of 
DNA double strand breaks. 

HLA-DR Human leukocyte antigen - DR 
isotype 

A surface receptor that binds to 
TCR with roles in defense and 
graft versus host disease. 

HLA-DQ Human leukocyte antigen - DQ 
isotype 

A surface receptor used to present 
antigens to T cells 
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Abbreviation Full Name Definition 
IC Immune complex The structure formed when an 

antibody binds to its antigen. 
IFN-⍺ Interferon alpha A cytokine used to activate the 

immune system for viral defense. 
IFN-β1 Interferon beta 1 A cytokine used to activate the 

innate immune system for viral 
defense. 

IFN-g Interferon gamma A cytokine that activates NK cells, 
polarizes macrophages to an M1 
phenotype, and encourages a 
cytotoxic immune response. 

IL-1β Interleukin 1 beta A cytokine mediator of the 
immune response with roles in 
apoptosis, and proliferation. 

IL-1RA Interleukin 1 receptor antagonist A protein that blocks the IL-1 
receptor inhibiting its action. 

IL-2 Interleukin 2 A cytokine with a major role in T 
cell differentiation. 

IL-4 Interleukin 4 A cytokine that shifts the immune 
response towards wound healing 
and has a major role in the 
polarization of macrophages to an 
M2a phenotype. 

IL-6 Interleukin 6 A cytokine with inflammatory and 
anti-inflammatory functions 
including osteoblast formation, 
fever induction, and pathogen 
defense. 

IL-10 Interleukin 10 A potent immunosuppressive 
cytokine secreted by all types of 
M2 macrophages. 

IL-12 Interleukin 12 A potent immunostimulatory 
cytokine that is used to help 
identify M1 macrophages and is 
crucial for the activation of NK 
cells and T cells. 

IL-12β Interleukin 12 beta A subunit of IL-12. 
IL-15Sa Interleukin 15 super agonist A cytokine that activates NK cells 

and T cells. Super agonist is an 
engineered version of this cytokine 
that further improves its affinity 
for its receptor. 

IL-17 Interleukin 17 An inflammatory cytokine noted 
for its ability to attract and activate 
neutrophils.  
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Abbreviation Full Name Definition 
IL-23 Interleukin 23 A key mediator of the 

inflammatory response.  
LMP7 20S proteasome subunit beta-5i A critical component of dendritic 

cell antigen presentation. 
LPS Lipopolysaccharide An important piece of the outer 

membrane of gram-negative 
bacteria. The presence of LPS 
activates the innate immune 
system through TLR pathways. 

Mac-1 Macrophage-1 antigen A surface receptor found on 
phagocytes that is involved in 
scavenger receptor-mediated 
phagocytosis. 

MHC I Major histocompatibility complex I A receptor present on the surface 
of all cells that allows for the 
detections of mutations by T cells. 

MHC II Major histocompatibility complex 
II 

A receptor present on the surface 
of antigen presenting cells that 
allows them to give these antigens 
to T cells. 

MRC1 Macrophage mannose receptor 1 
precursor 

A gene encoding the mannose 
receptor. 

MSC Mesenchymal stem cell Self-renewing progenitors for 
osteocytes, adipocytes, and 
chondrocytes that posses a high 
degree of immune privilege.  

MSN Mesoporous silica nanoparticle nanoparticles made of silica that 
have large holes, which can be 
loaded with drugs. 

NK1.1 Killer cell lectin-like receptor 
subfamily B, member 1 

An extracellular protein with roles 
in mediating NK cell cytotoxicity. 

NO Nitric Oxide A free radical bioregulator 
involved in a number of signaling 
pathways in biological systems. 

NOS2 Nitric oxide synthase 2 An enzyme that produces large 
quantities of NO to help combat 
pathogenic infections and cancer. 

PAMP Pathogen associated molecular 
pattern 

Molecules used by the body to 
identify pathogens. 

PDI Polydispersity index A value used to gauge the size 
distribution of particles in a 
solution. 
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Abbreviation Full Name Definition 
PEG Poly(ethylene glycol) A hydrophilic polymer noted for 

its ability to camouflage particles 
from the RES system and increase 
their circulation time. 

PLGA Poly(lactic-co-glycolic) acid An FDA approved polymer with 
an ester backbone that hydrolyzes 
over time.  

PTX Paclitaxel A member of the taxane family of 
chemotherapeutics that is used to 
treat a number of cancers. 

RNS Reactive nitrogen species A family of compounds derived 
from NO and superoxide used by 
the body for pathogen defense and 
signaling. 

ROS Reactive oxygen species Bioregulators such as peroxide 
that are used for pathogen defense 
and signaling. 

SPION Super paramagnetic iron oxide 
nanoparticles 

Nanoparticles made of iron oxide 
noted for their magnetism and 
MRI activity. 

TAM Tumor associated macrophage A phenotype taken on by 
macrophages inside tumors 
associated with tumor progression. 

TCR T cell receptor A receptor expressed on the 
surface of T cells allowing them to 
recognize antigen fragments bound 
to MHC complexes. 

Teff Effector T cells A subset of T cells responsible for 
defending the body against 
pathogens and cancer. 

TGF-β Transforming growth factor beta A cytokine with roles in 
controlling growth, apoptosis, 
differentiation, and proliferation of 
immune cells. 

TLR4 Toll-like receptor 4 A surface receptor expressed on 
macrophages and other immune 
cells that kicks off a pathogen 
defense response upon binding of 
LPS. 

TNF-⍺ Tumor necrosis factor alpha An inflammatory cytokine 
produced by macrophages in acute 
inflammation. 

TPZ Tirapazamine The oldest HAP that uses hypoxia 
to release damaging free radicals 
to kill cancer cells. 
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Abbreviation Full Name Definition 
TPZ-C10 Tirapazamine-decanoic acid 

conjugate 
TPZ conjugated to decanoic acid 
with increased hydrophobicity. 

TPZ-C12 Tirapazamine-dodecanoic acid 
conjugate 

TPZ conjugated to dodecanoic 
acid with increased 
hydrophobicity. 

TPZ-C14 Tirapazamine-tetradecanoic acid 
conjugate 

TPZ conjugated to tetradecanoic 
acid with increased 
hydrophobicity. 

TPZ-C18 Tirapazamine-octadecanoic acid 
conjugate 

TPZ conjugated to octadecanoic 
acid with increased 
hydrophobicity. 

TPZG Tirapazamine-glutaric acid 
conjugate 

TPZ conjugated to glutaric acid to 
allow for ester formation with 
alcohols. 

TRAIL TNF-related apoptosis-inducing 
ligand 

A cytokine that induces apoptosis 
upon binding to its receptor. 

Treg Regulatory T cells T cells that suppress the immune 
system to avoid attacks on host 
tissue and aid in tissue repair. 

TRM Tissue resident macrophages Macrophages that maintain 
homeostatic equilibrium in tissues 
through the release of cytokines 
and other stimulatory factors. 

VEGF Vascular endothelial growth factor A cytokine that helps signal the 
growth of new vasculature. 
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