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Abstract: The use of nanoparticles to enhance targeted chemotherapeutic delivery and 

efficacy against solid tumors is on the rise. Conventional chemotherapy can be associated 

with deleterious systemic side effects and limited efficacy, due in part to the insufficient 

drug delivery to the tumor site following systemic injections. Chemotherapy can also be 

limited by its adverse effects and tumor hypoxia that reduces the overall therapeutic 

outcomes and patient survival rates. To overcome these barriers, this project aimed to 

develop targeted nanoparticles (NPs) for systemic chemo-immunotherapy of both treated 

and untreated solid tumors. We hypothesize that combining in-situ delivered ligand- and 

bubble-based nanoparticles with high intensity focused ultrasound (HIFU) will enhance 

chemotherapy efficacy and induce immune-mediated clearance of untreated cancer cells, 

thereby significantly improving treatment outcomes. As model drugs, we chose 

doxorubicin (DOX) and mitoxantrone (MTX) from the anthracycline/anthraquinone class 

of chemotherapies for encapsulation into NPs. These chemotherapies are known inducers 

of immunogenic cell death (ICD). For bubble-based NP synthesis, polymeric NPs 

incorporating perfluoropentane, a known ultrasound contrast agent, and chemotherapies 

(i.e., DOX & MTX) were developed. Biophysical characterizations of the polymeric NPs 

showed controlled chemotherapy release in vitro and enhanced stability within serum with 

a targeted delivery in presence of HIFU via the “micro/nanobubble” effect. This resulted 

in an enhanced chemotherapy effects and extended survival following in-situ therapy of 

murine colon tumor in vivo compared to controls. We also similarly generated ligand-based 

NPs targeting CXCR4 receptors. We demonstrated the successful synthesis of these NPs 

loaded with chemotherapies in thermally sensitive formulations. Future studies are under 

planning to utilize these to test their targeting capabilities and therapeutic efficacy in 

comparison to free drug controls. Our data suggests that targeted NPs in combination with 

HIFU may be an innovative chemo-immunotherapeutic treatment regimen to improve 

targeting of solid tumors.  
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CHAPTER I 
 

 

REVIEW OF LITERATURE 

ROLE OF NANOMEDICINES IN IMPROVING ANTI-CANCER THERAPIES  

Abstract 

Conventional chemotherapy is non-specific and non-targeted in nature, achieving moderate drug 

delivery to poorly vascularized solid tumors. One approach to overcome this challenge can be 

encapsulating drugs in nanoparticles (NPs). Physicochemical properties of NPs allow their 

enhanced accumulation in solid tumors. Further targeting (e.g., physical, device-directed, and 

ligand etc.) can increase the accumulation of chemotherapeutics, thereby allowing superior 

outcomes. A variety of NP properties, including i) drug loading, ii) functionalization, and iii) some 

form of tumor targeting (e.g., internal or external) are currently under investigation to improve solid 

tumor therapeutic efficacy. Herein, we discuss the various targeted approaches, their potential 

advantages and drawbacks, our perspectives, and dissertation objectives.   
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1. Cancer therapy outcomes continue to improve but still presents multiple clinical 

challenges  

The decline of cancer death rates since 1991 through 2018 has been an impressive 31%, suggesting 

drastic improvements in the technologies related to early detection and development of 

therapeutics1. Despite this, the current data for 2021 projects an estimated ~1.8 million new cases 

and ~600,000 cancer deaths in the U.S alone, according to the National Center for Health Statistics. 

Moreover, the recent coronavirus disease 2019 (COVID-19) pandemic has limited the medical 

availability to many throughout the world. While this might lead to a lower than expected annual 

number, it may lead to a higher incidence rate of advanced cases in a number of years1.   

The survival rates of patients are highly dependent on the location of the tumor, and whether tumor 

cells have migrated beyond the primary locale. For instance, colorectal cancers have a 90% five-

year relative survival rate if found while they are localized, 72% while they are regional, whereas 

there is only a 14% chance of survival in cases with distant tumors (U.S., 2010-2016) 1. This trend 

is similarly seen in many other tumor types clinically, thereby a logical advance for cancer 

therapeutics would be aiming to effectively treat local as well as distant, secondary metastatic 

tumors. There is some anecdotal evidence that treating a solitary tumor can alter their immune 

environment to induce clearance of untreated masses. This phenomenon first postulated by R.H. 

Mole in 1953, is called the ‘abscopal effect’2. Abscopal effect has extended the efficacy of 

treatments to distant, non-treated tumors by enhancing cell-mediated immunity by ‘eliciting 

augmented tumor surveillance, tumor growth inhibition, and tumoricidal effects3. While there have 

been cases of abscopal effects reported in malignant melanoma4,5, lymphoma6, renal cell 

carcinoma7,8, hepatocellular carcinoma9-11, lung cancer12,13, uterine cervical carcinoma14, and breast 
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cancer15, it remains controversial and elusive in many cases3. To even further complicate this 

narrative, many different tumor cell types display differing levels of immunogenicity16 to evade 

immune detection and clearance through a variety of mechanisms (e.g., IFNγ has been described 

to be a determinant of solid tumor immunogenicity17). Based on these cellular differences, many 

ongoing immunotherapy trials are demonstrating differences in overall response rates (ORR) 

within the same tumor type (e.g., 30-50% in lung cancer, Non-Hodgkin lymphoma, melanoma; 

>50% in colon and rectal cancer; <10% in leukemia and pancreatic, and brain & CNS cancers)18.  

Multi-, or multiple, drug resistance (MDR) is another mechanism by which tumors gain resistance 

to drug molecules19. MDR is one of the biggest hurdles of cancer chemotherapies in preventing the 

successful clearance of solid tumors in patients. MDR can be mainly divided into primary and 

acquired forms, based on whether it is naturally-occurring or pre-existing, or gained from exposure 

to chemotherapies, respectively20. Many types of cancer cells attain resistance of chemotherapies 

when simply cultured with sub-lethal concentrations over time. A few notable examples of this 

include DOX-resistant cell lines that have been developed: chronic myelogenous leukemia, 

leukemia CME, gastric cancer SGC7901, hepatocellular carcinoma HepG2, colon cancer SW620, 

small cell lung cancer H6, and ovarian cancer OVCAR821. Therefore, combating effective 

therapeutic clearance of solid tumors should focus on modulating their microenvironments to 

optimize outcomes. 

2. Monotherapy of solid tumors attain sub-optimal efficacy 

2.1 Radiotherapy generates variable outcomes in patients 
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Radiotherapy can be administered by means of external beam radiotherapy22-24, or internally via 

brachytherapy25-28 or selective internal radiation therapy (SIRT)29-33. Ionizing radiation causes 

cellular damage via DNA damage- the most potent being double-stranded DNA breaks (DSBs)34. 

Clusters of DSBs are more cytotoxic to cancerous cells generally due to their lessened ability to 

apply DNA repair mechanisms, yet there are many tumors types (i.e., breast, rectal, anal, cervix, 

head and neck, lung, bladder, endometrial, & CNS carcinomas, lymphomas, soft tissue sarcomas 

and pediatric tumors) display a decreased sensitivity to radiotherapy that can enhanced by 

combining with other therapies35.  

Overall, however, radiation as a monotherapy is highly variable dependent on tumor type.  For 

example, as an average across the United States, United Kingdom, Australia, and Sweden, the 

utilization of radiotherapy is 52.3%. Upon further inspection, however, it revealed, liver cancer 

patients were recommended radiotherapy 0% of the time while CNS tumors were recommended 

92%36. Generally, these optimal utilizations were calculated based on ‘indications for radiotherapy 

taken from evidence-based treatment guidelines’36. These were ranked based on their levels of 

evidence starting at a systematic review of all randomized studies as ‘I’ to a case series being done 

as ‘IV’36. Molecularly, however, most problems are seen in tumor types that display abnormal 

response to therapies by altering metabolism, increasing hypoxia (i.e., HIF-1α), increasing 

antioxidant levels and others to support tumor growth. These alterations promote tumor survival 

via reduction of ROS pressures elicited by radiotherapy, promoting tumors towards more 

aggressive phenotypes that favor metastasis or radio-/drug-resistance37. Further, a new 

identification of varied levels of radioimmunogenicity in tumor models display responses to 

immunotherapies only when paired with radiation. Examples include Pan02 pancreatic cancer, 
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MOC1 oral cell carcinomas, MC38 colorectal carcinoma38, and TSA mouse mammary carcinoma 

cells39. This logically lends to the idea that radiotherapy might be a component in effective 

combination therapies, however, as a monotherapy it seems to be limited.  

2.2 Immunotherapy is yet to become a standard of care for cancer therapy 

The foundation of the field of cancer immunotherapy was led by Coley almost an entire century 

ago (1891)40. He used bacteria or bacterial products, which were later dubbed “Coley’s toxins,” as 

an anti-cancer therapy against bone and soft-tissue sarcomas, and superficial bladder cancers41,42. 

More recently, immunotherapies have evolved to encompass mechanistic links between various 

immune cells: examples include, i) M1-tumor macrophage polarization has proved to be vital in 

eliciting a more pro-inflammatory, anti-tumoral response43-45, ii) dendritic cell-activation of natural 

killer cells has potent anti-tumoral effects that are independent of IL-12, and type-I interferons46, 

iii) immune checkpoint inhibitors reversing immunosuppression via PD-1, PD-L1, and CTLA-4 

inhibition47,48. A major flaw of existing and newly emerging immunotherapies, however, is the need 

for an inflamed tumor microenvironment cells for the therapy to be effective. In fact, the percentage 

of patients eligible for this therapy was 43.63% in 2018 with only a 12.46% response rate49. Even 

worse, further complications arise that seem to be linked with resistance-driven cancer 

progression50. These are important to consider in order to fully utilize the potentials of 

immunotherapies51,52.  

2.3 Chemotherapies are effective, but are not cancer cell specific 

Chemotherapy’s history has been excellently reviewed by Chabner et al.53 Chemotherapeutic use 

against cancer started in the 1940s with the discovery and application of ‘nitrogen mustards’ (1949) 
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and antifolates54,55. It since then rapidly evolved with the discovery of anthracyclines and other 

topoisomerase II poisons to prevent DNA replication56. While chemotherapies can affect cancer 

cells in many different ways, the goal of targeting cancer cells and protecting healthy tissue remains 

constant. Chemotherapies tend to target rapidly dividing cells preferentially including healthy cells 

(e.g., cells in the oral cavity, digestive tract, reproductive system, hair follicles, and immune cells)53. 

While this might be a small price to pay for the eradication of a life-threatening tumor, full tumor 

clearance is rarely achieved in advanced metastatic cases.  

Major downfalls within the use of chemotherapy-based cancer regimens include, i) the drastically 

lowered drug concentration within the tumor microenvironment, TME, (>1%)57, ii) the potential of 

drug resistance via natural means or by selective pressure58, and iii) detrimental, dose-limiting side 

effects59. These seemingly inescapable limitations have pushed researchers to investigate targeted 

therapies via multiple routes (e.g., physical, device-directed, and chemical targeting) to both limit 

systemic toxicity, and augment clinical efficacy by enhancing delivered drug to the TME. Simply, 

the enhancement of amount of drug that is delivered does not always correlate with the removal of 

solid tumors (e.g., natural resistance seen in cells without previous exposure). Further, there are 

intricacies and complications within cancer treatment regimens that can arise that must be 

addressed (i.e., acquired drug resistance). 

Chemotherapy-resistance and MDR, in general, can be displayed and exacerbated via multiple 

pathways- high ABC transport efflux-pump expression, apoptosis resistance, autophagy induction, 

hypoxia induction, epigenetic regulation, and many more60. General understanding of MDR begins 

with the primary mechanism that resistance is achieved for a particular drug. For example, 

resistance against doxorubicin (DOX), a particular drug of interest in our case, can be mediated by 
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many mechanisms61. These include blocking of the nuclear translocation of DOX by the P-

glycoprotein (P-gp) and high MRP1 expressions. DOX treatment elevates MRP1 in a variety of 

cancers including 7/7 Ewing's Sarcoma Family of Tumor, 2/2 thyroid carcinoma, 1/1 hemangioma, 

2/2 melanomas, and 1/1 soft tissue rhabdomyosarcoma62. MRP and MRP-3 mRNA specifically is 

especially elevated with heightened DOX resistance in SCLC (small cell lung cancer) and NSCLC 

(non-SCLC) cell lines63.  One approach can be to supplement the primary therapy with an additional 

therapy (e.g. verapamil, a known P-gp inhibitor via competitive or non-competitive inhibition of 

ABCs) to synergize efficacy and reduce the occurrence of MDR64. In the case of acquired 

resistance, maximizing the delivered drug to produce a higher internal drug concentration within 

the tumor (i.e., incorporating NPs), physically injecting drugs directly into the tumor to the hypoxic 

environment of the tumor microenvironment (TME), passively targeting via the enhanced 

permeability and retention (EPR) effect, or by active receptor-targeting can be employed. Each of 

these have their own inherent advantages and disadvantages along with the chemistry of NPs 

normally used with each of these motifs. (Section 5).  

In contrast to DOX that was isolated from Streptomyces peucetius (i.e., daunorubicin, DOX)65,66, 

this dissertation also focuses on mitoxantrone (MTX), a synthetic anthraquinone, or 

anthracenedione, that was chemically synthesized to improve the therapeutic profile of 

anthracyclines like DOX. While DOX is still used clinically to-date, it is accompanied by one major 

drawback-- a dose-limiting, irreversible cardiotoxicity that is thought to be tied to its lipid 

peroxidation properties. While the connection between induced cardiac dysfunction and drug 

administration has been elusive for many years, recent studies have attempted to explain it in greater 

detail. Examining the cellular mitochondria in the heart specifically, since the energy requirements 
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are vast, has revealed that MTX modifies the electron transport chain (ETC) by increasing complex 

IV and V activity early while decreasing complex V activity late. Meanwhile, DOX increases 

complex IV and V expression while decreasing complex I activity67. Due to the fact that the heart 

has the highest volume density of mitochondria, any mitochondrial malfunctions elicited would 

impair the heart drastically68. Furthermore, the heart has been shown to be particularly susceptible 

to xenobiotic oxidative-stress related injury based on the simple fact that it has a dampened ability 

to repair oxidative stress69. More specifically, DOX was shown to cause, i) reduced cardiomyocyte 

contractive function, ii) downregulation of the SERCA pump, and iii) decreased sarcoplasmic 

reticulum-calcium loading70.  

While MTX has displayed less cardiotoxicity than its anthracycline predecessor71, it might seem 

counterintuitive since MTX’s cytotoxicity is cell-cycle independent72. Additional studies show that 

one of the main metabolic contributors to DOX’s toxicity is the semiquinone radical produced via 

reductive metabolism. This pathway differs from the enzymatically driven metabolism of MTX by 

cytochrome P-450, or peroxidase-driven oxidation via horseradish, lacto- or lignin peroxidase67,73. 

While MTX is different in these ways, it still does cause oxidative stress and cardiotoxicity74,75. 

This might be due to interactions with iron in blood76, thus monitoring patients receiving these 

therapies is a clinical necessity. Likewise, the need for targeted therapies to increase intratumoral 

drug concentrations and decrease systemic and healthy tissue concentrations is an urgent endeavor 

that could save many lives clinically. This is crucial since MTX concentrations are generally lower 

intratumorally than surrounding healthy tissue when administered clinically77. For these reasons, 

we chose to use a murine CT26 colon carcinoma cancer cell line that is highly immunogenic78. The 

immunogenic nature of this tumor model hypothetically would pair well with both MTX to study 
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primary and abscopal effects79. Therefore, utilizing MTX in a nanomedical approach, can answer 

some of these fundamental questions related to its chemoimmunotherapeutic effects80. 

3.  Role of nanoparticles in cancer therapy 

3.1 Differing chemistries of nanoparticles elicit dramatically different cellular responses 

There are two main types of nanoparticles- inorganic-derived and organic-based nanoparticles 

(NPs). Example of inorganic NPs include gold, silver, gadolinium etc. Organic NPs are made from 

carbon, hydrogen, sulfur, nitrogen, phosphorus-containing molecules (Fig. 1). NPs are 

biocompatible and can vary widely in both geometry and size, with a typical accepted range being 

within the “nanometer-range” of 100-200 nm. They have high surface area to volume ratios that 

allow chemical modification and functionalization via proteins, antibodies, antigens, and many 

kinds of small molecules.  They are easily translatable for nanomedical applications due to their 

ease of synthesis,  ability to passively- and actively-load drugs, and attain their targeted 

accumulation by EPR effects (the tendency of ~sub 200 nm-sized particles to accumulate in the 

leaky vasculature of tumors)81-83. In addition to loading drug payload84, NP formulations can also 

be utilized for imaging (e.g., MRI, CT, ultrasound, optical imaging, photoacoustic imaging, PET, 

and single photon emission CT)85.  

Some NPs demonstrate immunomodulatory effects and can be used as adjuvants to advance T-

helper cell activation (Th1 or Th2) to promote cell-mediated immunity or humoral immunity. NPs 

can interact with cells via pattern recognition receptors (PRRs)86 and are preferentially endocytosed 

based on size if not specifically modified otherwise. Smaller NPs (sub-200 nm) tend to be 

endocytosed via the clathrin-mediated pathway while 200-500 nm particles prefer caveolae-
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mediated endocytosis. Beyond this, sequestration by lysosomes is generally no longer observed87. 

Surface charge also is a major factor in determining route of endocytosis/phagocytosis of NPs. 

Generally, anionic NPs show less cellular interactions and increased ‘stealth’ due to their negatively 

charged cellular phospholipids. This lack of interaction gives less inflammatory properties than 

their cationic counterparts. Cationic NPs are rapidly taken up by phagocytic cells (i.e., 

macrophages) and produce an inflammatory response88. Both macrophages and DCs internalize 

NPs, however, the antigen presentation can be influenced by particle composition89. In one study 

with amphiphilic poly(γ-glutamic acid) (γ-PGA) NPs containing variable levels of hydrophobic 

amino acid ethyl esters, the hydrophobic segments were found to induce cellular and humoral 

immunity by dendritic cells90. Similarly, Moyano et al. investigated gold NPs with various levels 

of surface hydrophobicity to show production of pro-inflammatory cytokines from the splenocytes 

was proportional to the hydrophobicity of the NPs in vitro and in vivo91.  

The clearance of NPs via the corona effect92,93 can generally be mitigated by increasing the stealth 

of NPs by using PEG. For cancer chemotherapy, the goal of NPs is to avoid clearance by immune 

cells. To do so, NPs are commonly modified via ‘PEGylation’ to prevent opsonization, immune 

detection and clearance94. Polyethylene glycol (PEG) is a hydrophilic surfactant molecule with low 

toxicity. Polyethylene oxide, PEO, a high molecular weight PEG, is also similarly utilized and has 

similar effects. The only real difference between the two being their differing size. The threshold 

for being qualified as PEO instead of PEG is if the polymer is larger than 20,000 g/mol (20 kDa). 

In general, a broad term of POE is used for any weight95. POE  enables NPs such as liposomes 

enhanced circulation longevity96. For example, in one study, the PEGylation of liposomes increased 
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the circulation t1/2 from <30 min without PEG to 5h with PEG. Presence in the blood was 85% and 

18% in the liver and spleen at 1h while there was still 49% in the blood and 38% in the RES at 5h96. 

3.2 Liposome and polymeric nanoparticles can improve targeted drug delivery 

Core-shell liposomes and polymeric structures are common organic NPs that can be used for 

targeted drug delivery purposes. Liposomes have an internal water-soluble cavity with a 

phospholipid bilayer membrane97. A meta-analysis of 10 randomized controlled trials showed that 

water-soluble agent, such as DOX, could be encapsulated in a liposome to lower cardiotoxicity98. 

Altering the lipid profile of liposomes lends the ability to burst them in response to hyperthermic 

conditions and aids in the concept of a targeted, deliverable payload99. Additionally, manipulation 

of the surface with proteins or ligands to target certain processes or cell types further enhances the 

specificity of targeted delivery for a desired effect. In addition to be being used as a hollow 

transportation vessels for chemotherapies, some formulations (e.g., cationic liposomes) can also 

have immunomodulatory effects via stimulation of the antigen presenting dendritic cells (DC) 

leading to the expression of co-stimulatory molecules, CD80 and CD86100. Collins et al. showed 

that ovalbumin (OVA)-encapsulated acid-resistant liposomes could generate class I MHC-

restricted T cell responses in vivo by lysosomal processing and recycling of immunogenic 

peptides101,102. Suzuki et al. used unmethylated cytosine-phosphorothioate-guanine 

oligodeoxynucleotide (CpG-ODNs)-encapsulated cationic liposomes as an adjuvant to actively 

target antigen presenting cells (e.g., dendritic cells) by binding to TLR9 to increase type I innate 

immunity103. Data suggested that liposome encapsulation of unmodified CpG-ODN enhanced the 

dendritic cell uptake and IL-12 production. Additionally, this approach induced IFN-γ but not IL-
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4 production by natural killer cells: features essential for Th1-dependent cytotoxicity against OVA-

expressing tumor cells.  

If used in combination with nucleic acids such as RNA, mRNA, DNA, etc., liposomes can further 

be used for non-viral gene transfection as lipoplexes104. Stimulatory RNA or DNA lipoplexes can 

also be used for targeted epitope expression and activation of T-cells. RNA encoding tumor 

associated, or tumor specific epitopes, were encapsulated in liposomes to enhance the targeting of 

antigen-presenting cells (i.e., splenic macrophages, dendritic cells, Kupffer cells) for epitope 

encoded activation of the T cell105. An even more recent example is the mRNA LNP (lipid 

nanoparticle) COVID-19 vaccine that has been used worldwide in the last year. Different nucleic 

acids can be utilized for their cellular roles and targeted to undergo cellular modifications (DNA) 

or simply to be included in translation with mRNA vaccines to encode the relevant protein (viral 

Spike (S) glycoprotein of SARS-CoV-2 in COVID’s case)106. Liposomes and/or liposome-type NPs 

have also shown to deliver plasmid DNAs that normally would be very difficult to achieve 

clinically107. Cationic formulations were shown to enhance the delivery of plasmid DNA to elicit 

antitumor immunity in murine model of cervical cancer105. Unlike viral vectors that risk mutagenic 

integration with host cells, liposomes are a promising and safer gene drug delivery technology108, 

and thus, have widely employed in clinical trials for immunotherapy investigations109-112. Studies 

are currently underway to further improve the transfection and expression efficiencies in a targeted 

manner in tumor cells while reducing side effects to healthy organs and induction of autoimmunity. 

A key challenge of liposomal formulation is lower stability, susceptibility to ester hydrolysis, 

peroxidation, fusion, aggregation, and/or loss of encapsulated material. The inclusion of cholesterol 
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can be employed to help increase stability, however, that sometimes clashes with the whole concept 

of being stimuli-sensitive113-115.  

One solution to the liposomal stability dilemma has been the expansion into synthesis of 

polymersomes. Generally, polymersomes have higher chemical versatility and stability due to their 

thickened membrane layer116. Additionally, the PEGylation that is done in liposomes to avoid 

immune clearance is molecularly integrated much easier into a polymersome, which is already an 

amphiphilic co-block polymer. These have shown a higher capacity for greater PEG content and 

>two-fold increased stealth via enhanced circulation in rats in comparison to their PEG-liposomal 

counterparts. Although, with the enhanced stability, there generally needs to be some expanded 

nature of delivery in formulation since degradability of the relatively thick (2-50 nm) membranes 

can be exceedingly strong in comparison117.  

Polymersomes can similarly be utilized as targeted drug vehicles118-120 and for non-viral gene 

transfection121-123. They also have low toxicity and enhanced biocompatibility124. The enhanced 

chemical versatility enables more chemical modifications via functionalization, or using alternate 

di-block, tri-block or grafted polymers116. Polymers can range from anionic to cationic121 and can 

be even made into hybrid lipid-polymer NPs to expand utility125-127. While there has been a plethora 

of LNP research, there is more polymer NP research in the recent years that have begun trying to 

address clinical problems that arose in lipid formulations (i.e., lack of stability and premature 

release of drug payload). More recently, Wei et al. synthesized a pH- and ultrasound-responsive 

polymersome made of poly(ethylene oxide)-block-poly(2-(diethylamino)ethyl methacrylate)-stat-

poly(methoxyethyl methacrylate) [PEO-b-P(DEA-stat-MEMA)] and loaded with DOX128. They 
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uniquely modified polymersomes to release drug via PMEMA molecule in response to ultrasound 

exposure.  

Others have primarily targeted ultrasound-targeted release by micro/nanobubbles. Microbubbles 

have been the predominant way for ultrasound-targeted release129. In recent times, there have been 

other methods of achieving these goals, including Wei et al.’s method listed above and the newer 

incorporation of nanobubbles instead of microbubbles129. We and others have investigated 

nanobubbles and their effectiveness when paired with ultrasound130-132. These bubbles are generally 

made from fluoroalkanes with a boiling point within a clinically relevant temperature. For example, 

perfluorohexane, perfluorobutane, and perfluoropentane have been used. Encapsulating these 

bubbles within NPs increases their boiling point by Laplace pressure.  Further, the utilization of 

these combined tends to increases the sonoporation effects and causes holes in the cellular 

membrane from bubble oscillation and acoustic cavitation133.  The current work in this dissertation 

similarly expands current knowledge with echogenic polymersomes loaded with MTX to determine 

their clinical safety and efficacy. Further, we hypothesize that MTX delivery with NPs in 

combination with HIFU will improve nuclear localization to enhance cytotoxicity against cancer 

cells. 

4. Current limitations of systemically administered lipo- and polymeric-NPs 

Although efficient in delivering drugs to tumors, limited NP perfusion into tumor interstitium can 

limit their efficacy. Perrault et al. demonstrated the size differential of permeation away from the 

blood vessel center with NPs ranging from 20 nm to 100 nm. As a general rule, the smaller the NP, 

the further distance from the capillary center was traveled134. Increased circulation and decreased 
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uptake in liver macrophages are observed when PEGylation is utilized for NPs135, however, there 

both seems to be an over-reliance on the under-performing EPR effect and lack of information 

answering in vivo behavior of NPs versus in vitro. This is highly significant since currently it is 

known that NPs can continuously be moved from organ to organ, meanwhile in vitro studies are 

confining NPs to interacting with a small subset of cells in comparison81. The lack of EPR effect 

observed throughout the entire tumor microenvironment (TME) is a highly limiting factor, 

especially considering 50-60% of solid tumor tissue is hypoxic/anoxic136. Moreover, the overselling 

of the EPR effect as a targeted delivery component is somewhat misleading in some cases. The 

actual delivered dose, many times, is <5% of administered dose of drug137. While this is an 

improved delivery in comparison to free drug, it still demonstrates the clearance of >90% of drug 

and the accumulation in organs (i.e., liver and spleen)137.  

The lack of a real NP ‘targeting mechanism’ was nicely reviewed by Albanese et al. and was 

attributed to an over-reliance on the EPR effect, the lack of a universal tumor antigen, active 

targeting flaws, and <10% accumulation of drug administered in tumors81. There have been 

significant preclinical-clinical advancements in the last ~10 years to address some of the NP 

limitations. These include development of  tumor-responsive formulations or targeted therapies to 

improve the aspects of the limited EPR effect, TME perfusion, altered hypoxia, and more132,138-140. 

(Section 5).  

Another NP limitation is their toxicities (acute and chronic) via necrotic and/or apoptotic 

mechanisms141,142. In general, oral dosages are significantly less toxic in comparison to the 

inhalation route of exposure, and metal NPs tend to display higher toxicity profiles at reduced sizes 
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compared to lipid/polymer NPs143. Organic NPs are derived from natural, biocompatible materials 

and chemical modifications with PEG or proteins minimize acute interactions with cells.  

Finally, mistimed release of drug payload is a major concern in the field. Both the premature release 

of drug payload and the tendency to retain drug when release is desired are problems that mirror 

each other but represent a similar problem that requires integrity modification of NP formulation. 

For example, gadolinium-labeled, DOX-loaded, temperature-sensitive liposomes were prepared 

and monitored to determine the drug release in combination with hyperthermia. While there was 

an increase in percentage of injected dose within the tumor and less in blood in groups that received 

hyperthermia, the best value for concentration of DOX was <2% injected dose/g of tumor. These 

do correspond to increases by a factor between 2 and 10, showing marked DOX enhancement, 

however, the differences between in vitro and in vivo conditions also showed differing speeds of 

clearance. This suggests leakage of drug out of NPs prior to delivery into the tumor 

microenvironment and needs to be appropriately addressed for cancer therapy144. Therefore, 

modern approaches must look to address stability and drug release concerns. Our current 

methodology looks to answer these concerns by taking an inert co-block polymer formulation and 

adding ultrasound-sensitivity by adding nanobubbles.  

5. Can we assimilate the characteristics of liposomes and polymersome, and translate them 

for in-situ and parenteral therapy via targeted approaches? 

The concept of targeting a therapy to the tumor microenvironment primarily means drugs (i.e., 

chemotherapies, immunotherapies, etc.) are specifically delivered to the tumor site while avoiding 

deleterious side effects from prolonged systemic circulation. This can be accomplished by various 
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methodologies, i) physically injecting into the site (direct intratumoral injection, in-situ 

vaccination, NP-ISV), ii) device-directed targeting via external stimulus to aid in achieving 

successful delivery, iii) chemically targeting of the tumor via functionalization of the NPs (Fig. 1). 

While each of these approaches represent a version of targeting, they all differ in their inherent 

strengths and weaknesses. Beyond physically targeting via intratumoral injection, which is not 

always clinically available to deep-seated tumors, device-directed and chemically targeted NPs are 

the much more sought-after method. These modalities can use triggers (e.g., devices- HIFU, high 

intensity focused ultrasound, PTT, photothermal therapy, AMF, alternating magnetic field, and/or 

hyperthermia; chemical- pH-sensitivity, hypoxia-sensitivity, receptor-mediated interactions) to 

achieve proper release of NPs in the desired location. The subsequent sections will discuss the 

potentials for each more of these in-depth. 

5.1 Physical targeting (intratumoral, direct injection, NP-ISV) 

Physical targeting can be accomplished via direct, intratumoral injections. Direct, intratumoral 

injections, can also be called nanoparticle in-situ vaccinations (NP-ISVs). There are additional 

examples of liposomal formulations being administered via other routes (e.g., subcutaneous, 

intradermal, and intramuscular) (Fig. 2)145-148. These can enhance tumor cell 

recognition via multiple mechanisms. For example, a subcutaneous liposomal formulation, 

endowing continual release of IL-2, was synthesized and shown to extend IL-2 residence time in 

systemic circulation by 8-fold in comparison compared to free IL-2146. Unlike distant locations, a 

direct, intratumoral injection prevents interactions with serum proteins that can opsonize it for 

phagocytic uptake. The NPs, once administered into the TME, can also interact with tumor-specific 
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antigens and ‘capture’ them149 to induce polarization and/or deplete tumor-associated macrophages 

(TAMs), activate dendritic cell maturation, and limit Tregs150-152.  

Both organic and inorganic formulations have been utilized as NP-ISVs. Tumor retention 

capabilities can also be enhanced by increasing the size of NPs or altering the surface charge to 

cationic. Typically, larger NPs (>200nm) are efficiently retained in the tumors. For example, 

PEGylated liposomes retain the encapsulated content in the tumor (∼12-fold) compared to free 

form upon local injection153.  Further, we showed the successful transfection of calreticulin (CRT) 

in murine melanoma tumors using a similar liposomal NP-ISV approach comprised of full-length 

cloned plasmid of CRT and cationic DOTAP-cholesterol liposomes combined with high intensity 

focused ultrasound (HIFU). This method involved the protection and targeted delivery of nucleic 

acids that would otherwise not achieve notable transfection, yet in our experiment CRT was 

successfully transfected and displayed properties along the lines of its normal physiological role 

after being translocated to the surface and, therefore increased immunogenic cell death (ICD)154. 

Enhanced expression of CRT, populations of melanoma specific CD4+ and CD8+ T cells, and 

polarization to M1 phenotype was observed in treated tumors. Notably, combination treatment 

CRT-NP/HIFU prevented tumor growth in the untreated secondary tumor locale, suggesting an 

abscopal effect. Meraz et al. developed an alternative liposomal NP-ISV approach by encapsulating 

monophosphoryl lipid A (MPL) and IL-12 in cationic liposomes to reduce systemic toxicity and 

achieve a more sustained local release of the cytokine155. The team found that following 

intratumoral injection in the orthotopic model of murine breast cancer, MPL acted as a pathogen-

associated molecular pattern (PAMP), and activated the pattern recognition receptor (PRR) in the 

dendritic cell via IRAK and MyD88 adaptors. When combined with IL-12, it synergistically 
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enhanced the nitric oxide (NO) synthase (iNOS) expressions, resulting in high IL-2 and IFNγ 

expressions from T-cells, and a T helper (Th)-1 cell mediated local and systemic anti-tumor 

immunity.  

In contrast to the toxicity of cationic lipids, neutral lipids are relatively safer to use. Francian et al. 

performed intratumoral NP-ISV vaccination with ovalbumin-loaded neutral liposomes decorated 

with endogenous C3 serum proteins in a murine model of lymphoma156. Data suggested an efficient 

targeting of the C3 receptors of macrophages and dendritic cells by the C3 proteins of liposomes. 

A drawback of neutral liposomes are their propensity to rapidly redistribute into the venous 

outflow157, but a way to mitigate this can be to target draining lymph nodes via PEGylated 

liposomes. 

Like cationic lipids, polymeric ISVs incorporating positively-charged moieties improve the cellular 

delivery of nucleic acids to tumors. For example, polycationic polyethylenimine (PEI) is highly 

unique in its ability to achieve intrinsic TLR activation activity of the tumor associated DCs. Ruiz 

et al. reported a PEI-based nanocomplex for nonviral siRNA therapy of murine ovarian cancer158. 

In another study, the intratumoral administration of PEI stimulated the expression of IL-12 and 

TNF-α from myeloid-derived suppressor cells (MDSCs) and caused the production of the tumor 

suppressive M1 phenotype159. Nikitczuk et al. developed PLGA-based NP-ISV encapsulating a 

tumor antigen and the TLR9 agonist CpG motif DNA. Intratumoral administration of the NP in a 

mouse model of T-cell lymphoma induced an IFNγ Th1 response, reducing local tumor growth160. 

PLGA-NPs also achieved concurrent chemo- and immune-therapy via co-loaded DOX, TLR3 

agonist poly (I:C) and TLR7/8 activator (Resiquimod; R848). Intratumoral administration of the 

NP-ISV in treatment resistant TC-1 lung carcinoma and MC-38 colon adenocarcinoma induced 
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chemotherapeutic sensitization and enhanced the population of tumor-specific T-cells compared to 

the drug alone161. PLGA has also been found to capture released tumor antigens also. Min et al. 

modified NPs to show antigen capturing capacities of amine-polyethylene glycol (NH2-PEG), (NH2 

AC-NP), and 1,2-Dioleoyloxy-3-(trimethylammonium)propane (DOTAP AC-NP) during radiation 

therapy in tumors. Data suggested efficient retention of damage associated molecule patterns 

(DAMPs) such as HMGB1 in NPs in vitro162. Also, when the NP-ISV was injected unilaterally in 

mice bearing bilateral melanoma, it induced an abscopal effect via improved APC presentation and 

T-cell cytotoxic effects. Thus, lipidic and polymeric NPs as NP-ISVs are being studied to improve 

availability to injected solid tumors. Therefore, we proposed and investigated the use of our 

targeted approach as an intratumoral approach.   

5.2 External device-directed targeting (high intensity focused ultrasound, HIFU), photothermal 

therapy (PTT), alternating magnetic field (AMF) based hyperthermia can improve tumor therapy  

In addition to physically targeting, the ability to target NPs by device-targeted stimulus can be 

utilized to expand the utility of NPs. These devices can be i) HIFU, ii) photothermal therapy, PTT, 

and iii) alternating magnetic field, AMF. The general physics behind each of HIFU163, PTT164,165, 

and AMF166 are extensively covered in each of the referenced manuscripts. These work in different 

manners, however, the main goal is to selectively release payload. The latter method generally 

induces some level of stimuli-sensitivity through different kinds of physical phenomena that are 

currently beyond the scope of this review.  

A key benefit of HIFU over PTT or AMF modalities is its ability to generate hyperthermia without 

NPs and its noninvasive, highly targeted capabilities. HIFU parameters are also tunable for various 
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types of immune priming or desired thermal/mechanical pressures. Low intensity HIFU (LOFU) 

modulates the expression of HSPs family protein (e.g., HSP 60, 70, and 90) and has been shown to 

augment radiotherapy in breast and prostate murine cancer167. Mild hyperthermia can be used for 

longer duration (~30 minutes-60 minutes) and in combination with temperature-sensitive NPs132,168. 

Thermal ablation by HIFU leads to cell fusion, necrosis, protein coagulation, coagulative 

necrosis,169 and requires temperatures ranging from 60-85°C170.  Treatment of liver tumors was the 

predominant role of thermal ablation, however, there has been recent extensions into wanting to 

use it for other tissues (e.g., lungs171,172, kidney173, etc.). A few marked problems with thermal 

ablation are defined as the need for complete and total ablation for proper efficacy, the ‘escape’ of 

heat into the “heat sink” of the vasculature”, the potential for damage of surrounding tissue, or the 

possibility that it is not effective in clearing tumors174. Boiling histotripsy (BH) is achieved via high 

intensity millisecond intervals and can combine thermal and mechanical effects to effectively 

induce tissue disintegration170. The nonlinear propagation effects contributes to compressive 

pressure and the eventual tissue disintegrating effects of both cavitation and boiling histotripsy175. 

The stacking of these effects produce scattered shocks seen via ‘cavitation clouds’ in cavitation 

histotripsy meanwhile ‘rapid tissue heating’ by super focused shocks can be initiated in 

milliseconds in boiling histotripsy175. Cavitation histotripsy has been shown to have 

immunomodulatory properties in murine melanoma176 and boiling histotripsy in renal cell 

carcinoma177, but they also can be distinguished into their different effects more specifically. The 

presence or absence of heat can be inherently different in their downstream effects in immunogenic 

cell death (ICD) and other pro-inflammatory, and/or anti-tumoral processes. For example, one 

study showed that mechanical HIFU tends to release more endogenous danger signals (i.e., heat 

shock protein 60 and LDH) than thermal HIFU (hypothesized to be due to the denaturing potential 
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of temperatures of above 50°C). ATP was shown to be released to a greater degree in thermal HIFU 

treatments inversely in MC-38 tumor cells in the same study with a combined longer lasting ATP 

concentration in comparison178. 

Many ancient societies (i.e., Greek, Egyptian, and many more) have experimented with inducing a 

hyperthermic state for the treatment of diseases. Hyperthermia therapy, whether it is generated by 

ultrasound or some other external stimuli, is characterized by the raising of the tissue temperature 

to ~40-45°C for an extended amount of time 30-60 minutes. Hyperthermia has been studied in a 

phase III clinical trial combined with a neo-adjuvant chemotherapy to show regional hyperthermia 

adding to preoperative and postoperative chemotherapy compared to chemotherapy alone in a 

specific population of patients with high-risk soft-tissue sarcoma179. Thermal treatments have been 

studied extensively over the last few decades to better understand the effects of both low intensity 

heat (i.e., mild to moderate hyperthermia) and high intensity thermal ablation. Hyperthermia has 

been shown to resensitize cancer cells to, i) radiotherapy180-185, and ii) chemotherapy182,186-188. A 

phase II clinical trial treated 37 prostate cancer patients at an average temperature of 41.2°C for an 

average of 62.8 minutes as a sensitization for radiation instead of chemotherapy, and while they 

did see benefits, they did specifically mention that both the suboptimal dose of radiation and 

thermal ablation may be required for full tumor clearance189 More specifically, clinical endovesical 

thermochemotherapy proved more efficacious in the treatment of superficial transitional cell 

carcinoma of the bladder,190 and it was further supported with long-term outcomes of 

thermochemotherapy disease free survival rates (53%) being significantly higher than 

chemotherapy alone (15%) with a p-value <0.001191.  
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Other external devices (i.e., PTT, AMF) can similarly give expanded NP utility. These can also 

elicit hyperthermic conditions with NPs. PTT uses near infrared laser energy to excite NPs192. The 

activation/absorption of light energy by NPs (e.g., gold NPs, carbon nanotubes, indocyanine green 

(ICG), Prussian blue etc.) causes physical, hyperthermic, and ablative effects in tumors and a 

variety of downstream immune effects193-196. Gold197 and Prussian blue198 NPs are the primary NP 

modalities that have access to being ‘activated’ by the NIR laser of PTT. Similarly, AMF requires 

a magnetic NP formulation due to the magnetic properties utilized in the alternating magnetic field. 

This external magnetic gradient localizes NPs based on their magnetic properties. Hyperthermic 

conditions can be achieved if these are met with sufficiently magnetic NP formulations, such as 

SPIONs (superparamagnetic iron oxide NPs) or some version of iron oxide NPs199.  

These three main modalities, or devices, of targeting via HIFU, PTT, and AMF can target NPs 

mechanically. They can elicit their own immune effects, especially with HIFU’s versatility without 

NPs present. While there are different immunomodulatory effects and NPs that can be used with 

each, they each represent a unique research goal. In the current work, we utilize a HIFU-targeted 

approach to develop a method that addresses some of the current problems in the field.  

5.3 Chemical targeting (receptor-mediated, tumoral chemistry-targeting) 

Specifically defining the target of a treatment to a tumor can be accomplished chemically. This can 

include developing a ligand-receptor interaction with a receptor that is overexpressed on the 

specific tumor type or aiming for drug release via tumor chemical conditions (e.g., hypoxic or pH 

conditions).  
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5.3.1 Receptor-Mediated Targeting  

Various receptors and pathways can be hijacked by malignant cells for various purposes. These can 

include, i) enhancing tumor survival, ii) increasing cancer proliferation, iii) developing drug 

resistance, and more. These can be utilized as a target for therapeutic purposes (Fig. 3). Examples 

can be, i) urokinase-type plasminogen activator (uPa) in breast cancer200, ii) epidermal growth 

factor receptor (EGFR) in lung cancer201, iii) CD44 receptor in various cancer cell lines202 

(specifically used a HCT116 colon cancer cell line and Ehrlich’s ascites carcinoma-bearing mice 

in the referenced study), iv) insulin-like growth factor 1-receptor (IGF1-R) in pancreatic cancer203, 

CXCR4 in malignant hepatocellular carcinoma204, and more.  

Inhibition of CXCR4 has also been shown to sensitize cells to chemotherapies (e.g., acute 

lymphoblastic leukemia to nilotinib205, prostate cancer to docetaxel206, sorafenib in advanced 

hepatocellular carcinoma (HCC)204,207. This specific example of CXCR4 inhibition shows a good 

example of not only targeting tumoral receptors, but also utilizing a mechanistic understanding of 

the downstream side effects of the displayed receptor. CXCR4 plays key roles in tumoral 

neovascularization and angiogenesis, and additionally is tied to the JAK/STAT pathway. 

Specifically, JAK2 and JAK3 are associated and activated when stromal-derived factor 1-alpha 

(SDF-1a), also known as CXCL12, the natural ligand for CXCR4, causes CXCR4 receptor 

dimerization after binding. Then, the pathways of STAT1, -2, -3 and -5 are also associated208. There 

were further confirmations of these reports recently to show alternative implications of 

CXCR4/STAT3 linkage targeting being useful in small cell lung carcinomas due to anchorage and 

adhesion mechanisms of these studied lung carcinoma cell types209. A more recent formulation 
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utilized the NP alternative of delivering CXCR4 inhibition and sorafenib treatment regimens. As a 

basis, it is a known response that cancer cells, especially HCC, will develop drug resistance based 

on a hypoxic-derived mechanism in response to repeated sorafenib treatment. This HIF-1α- SDF1α-

CXCR4 pathway of drug resistance can be alleviated via CXCR4 inhibition. This action was 

accomplished and enhanced via PLGA NPs that extended the circulation of the drug from getting 

almost completely cleared in ~1h to still maintaining ~10% after 4h with NPs204. This led to 

decreased tumor growth, lowered rate of metastasis, and increased survival in vivo. While this 

method is highly advantageous, many approaches simply rely on targeting the overexpression of 

receptors in certain ell types. This can be rather limiting based on the simple fact that there is no 

universally overexpressed receptor or tumor antigen. Therefore, there are other methods that target 

solid tumors more universally based on tumoral chemistry. We do believe, however, that utilizing 

the receptor-targeting approach in combination with other modalities (i.e., temperature-sensitive 

release) could greatly enhance applicability. For this reason, we investigated combining these 

methods as well in the presented work.  

5.3.2 Tumoral chemistry targeting 

It is well known that the tumor microenvironment (TME) is drastically different than normal tissue. 

The TME contains many alterations, such as i) leaky and irregular vasculature, ii) relatively acidic 

environment, iii) pockets of oxygen-deprivation to give hypoxia and anoxia within the tumor. 

While these alterations generally are used as tumor-promoting mechanisms, they can be utilized in 

tumor-targeting therapies to help spare healthy tissues due to their lack of similar features (Fig. 4). 

For example, the leaky and irregular vasculature of tumors has been extensively studied and 
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reviewed over the last few decades. It has been shown that most tumor vessels have abnormal 

branching patterns, disorder of cells, epithelial gaps (<2 µm), high expression of growth factors, 

and more210. These irregularities are used to maintain the high growth potential of solid tumors, 

however, they can also lead to the enhanced permeability and retention (EPR) effect to aid in 

macromolecule and NP drug delivery211.  

This phenomenon of NPs tending to deposit outside of the tumoral vasculature is generally 

restricted to the combination of this faulty vascularization and NP size (<100 nm). Albeit there 

have been investigations into what causes the EPR effect (i.e., bradykinin, ROS, and many others 

have been studied) and what could expand the possibilities of therapies relying on the EPR effect. 

For instance, a hypothesis is that the co-administration of vascular permeability mediators will 

potentially enhance the EPR effect, since in recent years, the EPR effect has demonstrated 

limitations211-213.  

The harsh limitation of various receptors being overexpressed in some cancers but not others is 

something that must be recognized. Even within the same cancer type, there is generally a large 

discrepancy between genotypes of patients, hence the push towards tumor marker identification 

and personal therapies.  Instead of depending on receptor-targeting (previously discussed), many 

researchers have begun targeting therapies via tumoral chemistry (i.e., acidic or hypoxic TME). 

These forms of targeting can be more attractive due to the high specificity and lack of need of any 

sort of binding feature. Many newer NP formulations have investigated these kinds of triggers. 

These have enlisted the use of lowered extracellular pH values in tumors (pH 5.8-7.2)214,215. These 

can be more specifically broken into two main routes: i) pH sensitive-bonds being used to link 
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drugs to NPs that are disintegrated upon acidic degradation216,217, ii) protonation of co-block 

polymers to alter the solubility of NPs, which reverses NP dissolution from deprotonation218,219. 

Both represent a method of delivery in response to lowered pH, which is only present in normal 

physiological conditions in saliva, gastric acid, skeletal muscle (via the Bohr effect involving the 

transportation of O2 by different pH and O2/CO2 concentrations), or in endocytosis. While we were 

unable to find any current literature mentioning studies determining release of pH-sensitive NPs 

due to the Bohr effect, there are groups that are utilizing the Bohr effect with NPs. An example 

includes bicarbonate-loaded carbon NPs for composite hydrogels in response to light-triggered CO2 

for Bohr effect-triggered release of oxygen, and thus, the promotion of wound healing220. Thus, the 

targeting of tumors via pH is a clinically relevant modality.  

A similar feature that is ubiquitous to solid tumors is the TME containing hypoxia. While many 

pathologies tend to display this property, hypoxia in cancer is associated with therapeutic resistance 

(i.e., radiotherapy and chemotherapy), angiogenesis, invasiveness, and metastasis221. Molecularly 

targeting hypoxia is a challenge. Due to the nature of hypoxic tissue resisting drugs from the 

vasculature, it also has varied levels of hypoxia patient to patient. Moreover, the differing kinds of 

approaches that target hypoxia involve using pro-drugs that are activated under moderate (e.g., 

tirapazamine drug being reported as 50-200-fold more toxic to hypoxic cells in vitro222) or severe 

hypoxia (i.e., PR-104, which is goes through selective reduction to increase toxicity to hypoxic 

cells223), both elicit their own kinds of issues however. Another kind of approach involves using 

inhibitory molecules for hypoxic factors or similar pathways, but these tend to be poorly defined221. 

Some NPs have been synthesized to utilize these mechanisms. For example, the carboxymethyl-

dextran nitroimidazole, hypoxia-targeting NPs showed ~4-fold higher tumor targeting in 
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comparison to other surrounding tissues and a significant decrease in tumor volume in a SCC7 

xenograft mouse model (n=5 per group)224. Imidazoles, more specifically nitroimidazoles, can 

generally be used for this type of application for their metabolism via one-electron reduction that 

is oxygen-derived and reversible (Fig. 4). This chemistry has been utilized in various  

NP approaches, even for combined theranostic or combination therapy applications225,226. While 

these methods of using pH- or hypoxia-targeting are an expanding new sub-topic that can be 

potentially used in the future. Even further, understanding the links between hypoxia and PFP 

nanobubbles could be highly applicable in our case since PFP bubbles have been shown capable of 

delivering oxygen to the TME227.   

In conclusion, nanoparticles have faced many levels of challenges since their conception, however, 

scientific advances involving them have expanded many current treatment modalities. Many data 

suggest nanomedical approaches have significantly improved therapeutic outcomes compared to 

free drug alternatives. The variety of targeting capabilities greatly expands the utility of NPs, and 

more research is being added to the field every year.  
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Figure 1. Nanoparticles’ (NPs’) chemistry and targeting capabilities 

NPs can be made of inorganic material (A-C), or organic material (D-E). They can be targeted to 

the tumor via ligand-receptor targeting, (middle left), or via stimuli (middle right) (Created with 

BioRender.com) 
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Figure 2. Routes of administration for nanoparticle therapies  

NPs have different routes of administration. Each of these have different effects to the surrounding 

tissue, vasculature, drug delivery capabilities, etc. The most common are intravenous (i.v.) (1) and 

intratumoral (i.t.) (2). Some have shown subcutaneous administration of NPs (3); however, those 

can lead to macrophage endocytosis and lack of tissue-specific delivery (Created with 

BioRender.com) 
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Figure 3. Ligand/Receptor targeting of NPs 

Targeting of NPs via ligand/receptor interaction is a viable method of delivery. Receptor-

targeting of NPs can use any receptor that is commonly overexpressed in tumor cells. Pictured 

above is an example of the overexpression of CXCR4. Downstream effects of cancer cell 

migration, epithelial-mesenchymal transition, and metastasis can be mitigated with CXCR4 

inhibition; (Created with BioRender.com) 
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Figure 4. Modifications to enable chemically targeted NPs  

NPs can be triggered to release their drug payload by the tumor microenvironment. Two main 

ways of doing this chemical targeting is hypoxia and pH targeting; Pictured above are examples 

of, (A) nitro-imidazole pro-drug triggered by hypoxia releasing drug, and (B) pH targeting the 

release of drug by altering the stability of NPs; (Created with BioRender.com) 
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Abbreviations 

LTSL-low temperature sensitive liposome 

E-LTSL-echogenic LTSL 

PBD-PEO- polybutadiene-polyethylene oxide 

POLY-polymersome (made of PBD-PEO), E-POLY- echogenic-POLY 

DOX- doxorubicin 

MTX- mitoxantrone 

NP- nanoparticle 

ICD- immunogenic cell death 

PFP- perfluoropentane 

HIFU- high intensity focused ultrasound 

HT- histotripsy 

CXCR4- C-X-C motif chemokine receptor 4 

HT-histotripsy 
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CENTRAL HYPOTHESIS 

The intratumoral combination of echogenic polymersomes loaded with MTX and histotripsy will 

enhance survival, improve anticancer response, and reduce tumor burden against colon carcinoma 

in vivo.  

Aim 1: Co-encapsulate anthracenedione chemotherapies and perfluoropentane (PFP) in lipid- and 

polymeric-NPs 

a. Determine the biophysical characteristics of polymersomes in comparison to 

liposomes (size, PDI, zeta, potential, drug loading, thermal release, kinetic assay)  

b. Evaluate the effects of echogenicity on biophysical characteristics of 

polymersomes 

c. Investigate focused ultrasound sensitivity of echogenic versus non-echogenic 

polymersomes in comparison to liposomal constructs 

Aim 2: Assess preclinical and clinical application of dual-loaded echogenic polymersomes 

a. Compare cytotoxicity of free MTX versus MTX-containing NPs  

b. Investigate combination therapeutic potential of high intensity focused 

ultrasound and MTX (encapsulated and free drug) in vivo 

c. Administer and monitor canine patient for safety and efficacy of combination 
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Fig. 5- Central Hypothesis- The intratumoral combination of echogenic 

polymersomes loaded with MTX and histotripsy will enhance survival, improve 

anticancer response, and reduce tumor burden against colon carcinoma in vivo 

Tumor heterogeneity leads to altered drug accumulation. The sub-lethal dosage of drugs tends to 

lead to the lack of tumor clearance and the development of MDR. Nanoparticles (NPs) can enhance 

the delivery of drugs to cause more enhanced efficacy, however, first-generation of NPs lacked 

efficiency and primarily utilized the EPR effect. Newer-generations of NPs utilize stimulus such 

as HIFU in combination with bubble agents to give highly targeted payload release. We proposed 
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the inclusion of PFP nanobubbles with polybutadiene polyethylene oxide polymersomes loaded 

with MTX or DOX to enhance HIFU-sensitivity. This may lead to enhanced drug efficacy and 

more potent stimulation of immune effects like ICD. The more effective ICD is elicited, the more 

effective tumor clearance will be achieved in primary and secondary locations. These were tested 

in safety and efficacy in vitro, in vivo, and a single canine case of soft tissue sarcoma.  
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CHAPTER II 
 

SYNTHESIS AND CHARACTERIZATION OF ULTRASOUND-RESPONSIVE 

LIPOSOMES AND POLYMERSOMES 

 

Abstract 

Low temperature sensitive liposome (LTSL) encapsulation of chemotherapies can enhance tumor 

accumulation and reduce damage to healthy tissues with high intensity focused ultrasound (HIFU) 

hyperthermia (40-45ºC). This is promising, but the poor serum stability and rapid clearance of 

LTSL following systemic administration is a clinical bottleneck. We hypothesized enhanced 

stability and targeted release with polymersome-based NPs. Briefly, polymersomes were 

synthesized using polybutadiene-polyethyelene oxide (PBD-PEO) polymers by the thin film and 

extrusion method, and loaded with anthracenedione chemotherapies (doxorubicin: DOX, & 

mitoxantrone: MTX). To provide ultrasound-sensitivity, we loaded the polymersomes (POLY) 

with perfluoropentane (PFP), a fluorocarbon that can assemble into bubbles to display ultrasound 

sensitivity (E-POLY). These were compared with PFP-loaded LTSL (E-LTSL). LTSL, POLY, E-

POLY and E-LTSL were characterized for size and zeta potential using DLS, and drug release in 

physiological buffers including phosphate buffered saline (PBS) and 10% fetal bovine serum 

(FBS). Compared to LTSL, POLY demonstrated decreased thermal sensitivity, resulting in reduced 

release of MTX and DOX compared to LTSL from 37-45ºC. However, in the presence of HIFU-

based histotripsy, E-POLY released their contents using two-five minutes of exposure. Our data 
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suggests the co-loading of PFP and chemotherapeutics in POLY may impart US sensitivity and 

enhanced thermal stability, potentially resulting in a controlled drug delivery to solid tumors.  
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Introduction 

Conventional chemotherapy achieves low tumor accumulation, induces adverse effects in the non-

targeted healthy tissues228, augments multi-drug resistance by sub-lethal drug exposure 229; which 

thereby limit therapeutic efficacy230. Tumor targeted approaches with nano-sized vehicles have 

been heavily researched for localized drug delivery230. Several studies have shown that this 

approach  increases intratumoral drug concentration and decreases the needed therapeutic dose and 

harmful side effects231. A variety of intrinsic factors (i.e., pH, hypoxia) or external stimuli (e.g., 

ultrasound, magnetic field, etc.) can support triggered release of therapeutics from NPs in a tumor 

(See Chapter 1). We are particularly interested in attaining targeted delivery of mitoxantrone 

(MTX). MTX induces DNA intercalation, topoisomerase II poisoning, immunogenic cell death 

(ICD), and interferes with RNA to attain dramatic killing of tumor cells72,232,233. It also differs from 

its anthracycline counterpart, doxorubicin (DOX), in its lowered cardiotoxicity234. Despite MTX’s 

benefits in comparison to DOX, systemic toxicity and lack of notable tumor accumulation 

following parenteral injections are the main clinical challenges235,236 .  

One approach to improve tumor therapy of MTX can be utilizing biocompatible lipid-derived 

nanoparticles that mimic cellular lipids237. Liposomes, such as thermal sensitive formulations (i.e., 

Thermo-Dox®), can achieve targeted release of encapsulated DOX at >40°C in a site of interest. 

Unfortunately, the phase III clinical trial employing Thermo-Dox® (OPTIMA, randomized, 

double-blind, placebo-controlled clinical trial (NCT02112656) was recently halted due to an 

inability to clinically improve outcomes compared to conventional DOX therapy. This exemplifies 

a common problem of liposomal drug delivery of lowered stability leading to premature payload 

release238. 
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As an alternative approach, in this study, we encapsulated MTX in LTSL and polymersomes 

(POLY), and compared their performance in serum to determine effects of polymeric rigidity on 

stability. The enhanced stability of polymersomes, however, represents an equal and opposite 

problem with limited release upon stimulus238 (Fig. 6). Therefore, to provide stimuli-sensitive 

release by histotripsy via high intensity focused ultrasound (HIFU), we co-loaded LTSL and POLY 

with PFP nanobubbles. These shortened, mechanical parameters are highly preferred clinically due 

to the current limitations of thermal ablation (e.g., potential close proximity to a vital organ, bone, 

nerve sustaining significant damage during long-term heating239). We observed a marked 

enhancement in serum stability of DOX- and MTX-containing POLY and E-POLY in comparison 

to LTSL derivatives in response to heightened temperature (45-60°C). 

To augment release rates, we synthesized echogenic polybutadiene-polyethylene oxide (PBD-PEO) 

POLY by co-loading them with MTX or DOX and PFP (E-POLY). Results suggested successful 

synthesis of dual-loaded E-POLY based on size and polydispersity by DLS (dynamic light 

scattering) analysis, thermal release profiles, and transmission electron microscopy (TEM). 

Further, data also suggested incorporation of PFP enhanced histotripsy-sensitivity by in vitro 

release.    

Materials and Methods 

Materials 

Perfluoropentane (99%, Exfluor Research, Round Rock, TX) was used as the ultrasound contrast 

agent. Monostearoyl-2-hydroxy-sn- glycero-3-phosphocholine (MSPC), 1,2-dipalmitoylsn-

glycero- 3-phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

(methoxy (polyethylene glycol)2000) (DSPE-PEG-2000) were obtained from Corden (Boulder, 
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CO). Doxorubicin HCl was obtained from LC Laboratory (Woburn, MA). MTX dihydrochloride, 

1,3-propanediol, chloroform, and methanol were purchased from Sigma Aldrich (St. Louis, MO). 

Poly(1,2-butadiene)-b-poly(ethylene oxide), PBD-PEO, (1.2-b-0.6) was purchased from Polymer 

Source, Inc. (Quebec, Canada). 1X PBS solutions were purchased from Gibco/Corning. Citrate 

buffer, 300 mM (pH 4.0), was made in-house from sodium citrate (purchased from VWR) and citric 

acid (purchased from VWR) and adjusting for pH using an Accumet Fisher Scientific pH probe. 

Solution of 0.5 M Na2CO3 was made from solid Na2CO3 (purchased from AMRESCO). PD-10 

desalting columns were purchased from GE Healthcare.  

Synthesis of echogenic liposomes (E-LTSL) and echogenic polymersomes (E-POLY) 

LTSL (DPPC, MSPC, and DSPE-mPEG2000 molar ratio of 85.3:9.7:5.0) and POLY (100% 

polybutadiene-polyethylene-oxide, PBD-PEO, 1.2-b-0.6) were synthesized as follows. Each lipid 

or polymer mixture was thoroughly dissolved and mixed in chloroform. MSPC required an 

additional aliquot of methanol to ensure total dissolution. Chloroform, or the chloroform-

methanolic mixture, was removed in vacuo using a rotary evaporator (Heidolph) attached to a 

vacuum pump (ChemGlass) at 45ºC to form a thin film. Residual chloroform was evaporated in a 

desiccator overnight at RT. LTSL were subsequently hydrated with citrate buffer (2-3 mL of 

300mM, pH 4.0 citrate buffer/100g of lipid wt) for 1-3 hours at 55ºC until all solids had become 

dispersed into solution. The aforementioned solution was then sonicated for 10 minutes and 

extruded three times through a 200 nm polycarbonate membrane filter at 55ºC under high 

pressure240. Polymersomes were hydrated with a similar 300 mM citrate buffer in a ratio of ~8-9 

mL of citrate/100 mg polymer instead. They also required a longer hydration time of 8-9 hours at 

50-55ºC to fully disperse into solution relative to LTSL. Faster times or higher temperatures were 

insufficient in successfully hydrating polymer-based films. Sonication (ten minutes) and three 
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times high pressure extrusion through a 200 nm polycarbonate membrane filter was followed post-

hydration, similar to aforementioned liposomal prep240.  

To make E-LTSL and E-POLY, 0.65 M 1,3-propanediol was included in the hydrating buffer as a 

surfactant to enhance perfluoropentane(PFP) loading. Echogenic liposomes (E-LTSL) required 

(1.906 mL buffer+94 µL propanediol/~100 mg lipid, 55ºC, ~1-2h) for hydration, whilst echogenic 

polymersomes required less volume in comparison to their non-echogenic counterpart (2.64 mL 

buffer+0.124 mL propanediol/~50 mg polymer, ~55ºC, ~8-9h).  

Drug loading in lipid and polymeric NPs 

DOX, MTX loading in LTSL, E-LTSL, POLY, E-POLY 

Encapsulation of DOX and MTX into LTSL, E-LTSL were carried out using a pH-gradient loading 

protocol as described by Mayer et al.241. Briefly, the exterior buffer of the liposomes was adjusted 

via desalting PD-10 column to ~pH 7.4 using 1X PBS. DOX or MTX was loaded at 2 mg per 100 

mg lipid ratio at 37ºC for 1 hour in darkness. Encapsulation of DOX and MTX into POLY and E-

POLY were carried in a similar pH-gradient loading protocol with slight modifications. The 

required time for drug loading was increased to 2.5h. PFP encapsulation was subsequently done 

for E-LTSL and E-POLY.  %EE of DOX and MTX was calculated by fluorescence intensity of 

drug encapsulated within NPs divided by fluorescence intensity of total drug X 100% as previously 

published242.   
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Size analysis of LTSL, E-LTSL, POLY, E-POLY 

LTSL, E-LTSL, POLY, and E-POLY were characterized for size (z-average) using a dynamic light 

scattering (DLS) instrument (Zetapals, Brookhaven Instruments, Holtsville, NY) by employing a 

non-negative least squares (NNLS) algorithm. The calibration standard used was a Thermo 

Scientific 3090A polystyrene nanosphere standard with a particle size of 92 ± 3 nm. Briefly, 1-2 

µL of NP solution were added to ~3 mL of water in a cuvette, and DLS measurements were taken 

at RT.   For each liposomal and polymeric formulation an average of three to five measurements 

was taken, the mean size and standard error of the mean (SEM) were calculated for the LTSL, E-

LTSL, POLY, and E-POLY samples.  

Drug release from LTSL, E-LTSL and POLY, E-POLY 

LTSL-, E-LTSL-, POLY- and E-POLY-MTX and -DOX release were measured using thermoscan 

release and kinetics assays using a Carey-Eclipse equipped with an inbuilt temperature control 

system and stirring function ranging from temperatures 25-60°C. HIFU sensitivity was determined 

using an Alpinion-HIFU system (1.5 MHz transducer frequency, VIFU 2000, Alpinion Medical 

Systems, Korea).  

Thermoscan release assay 

Stability was assessed by measuring release of encapsulated drugs from all NP formulations as 

function of temperature (25–55 or 25-65ºC, for LTSL and POLY constructs, respectively) in vitro 

in PBS and in 10% FBS/90% PBS. For drug release studies, samples (2% drug/lipid wt) were 

diluted 50-fold in either PBS or 10% FBS, and 3.00 mL of sample was placed in a quartz cuvette 
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equipped with a stopper and magnetic stirrer. Samples were incubated using a Cary Eclipse 

Fluorescence Spectrometer (Agilent Technologies, Santa Clara, CA, USA) equipped with an inbuilt 

temperature control system. DOX release was assessed by excitation at 480 nm and fluorescence 

emission monitored at 590 nm. MTX was assessed by excitation at 660 nm and emission monitored 

at 685 nm. Throughout the release assays, every 0.5ºC increment was measured for 25–45 ºC or 

25-50ºC for LTSL and POLY constructs, respectively. The solutions were kept under constant 

stirring to ensure proper heat dispersal and thermal equilibrium. Non-PFP containing NPs (LTSL 

and POLY) were used under identical conditions as negative controls. 

Kinetics assays 

To measure drug release as a function of time at a constant temperature, NPs were formulated as 

described above and held at 25-35°C (for LTSL derivatives) or 40-50°C (for POLY derivatives) 

for 30-60 minutes for kinetics experiments. For fluorescence measurements, at the same volumes 

as described previously, the samples were equilibrated to the desired temperature (~25-40°C for 

LTSL derivatives and ~40-60°C for POLY derivatives for 30-60 min.). Baseline fluorescence 

measurements for each sample were taken at 25ºC and complete release was calculated by adding 

10 µL 1% triton and thorough mixing. Drug release based on fluorescence quantification at a given 

time (t) under constant temperature exposure was determined using the equation below: where Io 

represents the initial fluorescence intensity of E-LTSL, LTSL, E-POLY, and POLY suspensions at 

25ºC, and It is its intensity at time (t) at a predetermined temperature. Im represents the fluorescence 

intensity of completely released drug upon triton release. Data was obtained as percentage release 

of encapsulated DOX, MTX at a given temperature. 
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Drug release by HIFU exposures 

The effect of PFP on release of encapsulated DOX or MTX from LTSL and POLY (E-LTSL & E-

POLY versus LTSL & POLY, respectively) was assessed with HIFU-based histotripsy (HT). The 

HIFU transducer had a 1.5 MHz central frequency, 45 mm radius, and 64 mm aperture diameter 

with a central opening of 40 mm in diameter and an automated motion stage to achieve accurate 

positioning perpendicular to HIFU beam axis. HIFU treatment parameters were as follows: 1% 

duty cycle, 1-5 Hz pulse repetitive frequency, 450-600 W power. After HIFU, collected samples 

were analyzed for DOX fluorescence at 480 nm excitation and 590 nm emission, and MTX 

fluorescence was assessed at 660 nm excitation and 685 emission. Hyperthermia (45°C, DC-50%, 

PRF-20Hz, P-12 W, 100s per point-3 pts/slice) HIFU parameters were additionally tested similarly.  

TEM imaging of LTSL, E-LTSL, POLY, E-POLY 

LTSL, E-LTSL, POLY, and E-POLY were imaged using a negative staining technique and a 

transmission electron microscope (TEM). HIFU-treated E-POLY, E-LTSL, POLY and LTSL were 

diluted 500–1000x in PBS. A 10 µL drop of diluted NP samples were pipetted onto a carbon grid 

(Lacey or Holey grid) and left for 1 min so that the NPs adsorbed to the grid, then the liquid was 

wicked away with a piece of filter paper. The grid was allowed to dry for 30s. For negative staining, 

 

Drug Release calculation. where Io represents the initial fluorescence intensity of 
NP suspension at 25°C, It is fluorescence after treatment, Im represents the 
fluorescence intensity of completely released DOX or MTX after addition of 1% 
triton. 
Data was obtained as percentage release of encapsulated DOX or MTX after 
thermal or histotripsy treatments. 

%               
      
      

] X 100
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a 9 mL drop of 2% phosphotungstic acid (PTA) was pipetted onto the grid and left for 30s, then it 

was wicked away with a piece of filter paper. Again, the grid was briefly dried before imaging. The 

imaging was conducted at 200 kV using a JEOL JEM-2100 TEM (JEOL, Peabody, MA) by Lisa 

Whitworth from the Oklahoma State Microscopy Laboratory. 

Results 

Characterization of Nanoparticles 

Drug-loaded nanoparticles (NPs) were synthesized using an active loading technique of 

transmembrane pH gradient. The NPs thus produced yielded an encapsulation efficiency of DOX-

loading ~90-95% in LTSL. Similarly, encapsulation of MTX was ~90-93% for LTSL. 

To characterize LTSL properties, hydrodynamic sizes of LTSL were measured. Size by DLS of 

LTSL measured 187.23 ± 1.28 nm (Table 1). Loading LTSL NPs with DOX (LTSL-DOX) in a 

discrete replicate showed a similar c.a. 200 nm size at 213.97 ± 1.86 nm (Table 1). Similarly, 

loading LTSL with our other anti-cancer drug, MTX, showed a size of 259.33 ± 3.78 nm (Table 1). 

To confirm size measurements obtained by DLS, we analyzed NPs by TEM. We observed c.a. 200 

nm spheroid structures in TEM for LTSL-MTX constructs (Fig. 15). To determine uniformity of 

LTSL, polydispersity (PDI) was determined by DLS. LTSL (±DOX or MTX) had a PDI ranging 

from 0.126-0.171, indicating a high degree of uniformity in population size. LTSL-MTX were also 

supported to be similar sizes qualitatively by TEM observation (Fig .15). Zeta potential yields 

insight to both potential biophysical interactions and NP long-term stability. Thus, zeta potential 

was measured by phase analysis scattering (PALS). Zeta potential readings of LTSL gave readings 

ranging from -48.88 to -32.09 mV. These negative values are consistent with previous models of -

48.0 mV132. The anionic nature is expected due to DSPE-PEG being a phospholipid.  
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Liposomal drug delivery has limitations in premature drug payload release. Therefore, 

polymersomes with enhanced stability are desired. Thus, we synthesized polymersomes (POLY) 

made of an inert polymer, polybutadiene-polyethylene oxide (PBD-PEO). To compare drug-

loading capabilities, POLY were also actively loaded by transmembrane pH gradient similar to 

LTSL. POLY produced similar encapsulation efficiencies of DOX relative to LTSL (90-92% vs. 

90-95%, respectively). Similarly, loading of MTX was comparative in POLY (84-85%) to LTSL 

(90-93%). While a higher amount of total drug was encapsulated at a higher 8% wt/wt (0.52 mg 

MTX/ 10 mg POLY), the encapsulation efficiency dropped to c.a. 65%. Thus, 2% wt/wt was 

decided as an optimized approach.   

To compare POLY properties to LTSL, hydrodynamic sizes of POLY were measured similarly. 

These POLY NPs were comparable in size to LTSL (approx. 200 nm POLY relative to 200 nm 

LTSL, Table 1). To confirm size measurements obtained by DLS, we analyzed POLY-MTX by 

TEM. Similar to LTSL, c.a. 200 nm spherical particles were observed in POLY-MTX (Fig. 15). 

Relative size uniformity was confirmed with PDI readings based on similar values (0.151-0.194) 

to LTSL (Table 1). To compare differences of zeta potential of POLY to LTSL, zeta potential 

measurements were recorded. Zeta potential readings of POLY were relatively more positive in 

comparison to LTSL. POLY with and without drug range from -29.21 to -20.66 mV relative to the 

average of -38.39 mV for LTSL NPs. These POLY zeta potential values are comparatively more 

negative than previous models of PBD-PEO polymersomes that show zeta potential values of c.a. 

-5 mV243.  

Our long-term goals were to create NPs that could be triggered to release their drug payload locally. 

Toward this goal, we synthesized both previously published LTSL242 and our novel POLY NPs that 

included the echogenic agent, perfluoropentane (PFP). To determine the impacts that this agent had 

on NP properties, we characterized E-LTSL and E-POLY in similar techniques aforementioned. 

We compared their properties to the non-echogenic LTSL and POLY NPs, respectively. Results 
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showed a slight reduction in most cases of drug-loading efficiency. DOX encapsulation efficiency 

was decreased from 90-95% to 60% (LTSL-DOX vs. E-LTSL-DOX). Similarly, MTX loading 

dropped from 90-93% (LTSL-MTX) to 68% (E-LTSL-MTX). These values are similar to previous 

reports (c.a. 70-80%)242. These reductions can be potentially explained with the sonication loading 

step of PFP releasing of some encapsulated drug. 

To analyze any size differences caused by PFP, sizes of E-LTSL and LTSL were compared. 

Comparing E-LTSL hydrodynamic size to LTSL, results showed E-LTSL size was slightly 

decreased in comparison to LTSL (171.88 ± 1.38 vs. 187.23±1.28) (Table 1). Drug-containing E-

LTSL derivatives measured in similar sizes to E-LTSL (174.01 ± 1.87 nm (E-LTSL-DOX) and 

171.43 ± 5.02 nm (E-LTSL-MTX) (Table 1)). These values were correspondent to E-LTSL values 

in previous reports (171.6±0.5) nm132. To compare size distribution of E-LTSL relative to LTSL, 

PDI measurements were analyzed against each other also. In comparison to LTSL (0.126-0.171, 

Table 1), E-LTSL derivatives were maintained in uniformity in a similar fashion (0.171-0.222). E-

LTSL and its drug containing E-LTSL (DOX & MTX) showed a decrease in zeta potential relative 

to LTSL. These E-LTSL NPs ranged from -54.33 to -49.64 mV, whereas LTSL zeta potentials 

ranged from -48.88 to -32.09 mV (Table 1). Thus, anionic nature of LTSL was maintained with 

addition of PFP.  

To determine physicochemical changes to POLY upon addition of PFP, biophysical 

characterizations were performed post addition of PFP.  Drug loading of DOX was similar between 

POLY to E-POLY (90-92% compared to 93%).  In contrast, in discrete replicates, POLY-MTX 

showed encapsulation efficiencies of 84-85% while PFP-loaded E-POLY-MTX showed 95-100%. 

Hydrodynamic size measurements showed alike values of c.a. 200 nm for echogenic and non-

echogenic polymersomes (E-POLY 244.80 ± 7.64 nm, POLY-236.90±2.77 nm, Table 1). E-POLY 

loaded with DOX and MTX similarly showed 200-nm sized NPs (Table 1). Size distribution was 
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confirmed as monodisperse with measured PDI values that were comparable to POLY (0.171-0.222 

vs. 0.151-0.194) (Table 1). In contrast, there was a larger variety of zeta potential readings of E-

POLY and drug-containing E-POLY (DOX & MTX) relative to POLY (-46.26 to -19.30 mV vs. -

29.21 to -20.66 mV). These values were divergent from previous models of PBD-PEO, which 

showed neutral/slight negative charge. Our POLY and E-POLY showed relatively consistent 

negative zeta potential when averaging POLY and E-POLY groups with drug. Average values were 

-25.39 (POLY) and -30.80 (E-POLY).  

Comparing release profiles of LTSL and POLY derivatives  

Temperature release profile of NPs 

Our primary goal of creating locally-triggered NPs demands NP stability when stimulus is not 

present. Thus, determining temperature stability in biologically relevant temperatures was a 

necessity. Relative temperature stability can be determined by thermal scan. To determine 

temperature stability of LTSL, drug release was characterized in a thermal scan approach. Results 

showed maintenance of drug payload (DOX) until c.a. 40°C, followed by rapid DOX release (Fig. 

9, orange line). Similarly, our other chemotherapy, MTX, showed to be contained within LTSL-

MTX until reaching 40°C. This was then followed with a rapid release of MTX (Fig. 9 light blue 

line). This observation was consistent with past findings that LTSL from Maples et al. released 

cargo payload (DOX) at c.a. 40°C with the same formulation of NP132.  

More precise, temperature release profiles can be determined by kinetic assays. To determine 

temperature release profiles of LTSL, we analyzed drug release via kinetic assays. Results showed 

DOX release was at 21% upon reaching temperature (39°C) at time 0. Within 5 minutes, 36% of 

DOX had been released. Within 20 minutes, c.a. 65% of DOX had been released. At time point 60 
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minutes, 88% of DOX had been released (Fig. 10, orange line, closed triangles).  In comparison, 

lower temperatures did not release DOX payload to the same extent. In contrast, enhanced 

temperatures beyond 39°C led to rapid release of DOX. For instance, 40°C led to rapid release of 

DOX payload immediately upon experiment initiation. This led to 99% DOX release within 21 

minutes (Fig. 10, red line, closed triangles).  

DOX is used clinically, but has limitations due to its dose-limiting cardiotoxicity. In reply, the 

related compound mitoxantrone (MTX) was synthesized to have similar therapeutic benefits with 

less cardiotoxic effects. Thus, we proposed the loading of MTX into NPs could further benefit its 

therapeutic profile. To compare temperature release profiles of MTX to DOX in LTSL, we 

characterized kinetic drug release of LTSL-MTX. Data showed required increases of temperature 

to cause release of LTSL-MTX (41°C, Fig. 10, indigo line, closed triangles) relative to LTSL-DOX 

(39°C, Fig. 10, orange line, closed triangles). Within the first 20 minutes, there was a steady 

increase of MTX release (41°C). In contrast, temperatures below did not indicate the same level of 

steep drug release throughout 60-minute incubation time (35, 37, 39°C, Fig. 10, black, gray, 

turquoise lines, closed triangles).  

NPs composed of lipids (liposomes), are destabilized by serum. Thus, it is important to measure 

thermal stability in serum-containing solutions. To establish the serum-sensitivity of drug-loaded 

LTSL, thermal experiments were repeated in 90%PBS/10%Fetal Bovine Serum (FBS) solutions. 

Data showed LTSL-DOX started releasing DOX c.a. 35°C (Fig. 9, orange line, closed diamonds). 

Thus, demonstrating lowered stability in comparison to LTSL-DOX in PBS (c.a. 40°C, Fig. 9, 

orange line). Similarly, LTSL-MTX in serum media showed a reduction in stability relative to 

LTSL-MTX in saline. This was characterized by a drop in temperature required for MTX release 

in FBS (c.a. 35°C, Fig. 9, light blue line, closed diamonds) relative to LTSL-MTX in saline 

solutions (41°C, Fig. 9, light blue line).  
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To further establish serum sensitivity of LTSL, drug release by kinetic assays were conducted in 

serum-containing saline. Results showed LTSL-DOX showed a marked, early release (c.a. 50%) 

immediately upon reaching 37°C (Fig. 11, left graph, gray line, closed triangles) relative to 37°C 

inducing 50% release in LTSL-DOX over 60-minute incubation instead. Similarly, 39°C sparks a 

steep release of DOX from LTSL-DOX immediately in FBS instead of inducing slow and steady 

release without serum (Fig. 11, orange lines, closed diamonds vs. Fig. 10, orange line, closed 

diamonds).  Similarly, LTSL-MTX displayed an increased thermal sensitivity in serum saline 

versus saline alone (37°C, Fig. 11, right graph, gray line, closed triangles vs. 41°C, Fig. 11, right 

graph, gray line, closed triangles, respectively). 

Polymersomes have thicker membranes in comparison to lipid NPs. This thicker membrane 

generally leads to enhanced stability relative to liposomal formulations. Thus, to compare 

temperature sensitivity of POLY to LTSL, drug release was characterized in an extended 25-50°C 

in a thermal scan approach. Results showed enhanced thermal stability of POLY-DOX (Fig. 8, 

orange line) compared to LTSL-DOX (Fig. 9, orange line) at similar temperatures (40°C). Upon 

reaching 45-50°C, POLY-DOX released c.a. 40% DOX (Fig. 8, orange line). Equivalently, POLY-

MTX only released 8% of its MTX payload upon reaching 50°C (Fig. 8, light blue line). Thus, 

POLY-MTX (Fig. 8, light blue line) also displayed an enhanced thermal stability relative to LTSL-

MTX (Fig. 9, light blue line).  

To compare more precise thermal release profiles of POLY to LTSL, kinetic assays were analyzed 

up to 50°C in phosphate-buffered saline. Results showed release of POLY-DOX required the full 

60 minutes for 100% DOX release at 40°C (Fig. 12, left graph, black line, closed triangles). At 

45°C, c.a. 25 minutes were required for 100% DOX release (Fig. 12, left graph, burgundy line, 

closed triangles) versus 50°C causing full DOX release prior to 20 minutes (Fig. 12, left graph, 

pink line, closed triangles). Thus, POLY released DOX much slower in comparison to LTSL. Alike, 

POLY-MTX demonstrated enhanced thermal stability relative to LTSL-MTX. POLY-MTX 
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released 48% MTX at the end of 60-minute incubation at 40°C (Fig. 11, right graph, black line, 

closed triangles) and 65% release after a similar 60-minute incubation time at 45°C (Fig. 11, right 

graph, light blue line, closed triangles).  At 50°C, 100% MTX was achieved at approximately 39 

minutes (Fig. 11, right graph, blue line, closed triangles).  These values were much lower in release 

in comparison to LTSL-MTX (99% MTX release within 21 minutes at 41°C, Fig. 10, indigo line, 

closed triangles). Thus, both POLY derivatives (DOX & MTX) results showed higher temperature 

are required for notable drug release in comparison to their liposomal counterparts (LTSL-DOX 

and LTSL-MTX, respectively).  

The most important aspect of the application of polymeric NPs (POLY) is their ability to not be 

degraded in serum in contrast to liposomes (LTSL). To compare the serum-sensitivity of previously 

published LTSL to our novel POLY, we conducted thermal scan tracking of drug release in similar 

temperatures. Results showed reduction of DOX release from POLY-DOX (45-50°C, 36% release) 

in saline relative to DOX release in FBS (11% release, 50°C, Fig. 9, orange line, closed diamonds). 

Similarly, MTX thermal scan noted reductions from 8% MTX in PBS to 3% in serum-containing 

saline for POLY-MTX NPs.  

To compare serum-modified thermal release profiles of POLY to LTSL, release of DOX and MTX 

were characterized in a kinetics approach. Results showed POLY-DOX displayed notably less 

DOX release at 45, 50°C (Fig. 13 burgundy, pink lines, 21% and 50% release at 60-minutes, 

respectively) relative to LTSL’s steady release at 37°C (Fig. 11, left figure, gray line). Higher 

temperatures were required (55-60°C) to release notable amounts of DOX from POLY-DOX 

(50%+). Moreover, DOX release was measured at the end of 60 minutes to yield 21%, 50%, 80%, 

95% release for 45°C, 50°C, 55°C and 60°C, respectively. POLY-MTX showed similar MTX 

release reductions relative to POLY-MTX in saline. This was characterized by a marked reduction 

of MTX release that was not similar to the steep release of POLY-MTX after reaching 50°C in PBS 

(Fig. 12, blue line, closed triangles). Instead, POLY-MTX in serum displayed less release over 60 
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minutes comparatively (c.a. 20% over 60 minutes, Fig. 13, blue line, closed triangles).  POLY-

DOX and POLY-MTX results in serum thus suggested a flipped effect of serum on POLY in 

comparison to LTSL.   

Upon addition of echogenic agent, PFP, thermal release profiles could be altered. This is due to the 

boiling point of PFP being c.a. 29°C. Thus, if NP release is within range of the boiling point of 

PFP, any differences to thermal release profiles must be considered. To compare any marked 

changes to thermal stability of LTSL or POLY post addition of PFP, thermal characterizations were 

repeated in similar fashion. Thermal scans of E-LTSL and E-POLY were done and compared to 

their non-echogenic counterparts. E-LTSL-DOX showed a slight slower release of DOX in 

comparison to LTSL-DOX (Fig. 9 red vs. orange lines). E-LTSL-MTX showed comparably similar 

temperature stability to LTSL-MTX (Fig. 9 blue vs. light blue lines).   On a similar note, E-POLY-

DOX showed a slight reduction in release compared to POLY-DOX (Fig. 8, red vs. orange lines). 

Similarly, E-POLY-MTX showed almost identical release profiles as POLY-MTX (Fig. 8 blue vs. 

light blue lines).  

To compare thermal release profile differences in echogenic NPs, kinetic drug release was 

measured and compared to non-echogenic controls. Results showed no large differences in DOX 

cargo release in echogenic LTSL. There were small deviations, however, the tested 39°C and 40°C 

showed release that were within 15-20% relative to LTSL-DOX (Fig. 10, left graph, lines vs. lines 

with diamonds). MTX cargo release showed a similar agreement with non-echogenic and 

echogenic LTSL by showing release within 5-10% after 60-minute incubation (Fig. 10, right graph, 

lines vs. lines with diamonds). Comparing polymeric cargo release showed slightly different results 

when adding PFP. Addition of PFP seemed to slow the release of DOX at each temperature tested 

relative to non-echogenic POLY (Fig. 12, left fig., lines vs. lines with diamonds). The most 

prominent example was at 40°C, which showed almost half the DOX release at 30 minutes and 60 

minutes relative to POLY-DOX (Fig. 12, left fig, black line vs. black line with diamonds). MTX 
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release showed a similar trend of E-POLY having a lessened release over time in comparison to 

POLY at the same temperature. Specifically, 50°C showed half the release at 30 minutes. In 

contrast to DOX release that maintained half release over the full 60 minutes, however, E-POLY-

MTX and POLY-MTX both released MTX at c.a. 100% over 60 minutes (Fig. 12, right fig blue 

line vs. blue line with diamonds).  

To compare thermal stability of E-LTSL and LTSL in solutions more representative of biological 

conditions, thermal scans and kinetic assays were repeated in 10% FBS/ 90% PBS solutions. 

Results showed DOX release of E-LTSL DOX in thermal scans were slightly more prone to early 

release relative to LTSL-DOX (Fig. 9, red line with diamonds vs. orange line with diamonds). E-

LTSL-MTX showed very similar MTX release profiles compared to non-echogenic LTSL-MTX 

in serum (Fig. 9 blue line with diamonds vs. light blue line with diamonds). Therefore, DOX and 

MTX release of E-POLY showed little (DOX) to no (MTX) enhancement of drug release in 

comparison to POLY-DOX, and POLY-MTX, respectively.  

Kinetic assay drug release of E-POLY NPs was also measured in FBS. Results of echogenic 

polymeric NPs (E-POLY) were compared to non-echogenic POLY NPs. This data showed almost 

identical MTX release throughout the entirety of the 60-minute incubation at 45°C, 50°C, 55°C, 

and 60°C at the end of 60-minutes of MTX release between POLY-MTX and E-POLY-MTX in 

FBS (Fig. 13, right fig. lines vs. lines with diamonds, respectively). Addition of PFP to POLY-

DOX similarly did not cause notable differences in release in FBS relative to POLY-DOX at tested 

temperatures (45°C, 50°C, 55°C, 60°C; lines vs. lines with diamonds).      

Comparison of drug release of NPs in response to HIFU exposure  

Specific heating within tumors without causing surrounding tissue damage is highly challenging. 

Therefore, a main focus of our research has been to utilize high intensity focused ultrasound 
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(HIFU). HIFU has two parameters that can be tested for its NP release capabilities. These include 

thermal- and mechanical-based parameters. To understand the thermal ultrasound-sensitivity of 

LTSL, we monitored drug release after hyperthermia treatment by HIFU. Results showed c.a. 100% 

release of LTSL-MTX release upon hyperthermia (Fig. 14A, checkered blue bar). Thus, LTSL 

hyperthermia-sensitivity that was HIFU-induced was established.  

To compare POLY hyperthermia-sensitivity to LTSL, we measured MTX release. In contrast to 

LTSL release, results showed POLY had little to no MTX release (1.82 ± 1.18%) (Fig. 14A, black 

bar).  

To compare MTX release of echogenic NPs to non-echogenic NPs, similar hyperthermia 

experiments were conducted to determine effects of PFP. Results showed E-LTSL MTX release 

(94.55±2.01%, Fig. 14A, gray checkered bar) were similar relative to LTSL MTX release 

(93.43±3.31%, Fig. 14A, blue checkered bar). Similarly, POLY and E-POLY showed similar MTX 

releases comparatively. POLY and E-POLY released MTX at rates of 1.82±1.18% and 

0.19±1.15%, respectively (Fig. 14A, black bar vs. gray bar). Therefore, LTSL and POLY 

maintained their respective responsiveness and non-responsiveness to hyperthermia despite PFP 

addition, respectively.  

Another methodology of HIFU is mechanical-based histotripsy (HT). HT has been shown to 

interact with bubbles in solution. Thus, we introduced PFP nanobubbles to hypothetically maximize 

NP interaction with HT. To understand the mechanical ultrasound-responsiveness of LTSL, 

histotripsy treatments were conducted and drug release was measured. Results showed 45.35% 

release of DOX post HT treatment (Fig. 14B, red bar, vertical lines). Similarly, MTX release was 

measured in LTSL-MTX to yield 54.40% release (Fig. 14B, blue bar, vertical lines).  
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To compare the HT-triggered release of POLY to LTSL, drug release was analyzed post HT 

treatment. Data showed reduction of DOX release of POLY-DOX (0.4%, Fig. 14B, red bar) in 

comparison to LTSL-DOX (45.4%, Fig. 14B, red bar, vertical lines). Similarly, HT treatment 

released MTX from MTX-loaded POLY less relative to its LTSL counterpart (0.48% vs. 54.40%, 

respectively, Fig. 14B blue bar vs. blue bar, vertical lines). Thus suggested LTSL had HT-

sensitivity while POLY did not.  

To measure the effect of PFP on NP stability, HT treatments were similarly given to echogenic 

NPs. We compared echogenic and non-echogenic drug release differences from HT exposure. 

Results showed increased DOX release of E-LTSL relative to LTSL (45.35% to 68.99%, 

respectively, Fig. 14B, red graph, vertical lines vs. red graph, horizontal lines). Similarly, MTX 

showed enhancement of release in E-LTSL (66.79%, Fig. 14B, blue bar, horizontal lines) in 

comparison to LTSL (54.40%, Fig. 14B, blue bar, vertical lines).   

To determine the effects of PFP on POLY HT stability, E-POLY drug release was compared to 

POLY post HT treatment. Results showed in increase in DOX release from POLY (0.4%) to E-

POLY (5.57%) (Fig. 14B, red checkered bar vs. red bar, respectively). Similarly, MTX showed 

enhanced release based on PFP loading (E-POLY-13.64%, blue checkered bar vs. POLY-0.48%, 

blue bar, Fig. 14B).  

To compare drug release from enhanced HT exposure, we repeated HT release studies. We also 

included a longer duration five-minute HT treatment (Fig. 14C).  Results showed increased release 

of POLY from two-minute treatment to five-minute treatment. Similarly, E-POLY showed 

enhanced release from increased HT exposures of five minutes relative to two minutes. Meanwhile, 

we also compared efficiency of release of echogenic to non-echogenic POLY NPs. Results showed 

enhancement of release from echogenic (E-POLY) to non-echogenic (POLY) post two-minute 
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treatment (p=0.0043, Fig. 14C). Release was also enhanced E-POLY in comparison to POLY at 

five-minute treatments (p=0.0008, Fig. 14C).  

Microscopy supports E-POLY HT-sensitivity 

To compare release data and visual representations, transmission electron microscopy (TEM) 

images were taken before and after HT treatments. Observations showed LTSL and E-LTSL 

rupture post HT treatment (Fig. 15). This, along with release data, suggest LTSL and E-LTSL HT-

sensitivity.  

To compare POLY HT-sensitivity qualitatively to E-POLY, TEM experiments were used to 

visually inspect NP samples. While visually, LTSL and E-LTSL showed complete rupture and no 

intact NPs, POLY demonstrated intact NPs (Fig. 15 rows 1 and 2 vs. 3 respectively.) In contrast, 

POLY agreed with its release data by showing intact NPs (Fig 15, row 3). Despite E-POLY not 

showing full drug release via fluorescence readings, TEM visually showed little to no intact NPs 

(Fig. 15, row 4). This lack of 3-dimensional structures supports PFP increasing POLY HT-

sensitivity by making them echogenic. 

Discussion 

My lipid-based nanoparticles (LTSL) would be predicted to perform poorly in a living organism.  

This conclusion is based upon in vitro properties of my LTSL. (1) Immediate and long-term 

stability of LTSL-DOX were decreased by serum media (Fig. 9, 11, left graphs). (2) Similar drug 

retention limitations were observed in MTX-containing LTSL (Fig. 9, 11, right graphs). My 

conclusion that LTSL are poor choices for bio-therapeutic NP is consistent with recent findings. 

Recent findings show a predominant model lipid NP, Thermo-DOX®, failed to clinically achieve 
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progression-free survival244. Our reported LTSL NPs showed lowered stability in serum similar to 

our previously reported Maples et al. lipid NP with the same composition242. 

In reply to the challenges presented by lipid-based NP, we attempted to synthesize polymeric NPs 

containing a chemotherapeutic.  This combination of polybutadiene-polyethylene oxide (PBD-

PEO) POLY NPs with MTX has not yet been reported. In the current study, evidence of synthesis 

of our novel PBD-PEO POLY NPs is presented by five biophysical analyses of NP properties. (1) 

200 nm-sized NPs were verified by DLS (Table 1) and TEM (Fig. 15). This was consistent with 

our goal since we used 200 nm-sized pores during extrusion in NP synthesis. (2) Uniformity of 

polymeric NPs was confirmed to be monodisperse with similar literature values245 as in Table 1. 

In addition, observations by electron microscopy of images showed POLY-MTX (Fig. 15) 

representative of a uniform size of c.a. 200 nm.  (3) In contrast to the good agreement between 

observed vs. predicted NP radii, we noted that the observed zeta potential of our NPs were lower 

than we predicted (-29.21 mV vs. -5.0 mV, resp.;  Table 1 vs reported zeta potential243).  

Speculatively, this discrepancy might have resulted from adsorption of negative phosphate ions 

(PO4
3-) from PBS to NP surface. 4) Drug loading capability of POLY NPs was confirmed through 

pH gradient-active loading and separation of free drug by column. 5) Purified, drug-loaded NPs 

were confirmed to contain drug cargo by release via detergent lysis. There have been many 

previous reports using polymersomes as a drug delivery platform246. While there is one recent 

report of polymeric encapsulation of MTX with a different polymer247, we report the first using 

PBD-PEO. Our polymeric NP encapsulation of chemotherapies thus could be utilized as a 

targeted therapeutic to avoid deleterious effects from premature drug release seen in liposomal 

formulations116.  

Echogenic NPs were synthesized to enhance drug release with histotripsy (HT). Physicochemical 

properties of echogenic polymersomes (E-POLY) confirmed that we successfully synthesized 
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PFP-loaded polymeric NPs.  (1) The echogenic NP demonstrated radii, polydispersity, and zeta 

potentials comparable to their non-echogenic equivalents (Table 1).  (2) POLY lacking the 

echogenic PFP component did not release drug when exposed to HT (Fig 14). (3) In contrast, 

including the echogenic agent, PFP, in the NP formulations resulted in 200-nm NPs (Fig. 15, 

Table 1) that released their DOX cargo in response to HT (Fig. 14). (4) Similar PFP-specific 

echogenic release was observed when using MTX cargo (Fig. 14). (5) Polymeric NPs 

demonstrated a lack of cargo release upon hyperthermic conditions by HIFU (Fig. 14A). (6) 

Visual confirmation of destruction of E-POLY through transmission electron microscopy (TEM) 

(Fig. 15). (7) More MTX cargo was released from longer duration HT treatment relative to 

shorter treatment times thus supporting that release is HT-triggered (Fig. 14C). While the use of 

echogenic polymersomes has been previously reported in different polymer types248-250, this was 

the first report using a PBD-PEO polymer or of echogenic polymersomes containing MTX. 

Echogenicity was imparted into NPs by PFP-loading. This was proposed due to PFP nanobubbles 

potentially interacting with HT similar to gas bubbles/bubble clouds251. Our in vitro data suggests 

the application of our dual drug- and PFP-containing E-POLY can aid in effectively treating solid 

tumors with HT. 

Although lipid NPs have been used clinically in many applications252, we conclude our PBD-PEO 

POLY NPs are potentially superior in biological application relative to LTSL. (1) POLY can be 

loaded with hydrophilic chemotherapies (e.g., DOX and MTX) similar to LTSL. (2) POLY-based 

NPs do not degrade upon addition of serum in contrast to LTSL (c.f. Fig. 9 vs. Fig 8, respectively). 

(3) POLY can be loaded with PFP to give HT-triggered drug release (Fig. 14).  
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Figure 6. Structural differences between polymersomes and liposomes  

Polymersomes have a thicker membrane that provides improve stability relative to liposomes. 

Chemical versatility is enhanced in polymersomes, whereas both lipid and polymer NPs have the 

ability of drug loading, complexing with polynucleotides, and loading with fluorocarbon 

bubbles116; (Created with BioRender.com) 
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Fig 7. Schematic of PFP and drug loading in LTSL and POLY 
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NPs were synthesized via a thin film hydration procedure. Both liposomes and polymersomes 

were drug-loaded by active, pH gradient at 37°C by incubation for 1 hour and 2.5 hours, 

respectively. PFP was loaded into LTSL and POLY by made by sonication at 4°C. Purification by 

PD-10 buffer exchange column and concentration via centrifugation (as needed) was done to 

obtain a pure final product; (Created with BioRender.com) 
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Table 1. Physicochemical properties of E-POLY, POLY, E-LTSL and LTSL. 

NPs were synthesized via thin film hydration and drug loaded by pH gradient. Characterizations 

of size, polydispersity, and zeta potential were performed at room temperature. Stable 

hydrodynamic size (~200 nm) with no particle aggregation upon addition of drugs or PFP was 

noted for LTSL, POLY, E-LTSL and E-POLY.  The polydispersity index and zeta-potential were 

in similar ranges for LTSL and POLY. Each size and polydispersity reading of NP represents 

n=180 repeated measurements of a single discrete NP preparation.  

  



64 
 

 

 

Figure 8. POLY and E-POLY displayed thermal stability 

To determine temperature-sensitivity of POLY NPs containing drug cargo, POLY and E-POLY 

drug release was measured in a thermal scan approach (Lines). To compare differences of drug 

release of POLY NPs in response to serum-containing media, experiments were repeated in 10% 

FBS (Lines with diamonds). 
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Figure 9. Serum exposure lowered the stability of LTSL 

LTSL drug release was measured in a similar fashion to Fig. 8 to determine temperature 

sensitivity with (lines with diamonds) and without serum (lines).  
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Figure 10. Controlled release via temperature of LTSL and E-LTSL in PBS 

To determine drug release profiles, LTSL containing drug payload (DOX, MTX) were incubated 

for 60 minutes at various temperatures. To compare the release of echogenic to non-echogenic 

LTSL, key temperatures were chosen and repeated for comparison (lines vs. lines with diamonds, 

respectively).  
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Figure 11. FBS decreased thermal stability of LTSL that contain DOX or MTX 

regardless of PFP content 

To determine serum alterations of thermal release profiles of LTSL NPs, similar experiments to 

Fig. 10 were conducted in serum-containing saline (10% FBS).  
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Figure 12. PFP encapsulation does not cause premature payload release of POLY  

To determine drug release profiles of POLY, POLY containing drug payload (DOX, MTX) were 

incubated for 60 minutes at heightened temperatures. To compare the release of echogenic to 

non-echogenic POLY (E-POLY), incubations were repeated and drug release was measured 

(lines vs. lines with diamonds, respectively).  
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Figure 13. POLY demonstrated enhanced stability in FBS 

To compare release profiles of POLY NPs post serum incubation, similar experiments to Fig. 12 

were conducted in serum-containing saline (10% FBS).  
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Figure 14. Histotripsy-triggered release of DOX and MTX E-POLY NPs  

To determine the HIFU sensitivity of NPs, hyperthermia and histotripsy (HT) parameters were 

tested with NPs. (A) Comparison of MTX release from POLY-MTX, E-POLY-MTX, LTSL-

MTX and E-LTSL-MTX in response to hyperthermia (n=3 for each group, replicates of same NP 

preparation); (B) comparison of MTX and DOX release in response to two-minute histotripsy 

(n=2 for each group, replicates of same NP preparation; (C) comparison of MTX release in 

MTX-containing polymersomes (POLY and E-POLY) in response to two- (n=3 for each group, 

replicates of same NP preparation) and five-minute histotripsy treatments (n=5 for each group, 

replicates of same NP preparation). Values were represented as mean ± standard deviation (SD) 

of the mean. Statistical comparisons were performed with unpaired t test with Welch’s correction. 
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Figure 15. E-POLY demonstrated visual confirmation of MTX release upon 

histotripsy  

To visualize NPs post HT treatment, transmission electron microscopy (TEM) was utilized to 

image NPs. NPs treated with two-minute HT parameters were fixed and visualized. Left column- 

pre HT treatment, right column- post HT treatment.   
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CHAPTER III 

ANTI-TUMOR EFFECTS OF ECHOGENIC-POLYMERSOME (E-POLY) IN A 

MURINE COLON CARCINOMA MODEL  

 

Abstract 

Systemically injected NPs have been utilized to achieve a local triggered release of drug payload 

non-invasively with HIFU. While this approach can sensitize tumor cells for better therapeutic 

responses through tumor micro-environment (TME) alteration, the significant off-target effects of 

these nanoparticles limit therapeutic efficacies. In this study, we tested whether local tumor 

injection and combination with NPs can improve efficacy of treatments with echogenic-

polymersomes (E-POLY) in vitro and in vivo. Briefly, a bilateral murine model of colon cancer 

was treated with E-POLY containing mitoxantrone (MTX) or free MTX intratumorally on days 10, 

19, 25, 31. HIFU was applied concurrently for treatment of ~80-90% of initial tumor volume under 

ultrasound (US) guidance initially and followed with ~30% subsequent treatments. Mice were 

followed for >40 days to monitor growth of treated and untreated tumors. To translate this approach 

for clinical treatment, a canine patient was similarly treated with POLY-DOX (polymersome-

doxorubicin) + HIFU. Data suggested that DOX-loaded POLY induced tumor reduction in a canine 

case of soft tissue sarcoma. In a murine colon cancer model, reduced primary and secondary tumor 

volumes were observed post treatment when treated with POLY-MTX, E-POLY-MTX, and free 

MTX. Moreover, extended survival was observed when HIFU was combined with MTX modalities 

in comparison to untreated control. Upon H&E staining and pathologist analysis, it was confirmed 

that E-POLY-MTX+HIFU achieved a higher level of necrosis (65-70%) in comparison to other 

treatment groups (5-40%). Further studies to understand these findings are currently underway.  
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Introduction 

In-situ vaccination (ISV) of solid tumors is an immunotherapy approach that is aimed to enhance 

anti-tumor immunity via local treatments regardless of presence of signature tumor markers253 and  

stage of cancer or comorbidities254. In this approach, a patient’s own tumor cell lysate acts as an 

‘antigen depot’ of tumor specific or tumor-associated antigens255,256. This phenomenon is especially 

amplified when the tumor cells undergo immunogenic cell death (ICD) that is characterized by the 

expression of damage-associated molecular patterns (DAMPs) that triggers dendritic cell and T-

cell infiltration257,258. The dendritic cells can pick the antigens and present them to the closest 

draining lymph node, potentiating anti-cancerous immune response against patient’s treated and 

untreated tumors (abscopal effect)256.  Enhancement of ICD via drugs that have therapeutic and 

immunomodulatory functions (i.e., MTX or DOX) has been shown, or via HIFU-mediated sonic 

stress of tumor cells259-262.   

Conventional chemotherapy with MTX or DOX can cause deleterious, cardiotoxic effects. NP 

loading of chemotherapeutics to reduce adverse effects has been widely explored, however, relying 

on  enhanced permeability and retention (EPR) effect alone by intravenous injection often results 

in insufficient chemotherapy accumulation (<5% of injected dose)57,261-263. One approach to 

overcome this barrier can be by an NP-ISV approach that induces stimuli-sensitive release during 

HIFU and induces anti-tumor immunity132,261,264.  With modern image-guidance, directly injecting 

into tumor at any location is possible. This coupled with HIFU could induce ICD without harming 

surrounding tissue265,266. HIFU has been shown to  enhance targeted delivery with NPs containing 

temperature-sensitive lipids or polymers132, enhance in vitro gene transfer via NPs by disrupting 

the cell membrane267, and increase cellular uptake268. This combination of NP-HIFU treatment 

expands the utility of therapeutic ultrasound, since many current HIFU monotherapies have yet to 
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show significant results in moderate or high risk patients (e.g., prostate cancer patients269). Thereby, 

the proposed NP-ISV approach has a potential clinical basis.  

To investigate our hypothesis, we employed a bilateral CT26 colon cancer model. Murine CT26 

colon carcinoma cancers demonstrate immunogenic features, suitable for ISV trials especially in 

combination with immunogenic cell death inducers, such as MTX78,79. We investigated whether the 

local treatment of CT26 with POLY and E-POLY can improve outcomes since this approach 

bypasses the serum proteins and need for delivery, thereby giving a much higher pool of injected 

dose in the targeted tissue, and also a direct interaction with tumoral proteins and antigens.  

To optimize the NP effects with HIFU, we encapsulated perfluoropentane (PFP) in POLY to create 

E-POLY. Our in vitro studies (Chapter 2) showed that the presence of PFP decreased NP stability 

and improved the release of encapsulated content with HIFU likely through acoustic droplet 

vaporization and acoustic bubble cavitation270. It may be noted that previously  DOX-loaded 

liposomal microbubbles increased ER stress, HMGB1 and ATP release to improve control of CT26 

tumors271. Thus, we hypothesized that E-POLY loaded with nanobubbles would synergize with 

HIFU to improve local efficacy and distant regression of untreated tumors.   

Many types of HIFU parameters (ablation, hyperthermia, or histotripsy etc.) can induce immune 

effects. In particular, histotripsy (HT) has been shown to enhance immune effects, such as the 

stimulation of TNF-α by macrophages, to a greater extent than thermal ablative conditions178. The 

lack of extensive thermal degradation can lead to reductions in denaturing of release proteins178. 

Thus, we wanted to investigate whether a HT protocol with E-POLY could induce an immune 

mediated killing of colon tumors and the feasibility of clinical translation for clinical trials via a 

preliminary evaluation in a canine sarcoma patient. Canine cancers demonstrate similar incidence 

rate, pathological signs, mutations, and gene fusions to humans272. Canine soft tissue sarcoma has 
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been shown to not meet beneficial outcomes when treated with DOX monotherapy273, but HIFU 

was shown to be effective against sarcoma, eliciting a 47.3 response rate and a 80.6% disease 

control rate274. Soft tissue sarcomas also respond better to MTX, and it has even been tested in 

clinicals as early as the mid-1980s275,276. Thus, a demonstration of feasibility can have a high 

translational significance for the proposed study. 

Materials and Methods 

POLY and E-POLY Synthesis 

POLY and E-POLY encapsulating MTX were synthesized via thin film hydration and extrusion 

methodology. Briefly, polymersomes films rehydrated in sterile 300 mM citrate buffer, pH 4.0 

(echogenic contained 0.65 M 1,3-propanediol) at 55ºC under high pressure240 (ratio of ~8-9 mL/100 

mg polymer) were sonicated for 10 minutes, extruded through 200 nm polycarbonate filters three 

times, and run through a column exchange buffer with 1X PBS solution. Loading of MTX was 

accomplished by adding 2% w/w (2 mg MTX/100 mg polymer film) at 37°C incubation for 2.5h. 

PFP-loaded POLY and POLY alone were purified using PD-10 column to generate purified NPs. 

Cell Culture 

Murine colon carcinoma CT26 were obtained from ATCC® and cultured in DMEM medium 

supplemented with 10% FBS and 1% pen/strep in a 5% CO2 environment unless otherwise 

mentioned.   

 



76 
 

Cytotoxicity Assays (MTS) 

Cytotoxicity of MTX alone was compared with POLY-MTX and E-POLY-MTX at multiple time 

points (24, 48, 72h) using a CellTiter 96® AQueous Non-Radioactive Cell Proliferation assay at 

1.25, 2.5, 5, 10 µM MTX concentrations. Similar corresponding concentrations of POLY and E-

POLY were used based on %EE as normalization to test the safety of blank, non-drug containing 

NPs. CellTiter colorimetric method determines the number of viable cells using tetrazolium 

compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium, inner salt; MTS]. ~5-10 x 104 CT26 cells suspended in 100 µL of DMEM 

supplemented with 10% FBS, 1% penicillin-streptomycin were treated with MTX, POLY-MTX, 

and E-POLY-MTX in the presence of untreated controls for 24, 48 and 72 hours. Following this, 

the culture media was discarded, and 20 µL of CellTiter 96®AQueous reagent solution was pipetted 

into each well, and the plates were incubated for 4h at 37°C in a humidified 5% CO2 atmosphere. 

The absorbance at 490 nm was recorded using a 96-well plate reader. 

Mice tumor study design and protocols 

All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC). 

Female BALB/c mice (6-8 weeks old) were purchased from Charles River Laboratories. Mice were 

housed within the Lab Animal Resources at the College of Veterinary Medicine with the relevant 

guidelines and regulations. Female mice were engrafted with CT-26 colon carcinoma cells on the 

right flank region by subcutaneously injecting 1 × 106 cells dispersed in 100 μL PBS. 2 days later, 

1 × 106 CT-26 colon cells in 100 μL PBS were injected on the left flank. Tumors were measured 

with digital caliper, and tumor volume was calculated using the formula: volume = (length × 

width2) × ½. Treatments were initiated when tumors reached a volume of 20-50 mm3. For in vivo 

treatments, mice were randomly divided into six groups (n=5) [free MTX±HIFU, E-POLY-
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MTX±HIFU, Untreated control ± HIFU]. Each mouse received 4 ISV treatments of MTX or E-

POLY-MTXs on day (d)10, d19, d25, and d31 days. HIFU treatment was given immediately post 

tumor injection.  

HIFU (histotripsy) methodology for in vivo tumor treatments 

An US-guided HIFU system (Alpinion medical systems, Bothell, WA, USA) was used for tumor 

exposures. The system consisted of a HIFU transducer with a 1.5 MHz central frequency, 45 mm 

radius, and 64 mm aperture diameter with a central opening of 40 mm in diameter and an automated 

motion stage to achieve accurate positioning perpendicular to HIFU beam axis. HIFU treatment 

parameters used were as follows: 1% duty cycle, 5 Hz pulse repetitive frequency, and 600 W power 

(equivalent to 233 W acoustic power). Mice anesthetized with 2-3% isoflurane were restrained in 

custom-built mouse holders, mounted on a 3-D positioning stage, and lowered into a 37ºC degassed 

water bath for coupling. The primary flank tumor was aligned to HIFU beam axis using real-time 

US-guidance. An integrated VIFU-2000 software was used to define target boundary and slice 

distance in x, y, and z directions for automatic rastering. Each focal point (1 × 1 × 10 on the x, y 

and z axes, respectively) within the raster treatment pattern was heated for 20 seconds, and for the 

first HIFU treatment, ~80-90% of tumor volume was exposed to HT. Tumors >100 mm3 were re-

treated with HT for up to 4 exposures to maintain immune-rich environment (~30% or 1/3rdof total 

tumor volume). Following treatment, tumors were harvested and assessed histopathologically by a 

board-certified pathologist (OADDL).  

Treatment methodology for canine soft tissue sarcoma case 

For canine sarcoma treatment, treatment condition was similar to mice studies: 1% duty cycle, 5 

Hz pulse repetitive frequency, and 600 W power (equivalent to 233 W acoustic power). Two 
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POLY-DOX ISV was administered (Dose: 0.68 mg DOX, and 1.94 mg DOX for the first treatment 

and second treatment). Each focal point (1 × 1 × 10 on the x, y and z axes, respectively) was treated 

for 20 seconds using HT parameters covering ~10-20% of tumor volume for the first and second 

treatments. US images were obtained to verify hyperechoic lesions in the tumor at the site of 

treatment focal point. 

Statistical analysis 

Treatment groups were compared for differences in tumor volumes using Tukey’s multiple 

comparisons or survival statistics using GraphPad Prism 9.2.0 (GraphPad Software Inc, La Jolla, 

CA, USA). Significance was denoted as p<0.05, unless otherwise noted. Cytotoxicity data sets 

were represented as mean ± standard error of the mean (SEM) unless otherwise indicated (n=6 per 

group unless otherwise indicated). For analysis of these groups, two-way ANOVA was performed 

followed by Dunnett’s multiple comparison’s test. Tumor volumes were represented as mean ± 

standard error of the mean (SEM) unless otherwise indicated (mice n=5 per group). For analysis, 

two-way ANOVA was performed followed by Tukey’s multiple comparison’s test unless otherwise 

specified. Survival was analyzed by curve comparison via Log-rank (Mantel-Cox) test.  

Results  

POLY-MTX and E-POLY-MTX induced CT26 cell killing responses compared to POLY 

and E-POLY 

To determine the toxicity of empty, unloaded polymersomes (POLY and E-POLY) without MTX, 

we tested toxicity via MTS assays. Data showed all unloaded POLY and E-POLY showed cell 
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viability of >85% at 24h, >94% at 48h, and >92% at 72h (Fig. 17). Thus, POLY had no notable 

toxicity from 24-72h incubation. Similarly, E-POLY did not show toxicity at similar time points. 

All POLY or E-POLY derivatives were tested at concentrations that equaled to relative 1.25-10 

µM MTX in POLY NPs containing MTX.  

To compare toxicity of polymer-derived NPs containing MTX to free MTX, we determined 

viability differences of free MTX, POLY-MTX, and E-POLY-MTX. Experiments were done in 

serial dilution (10 µM to 1.25 µM MTX) for 24-72 hours.  Results showed free MTX alone (53% 

viability) was significantly more effective than E-POLY-MTX (70%) at 24h. Free MTX also was 

significantly better than POLY-MTX (76%) (p<0.05) at 24h (Fig. 18). In contrast, increasing the 

exposure time to 48h and 72 hours nullified these differences. MTX vs E-POLY-MTX vs POLY-

MTX were comparable with each other with cell viabilities of 40%, 39% and 37% at 48h, and 20%, 

22% and 26% at 72h respectively (p<0.05) (Fig. 18).  

Combination of free MTX and HIFU potentiated an enhanced anti-tumor effect  

To gain knowledge on the potential of MTX and HIFU as a combination therapy, we used the two 

as a combination regimen against CT26 tumors in a preliminary bilateral model. Results showed 

E-POLY-MTX significantly reduced tumor burden of treated tumors (orange line, Fig. 19, left 

graph). E-POLY-MTX similarly showed reduction of untreated secondary tumors compared to 

untreated controls (orange line, Fig. 19, right graph). Data suggested local and abscopal effects. In 

contrast, the addition of HT negated effectiveness of E-POLY-MTX in both local and distant sites 

relative to E-POLY-MTX alone. (Fig. 19, black lines- E-POLY-MTX+HT vs. orange lines E-

POLY-MTX alone, both graphs). Thus, E-POLY-MTX+HT demonstrated contrary results to our 

hypothesis.  

To compare free mitoxantrone effectiveness to E-POLY-MTX, tumor volumes were analyzed and 

compared. Free MTX did not produce a significant tumor regression in the primary tumor (1.74-
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fold decrease, Fig. 19, left graph, light green line). In contrast, it did produce a significant tumor 

reduction at the secondary tumor site (3.8-fold decrease, Fig. 19, right graph, light green line). With 

the addition of HT, MTX effects were enhanced to give the greatest degree of tumor regression in 

both primary (~8-fold reduction, Fig. 19, left graph, purple line) and secondary tumors (Fig. 19, 

right graph, purple line) relative to all given treatments. Thus, a preliminary, novel finding of HT 

and MTX displaying enhancement was observed.  

Free MTX+HIFU and E-POLY-MTX alone increased murine survival rates 

To determine the survival of mice, mice were kept post treatment and observed for prolonged drug 

treatment efficacy.  Results showed similar trends to tumor volume data. MTX+HIFU (p=0.0089, 

n=5, purple line, Fig 20) significantly enhanced survival to the greatest degree. The only other 

group that extended survival significantly was E-POLY-MTX alone (p=0.015, n=5, orange line, 

Fig. 20). On day 40, the mice that survived (~20%) treatments were MTX+HT, MTX, and E-

POLY-MTX. Therefore, survival data supports that the best responding treatment groups in this 

preliminary study were E-POLY-MTX alone and free MTX+HT. 

E-POLY-MTX improves tumor imaging and enhances necrotic area 

To visualize echogenicity of tumors during treatments, high-resolution two-dimensional B-mode 

US images were taken of in vivo treatment groups. Results showed E-POLY-MTX displayed 

notable hyperechoic regions post injection (Fig. 22, C, labeled on left panel). These regions were 

absent in non-NP groups (Fig. 22, A, B). To demonstrate enhanced echogenicity response during 

treatment, ultrasound images were also taken during treatment. Our observations showed cavitation 

bubbles within the tumor. These bubbles were produced from E-POLY-MTX injection (Fig. 22, C, 

right panel).  
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To determine differing necrotic profiles of E-POLY-MTX with and without HT, tumors were 

harvested, fixed and submitted for analysis by Hematoxylin and Eosin (H&E) staining. Reported 

results showed a preliminary result of HT and E-POLY-MTX monotherapies causing between 30-

40% necrosis (n=1 for each group, Fig. 23). In contrast, the combination of HT and E-POLY-MTX 

as a combination therapy caused enhanced necrosis (65-70%, Fig. 23) relative to monotherapy 

groups. This value was reported by a board-certified pathologist blinded. 

POLY-DOX NPs with HT demonstrated safety in canine patient 

To determine safety and efficacy of DOX in a polymeric NP delivery format with HT, POLY-

DOX+HT was administered to a canine patient. The canine patient presented with an oral soft tissue 

sarcoma. RECIST (Response Evaluation Criteria in Solid Tumors) evaluation of patient showed 

stable disease despite a reduction from 14,638 mm3 to 11,540 mm3 in 21 days (Fig. 24). 

Unfortunately, this canine patient dropped out of this treatment protocol before completion, 

precluding further treatments and evaluations. RECIST requires a 30% reduction for report of 

partial response, and in the shortened 21 days’ time period, this threshold was not achieved.  

Discussion 

We hypothesized that putting MTX inside POLY NPs would generate stable MTX NPs. These 

NPs would hypothetically be less toxic relative to free MTX if drug was maintained within NPs 

when administered to cells. Contrary to this prediction, POLY-MTX displayed a similar 

cytotoxicity profile relative to free MTX in MTS assays (Fig. 18). Our observations that empty, 

unloaded POLY showed minimal toxicity supports the idea that MTX-loaded polymeric NP have 

toxicity derived from MTX rather than from the NP formulae themselves (Fig. 17). Consistent 

with this interpretation, our POLY NPs are made of biocompatible materials. Thus, their lack of 
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baseline toxicity without drug is expected.  Based on the similar toxicities, we conclude that the 

encapsulation of MTX within NPs did not negatively impact MTX efficacy (Fig. 18A vs. C).  

The loading of PFP into polymeric NPs containing MTX did not alter their toxicity profiles relative 

to POLY-MTX that lacked PFP. (1) Basal, unloaded E-POLY showed minimal toxicity similar to 

unloaded POLY (Fig. 17). (2) E-POLY loaded with MTX cargo displayed a similar toxicity profile 

relative to POLY-MTX and free MTX (Fig. 18). Thus, echogenic polymersomes loaded with MTX 

(E-POLY-MTX) showed similar toxicities in CT26 colon carcinoma MTS viability assays. 

One reason for this toxicity of MTX-loaded NPs might be endocytosis, transport, and nuclear 

localization of MTX of MTX-loaded NPs. Polymer-derived NPs are known to be preferentially 

endocytosed through caveolae-mediated endocytosis277,278. Free MTX demonstrated enhanced 

toxicity at 24h, however, this difference was not observed at 48h and 72h. Therefore, a potential 

explanation could be that caveloae-mediated endocytosis is a slow mode of entry into the cell279. 

This could explain the disparity seen between free MTX and MTX-NPs at 24h versus not seen at 

48h, 72h. This proposed endocytic explanation would also explain why toxicity was observed 

despite NP drug release not being triggered prior to cytotoxicity assay (i.e., via detergent lysis or 

HT exposure). The cells were simply incubated with intact NPs containing MTX or free MTX and 

compared following incubation. The endocytic process would then give intracellular concentrations 

of MTX.  

Following these in vitro tests, we included HT in a preliminary in vivo study to determine the 

efficacy of combination of MTX+HT. The combination of free MTX and HT produced potent 

tumor responses in vivo. (1) Primary tumor volumes were decreased significantly in comparison to 

untreated controls (Fig. 19). (2) Secondary tumors showed a potent response to free MTX-HT 

treatments (Fig. 20). (3) Free MTX+HT also extended mouse survival (p=0.0089) (Fig. 20). There 
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have been in vitro investigations of the combination of MTX and HIFU to determine heat response 

differences280. They showed MTX increased the amount of apoptotic cells with HIFU in its thermal 

parameter in the referenced study280. Our novel combination of MTX+HT, however, extended to 

show in vivo application and further shows the enhanced effectiveness of mechanical-based HT 

(Fig. 19, 20, 21). Thus, the application of MTX with thermal and mechanical HIFU parameters 

have been established and broadened to include in vivo application.  

Echogenic polymer NP delivery of MTX, however, produced conflicting results when used in 

combination with HT in vivo. Polymeric delivery of MTX enhanced effectiveness relative to free 

MTX in primary tumors (Fig. 19). In support of HT enhancing MTX effectiveness when used as 

E-POLY-MTX+HT relative to E-POLY-MTX alone, we observed a few key findings. (1) E-

POLY-MTX+HT produced enhanced necrosis relative to monotherapy groups (Fig. 22). (2) 

confirmation of echogenicity of NPs by ultrasound (Fig. 21). In contrast, we also observed results 

indicating a reversal of effectiveness of E-POLY-MTX from inclusion of HT. (1) Primary tumor 

growth rates of E-POLY-MTX+HT were increased relative to E-POLY-MTX alone (Fig. 19). (2) 

Secondary E-POLY-MTX+HT tumors showed no regression vs. E-POLY-MTX showing 

significant tumor regression compared to untreated control (Fig. 20). (3) Survival rates of E-POLY-

MTX alone were not enhanced with HT treatments (Fig. 21). Recently, there have been reports of 

the synthesis of a similar ultrasound-targeted MTX-NP. However, in contrast to our approach, they 

used a liposomal delivery system with PLGA NPs within to create ultrasound-sensitivity281. Xin et 

al. tested this formulation as an intravenous delivery system divergent to our current intratumoral 

approach. Therefore, NP delivery of MTX is a currently applicable goal. Our preliminary 

experimentation, however, failed to show significant enhancement of NP effectiveness when 

adding HT in an intratumoral approach.  
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Our E-POLY-NPs showed in vivo tolerance and safety. (1) Intratumoral injections of E-POLY-

MTX were well-tolerated. (2) Multiple injections of E-POLY-MTX showed no negative or allergic 

reactions in mice. (3) Multiple injections were well tolerated in a canine patient.  

Canine tumors offer a similar homology with human cancers80. Beyond murine cancer models, one 

of the best cancer models that mimics the spontaneity and pathological signs of human cancers is 

canine cancer80,272.  Preliminary results showed safety and tolerance to lower dose DOX in form of 

polymeric NP loaded with DOX cargo (POLY-DOX). Additionally, reduction of tumor was 

observed in the first 21 days. This reduction, however, did not meet the RECIST 30% reduction 

threshold to be reported as partial response. We hoped for more treatments to determine effects of 

treatments over a full treatment regimen, however, our patient dropped out. We anticipate 

additional in vivo studies to optimize co-treatment efficacy of polymeric NPs and HT. Our lab has 

had recent success in treating canine sarcomas with liposomal-DOX+HT. Others have also showed 

DOX is more effective than surgery in hemangiosarcoma282, but there are inherent cardiotoxicity 

problems with DOX. Thus, a polymeric NP that retains drug cargo until HT is administered is 

highly applicable.  

While much of the presented data investigates novelty of NP or combination of MTX+HT, we do 

understand that some data is preliminary in finding to-date. Further studies are required to 

determine necessary information: 1) Optimization of MTX, MTX-NP, and HT treatments are 

required to fully investigate efficacy of combination treatment. 2) Differences of drug delivery 

potential of free MTX relative to E-POLY-MTX can be compared in vivo in an intravenous 

administration plan. The current study used an intratumoral delivery, therefore, the only differences 

that could have been seen would have been from i) NPs retained within the tumor versus free drug, 

or ii) PFP-enhancement of HT treatment relative to free drug. A follow-up study could utilize the 

delivery aspect of NPs to determine differences of toxicity and tumor reduction from free drug to 
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NP-MTX. 3) Inclusion of non-echogenic polymersomes (POLY-MTX) would be an ideal NP 

control in a follow-up study. 4) A larger follow-up study with more than five mice per group would 

ideally help strengthen previous results. This would be especially valuable due to our conflicting 

in vivo results. 5) Mechanistic studies investigating the role of HT with MTX could also help 

explain current data. Markers such as calreticulin (CRT), binding immunoglobulin protein (BiP), 

and eukaryotic translation initiation factor 2A (eIF2α) are ER-stress indicators. These can be used 

to help determine the amount of immunogenic cell death (ICD) that is induced from treatments. 

These have similarly been monitored in combination protocols using MTX with radiation instead 

of HIFU previously283.  
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Figure 16. Graphical abstract of in vivo treatment plan  

Female, 8 weeks old, BALB/c mice were inoculated with 1x106 CT-26 tumor cells in their right 

flank on day 0 and 1x106 left flank on day 2. Right flank tumors were treated on days 10, 19, 25 

and 32 with 80 µg MTX intratumoral injection (A) followed by histotripsy (HT) treatment via 

HIFU (B). Mice tumor volume was measured daily and were sacrificed when tumor volumes 

reached ≥ 2000 mm3. Groups included untreated control, HT, free MTX, MTX+HT, E-POLY-

MTX, E-POLY-MTX+HT.  
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Figure 17. POLY and E-POLY demonstrate no notable toxicity as unloaded NPs in 

vitro 

To determine the safety of basal, unloaded polymeric NPs, POLY and E-POLY without drug 

payload were tested for toxicity. CT26 murine colon carcinoma cells plated in 96 well plates were 

treated with polymer concentrations that corresponded to 10, 5, 2.5, 1.25 µM MTX in MTX-loaded 

POLY and E-POLY for 24, 48, or 72h. (A) Mean cell viability were averaged for all groups (n=6, 

well replicates of a single NP preparation and a single passage of cells). E-POLY concentrations 

were normalized for each group corresponding to loaded NPs that contained 10, 5, 2.5, 1.25 µM 

MTX. (B) Mean cell viability in media control (n=6, well replicates of a single NP preparation). 

POLY concentrations were normalized for each group corresponding to loaded NPs that contained 

10, 5, 2.5, 1.25 µM MTX. Data presented as mean ± SD.  
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Figure 18. Efficacy of POLY loaded with MTX (POLY-MTX and E-POLY-MTX) 

were comparable with free MTX after 24 hours in vitro 

To measure cytotoxicity profiles of NPs containing MTX cargo to free MTX, MTS assays of CT26 

murine colon carcinoma cells were treated with serial dilutions of MTX (10, 5, 2.5, 1.25 µM) for 

24, 48, and 72h. (A) Mean cell viability were averaged for all. MTX concentrations were calibrated 

to 10, 5, 2.5, 1.25 µM MTX. (B) Mean cell viability were averaged for all groups. E-POLY-MTX 

concentrations were calibrated to E-POLY-MTX containing 10, 5, 2.5, 1.25 µM MTX. (C) Mean 

cell viability were averaged for all groups. POLY-MTX concentrations were calibrated to POLY-

MTX containing 10, 5, 2.5, 1.25 µM MTX. Data are presented as mean ± SD. Statistical 

comparisons were performed with two-way ANOVA with Tukey’s multiple comparisons test. (n=6 

for each MTS, well replicates of a drug suspension and a single passage of cells). 

  

Significant comparisons 10 uM 5 uM 2.5 uM 1.25 uM

MTX vs. POLY-MTX

24 h *** * ns **

48 h ns ns * ****

72 h ns ns ns ns

MTX vs. E-POLY-MTX

24 h ** ns ns ns

48 h ns ns ** *

72 h ns ns * *
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Figure 19. MTX groups were effective at producing primary tumor regression 

compared to untreated control 

To compare the efficacy of MTX-treatment regimens, mice were inoculated (day 0, primary; day 

2, secondary) and treated on days 10, 19. Tumor volumes were measured daily. (A) Average 

primary tumor volumes of MTX-treated mice over 22 days (n=5) were presented and analyzed on 

day 22. (B) Individual groups of untreated control, MTX alone, E-POLY-MTX presented as 

individual mice tumor values. (C) HT was added in groups HT, MTX+HT, E-POLY-MTX+HT 

and individual mice primary tumor volumes presented instead of averages. Averages (A) were 

presented as mean ± SD. Statistical comparisons were performed with two-way ANOVA in 

comparison to untreated control.  
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Figure 20. HT enhances free MTX, whereas E-POLY-MTX elicits better effects 

without HT 

To determine the abscopal effects of MTX and MTX-NPs ±HT, mice were similarly inoculated 

and measured for secondary tumor growth as was done for primary tumor growth in Fig. 19. Arrows 

indicate treatment days. (A) represents average secondary tumor volumes of mice over 22 days 

(n=5). (B) shows individual tumor growth of untreated control, MTX alone, E-POLY-MTX 

presented as individual mice tumor values. (C) similarly shows individual mouse secondary tumor 

values over 22 days that used HT in treatment plan (HT, MTX+HT, E-POLY-MTX+HT). Averages 

(A) were presented as mean ± SD. Statistical comparisons were performed with two-way ANOVA 

relative to untreated control.  
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Figure 21. Free MTX enhanced survival in combination with HT relative to 

untreated control 

To compare survival rates, female BALB/c mice with bilateral CT26 tumors were treated on days 

10, 19, 25, 32 with MTX or E-POLY-MTX (±HT) based on tumor size (≤100 mm3). Survival was 

defined when mice reached day 40 post inoculation of when tumors reached 2000 mm3. Data was 

presented as % survival rate (n=5). Survival curve comparison with log-rank (Mantel-Cox) test 

was performed to determine significance.  
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Figure 22. Ultrasound imaging confirms echogenicity of E-POLY-MTX during HT of 

CT26 tumors 

To visualize echogenicity of NPs, HT treatments groups were imaged by ultrasound. Ultrasound 

images of groups: (A) HT, (B) MTX+HT, (C) E-POLY-MTX+HT are provided. Hyperechoic 

regions (white) are labeled in (C). Left panel of (C) is before HT treatment, whereas right panel 

during treatment. No hyperechoic regions were visualized in (A) and (B).   
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Figure 23. HT+E-POLY showed higher necrotic areas compared to monotherapy and 

untreated groups 

To determine levels of necrosis from combination echogenic polymersomes containing 

mitoxantrone (E-POLY-MTX) and histotripsy (HT), mouse tumors were harvested, fixed and 

analyzed for necrosis by hematoxylin and eosin (H&E) staining. (A) Untreated control (n=1) 

showed 5-10% necrosis, (B) HT (n=1) alone treatment induced 35-40% necrosis, (C) E-POLY-

MTX (n=1) showed 30-40% necrosis, (D) E-POLY-MTX+HT (n=1) showed 65-70% necrosis. 

Arrows indicate regions of necrosis read by a board-certified pathologist.  
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Figure 24. POLY loaded with DOX demonstrated safety and initial reduction in a 

canine patient 

To determine safety and efficacy in canines, a canine patient presenting with soft tissue sarcoma 

was treated with POLY containing DOX. Two treatments with POLY containing 0.68 mg and 

1.94 mg DOX (PD-POLY-DOX) were administered.  
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CHAPTER IV 
 

 

CXCR4 BLOCKADE SENSITIZES MURINE AND HUMAN CANCER CELLS TO 

ANTHRACENEDIONE-BASED CHEMOTHERAPIES  

 

Abstract 

Activation of SDF1-α(CXCL12)/CXCR4 pathway is associated with cancer metastasis, drug 

resistance, and overall poor prognostic outcomes in patients.  The objective of this study was to 

understand the role of CXCR4 signaling inhibition with small molecules in improving 

anthracenedione (doxorubicin, DOX, mitoxantrone, MTX, and pixantrone, PIX) cytotoxicity 

against cancer cells. We selected commercially available AMD-3100 and a recently reported 

antagonist (TJH06) for in vitro cytotoxicity assessment with chemotherapies. To ease clinical 

translation, low-temperature sensitive liposome-based nanoparticle (LTSL-NP) delivery system 

was developed by covalently linking the thiol pendant-armed antagonist to LTSL. Results showed 

that CXCR4 antagonism improved chemotherapy efficacy, and a successful synthesis of CXCR4-

LTSL for potential targeting of tumor cells.  Studies are currently underway to assess the CXCR4-

LTSL efficacy in an in vivo tumor model. 
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Introduction 

Multi-drug resistance (MDR) is a major challenge in treating solid tumors284. It is characterized by 

resistance to many compounds that are structurally different and target different cellular 

pathways285. MDR can be acquired through genetic changes (e.g., mdr-1 gene), hypoxia, nitric 

oxide imbalances285-287. Alternatively, cells can simply be more resistant to a certain chemotherapy 

(i.e., primary resistance)21 through many intracellular factors  such as the CXCR4/CXCL12 (SDF-

1α) axis, CCL2, VEGF, CXCL8, angiogenin etc.288. In particular, CXCR4 signaling is enhanced 

by hypoxia and HIF-1α289,290, resulting in tumorigenesis and metastasis. CXCR4 overexpression is 

known to occur in over 20 human tumor types including breast, ovarian, prostate, esophageal, 

melanoma, lung, and neuroblastoma291, and correlates with tumor aggressiveness and poor 

prognosis292. CXCR4 expressing tumor cells migrate to distant sites like lung, liver, and bone 

marrow that constitutively express high levels of CXCL12, leading to metastatic spread and poor 

survival293,294. While the baseline expression of CXCR4 is variable within tumor types, the 

treatment with various anti-cancer therapies (DOX) can lead to the upregulation of CXCR4295. The 

expression of CXCR4, whether induced by treatment or intrinsically expressed, leads to the 

dysregulation of various pathways, (e.g., the VEGF-mediated promotion of angiogenesis through 

Akt phosphorylation via the PI3K/Akt pathway of MDA-MB-231 breast cancer). Therefore, 

CXCR4 antagonism can be a logical addition to current cancer treatment regimens to improve 

outcomes. 

Targeting of CXC receptor 4 (CXCR4)/CXCL12) axis has been shown to sensitize for tumor cells 

to therapies296,297, reduce or prevent metastasis298, and enhance tumor imaging299.  To understand 

the potential therapeutic benefits of commercial CXCR4 antagonist AMD-3100 (Plerixafor) and 

synthesized CXCR4 antagonists, SJA05 and TJH06, we utilized them in combination with 

chemotherapies doxorubicin (DOX), mitoxantrone (MTX), and pixantrone (PIX). To maximize the 

potential of CXCR4 antagonism in therapy, we chose to include the topologically-constrained300-
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303 copper-tetraazamacrocycle complexes as alternatives to AMD-3100 since they have been shown 

to have enhanced CXCR4 binding and higher residence time304-307.  To address this, Hubin et al. 

reported copper-tetraazamacrocycle CXCR4 antagonist complexes as alternatives to AMD-3100 

for enhanced CXCR4 binding and tumor residence time304-307. Results showed enhanced therapeutic 

efficacy against tumor cell lines in a dose-dependent manner. Herein, we first utilized CXCR4 

antagonists in combination with DOX, MTX, PIX to investigate potential synergisms of CXCR4 

antagonism and reverse MDR300-303. Next, we developed covalently linked tetraazamacrocycle and 

electrostatically attached CXCR4 antagnosits decorated LTSL co-loaded with anticancer agents. 

We propose that our approaches can block MDR pathways, improve the net-chemotherapy delivery 

to cancer cells, thereby overcoming the drug efflux mechanisms and chemotherapy barriers such 

as systemic toxicity308, low intratumoral drug accumulation309, and development of MDR310. 

Further, its combination with thermal therapies using LTSL will maximize efficacy311,312, and 

improve enhanced permeability and retention (EPR) effects57.   

Materials & Methods 

Cellular Experiments 

Cell Lines and cell culture 

Cells of human (astrocytoma) glioblastoma U87 (U87.CD4 and U87.CD4.CXCR4) were received 

from the NIH AIDS program and cultured in DMEM medium supplemented with 15% FBS, 

1ug/mL puromycin (CXCR4+ only), 300ug/mL G418, glutamine and pen/strep. Cells of murine 

breast cancer (4T1) were received from ATCC CRL-2539 and cultured in RPMI media 

supplemented with 10% FBS. Cells of murine skin cancer (B16F10) were received from ATCC 

CRL-6475 and cultured in DMEM media supplemented with 10% FBS. Cells of murine ovarian 

cancer (ID8) were received from ATCC and cultured in RPMI media supplemented with 10% FBS. 

All cells were incubated in a 5% CO2 environment, unless otherwise mentioned.   
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Expression of CXCR4 in U87.CD4.CXCR4, & U87.CD4cells 

Baseline expression of CXCR4 of received glioblastoma cell lines was quantified via flow 

cytometry. U87.CD4.CXCR4 was used a positive-CXCR4 cell line, while U87.CD4 was not 

transfected for CXCR4 expression. Antibodies against CXCR4 (PE-conjugated, rat anti-mouse 

CXCR4 IgG2B); were purchased from R&D. For staining, cells were harvested, washed, and 

adjusted to a cell suspension of 1 x 106 cells/mL in ice-cold PBS, 2% FBS. After washing 1X and 

resuspending in 100 µL staining buffer containing primary antibodies, 1 µL of conjugated primary 

antibody (PE-anti-mouse CXCR4) was added in 100 µL staining buffer per sample. Cells were then 

incubated for 1h in the dark, on ice, then washed 3X by centrifugation and resuspended in 1 mL of 

ice-cold PBS, 2% FBS. After the third wash, resuspension of cells in 200 µL 1% PFA 

(paraformaldehyde) and incubation for 15 min in dark, on ice was performed. Following two 

washings, cells were resuspended in 200 µL staining buffer until flow cytometer readings.  

CXCR4 inhibition by AMD-3100, TJH06 

For flow cytometry and cytotoxicity assays, the antagonistic effects of both AMD-3100 and TJH06, 

[Cu(2)], were tested at concentrations of 50 µM and 100 µM in cell lines, U87.CD4.CXCR4 and 

U87.CD4.  

In vitro cytotoxicity of combinatorial regimen anthracenedione (DOX, MTX, PIX) and CXCR4 

antagonist (AMD-3100, TJH06) 

Cytotoxicity of each chemotherapy as a monotherapy (10 µM) and in combination with both 

CXCR4 antagonists (AMD-3100 and TJH06, [Cu(2)], See Fig. 27-28).  at concentrations 50, 100 

µM were evaluated using an in-vitro homogeneous, colorimetric method for determining the 

number of viable cells using (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 

(MTT). This assay was used to determine any cytotoxic effects of the corresponding drugs of DOX, 



99 
 

MTX or PIX and the addition of CXCR4 inhibition. Briefly, ~5-20 x 103 cells were suspended in 

100 µL of DMEM supplemented with 10% FBS, 1% penicillin-streptomycin for B16F10 cell model 

or RPMI supplemented with 10% FBS, 1% penicillin-streptomycin for 4T1 cell model and seeded 

in 96-well plates and incubated for 24 hours at 37 °C in a 5% CO2 atmosphere. Later, the adhered 

cells were treated with 10 µM of DOX, MTX or PIX (+/- 50, 100 µM CXCR4 antagonists) with 

untreated control for 24 hours. Following this, the culture media was discarded, cells were washed 

with PBS and fresh media was given. Then, 10 µL of MTT was pipetted into each well and 

incubated for 4 hours at 37 °C in a 5% CO2 atmosphere. The measured absorbance at 540 nm was 

used to calculate % cell viability. 

Chemical Synthesis 

Synthesis of ligands bis-cross bridged- cyclam, cyclen and their corresponding metal 

complexes, SJA05and TJH00 respectively 

Bis-cross bridged cyclam and its copper complex (SJA05) was synthesized and characterized as 

published previously313. Briefly, the synthetic preparation involved the addition of glyoxal, and 

iodomethane, then the subsequent borohydride reduction and purifications listed in Scheme 1, 

below.   

Bis-cross bridged cyclen and its corresponding copper complex (TJH06) was synthesized from the 

published linked tetraazamacrocycle-glyoxal condensate bromide salts314 following the same 

synthetic steps as for the published cyclam analogue315. Yields and analytical data are presented 

individually below for the two synthetic steps following Handel’s linked precursors.   

Methylated Linked Salt:  30 equivalents of CH3I were used.  The reaction was stoppered and stirred 

for 14 days.  The product was a white solid. Yield = 89%.  Electrospray mass spectra in 50% 

methanol–50% H2O (Agilent 6490 EMS): m/z 647 [M-3I]+. Elemental analysis calculated for 
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C30H50N8I3Br: C 36.64, H 5.13, N 11.40; Found: C 36.42, H 5.16, N 11.63.  13C316 NMR (75 MHz, 

DMSO) 40.91 (N-α-CH2), 41.33 (N-α-CH2), 45.04 (N-α-CH2), 45.18 (N-α-CH2), 53.73 (N-α-CH2), 

57.03 (N-α-CH3), 57.88 (N-α-CH2), 59.11 (N-α-CH2), 59.25 (N-α-CH2), 63.07 (N-α-CH2), 75.64 

(Caminal), 75.72 (Caminal), 127.07 (Caromatic), 129.16(Caromatic), 133.49 (Caromatic), 134.57(Caromatic).  

meta-linked Cross-bridged bis-cyclen (2):  30 equivalents of NaBH4 were used.  The reaction was 

stirred under N2 for 5 days.  The product was a yellow oil.  Yield = 86%.  MS (ES) m/z 527 [MH]+.  

13C316 NMR (75 MHz, C6D6) 44.39 (N-α-CH3), 57.03 (N-α-CH2), 57.34 (N-α-CH2), 57.99 (N-α-

CH2), 58.86 (N-α-CH2), 60.53 (N-α-CH2), 61.57 (N-α-CH2), 128.27 (Caromatic), 129.79 (Caromatic), 

140.68 (Caromatic), 140.75 (Caromatic).  The ligand HCl salt was made by bubbling HCl gas through an 

ethanol solution, filtering the yellow solid that formed and washing with ethanol and ether before 

drying under vacuum.  Elemental analysis calculated for C30H54N8 · 8HCl · 4H2O: C 40.46, H 7.92, 

N 12.58; Found: C 40.81, H 8.22, N 12.44. 

[Cu2(2)(OAc)1.3](PF6)2.7  

In an inert atmosphere glove box, 0.250g (0.0005 mol) of 2 was added to 20 mL of anhydrous 

CH3CN in a 50 mL Erlenmeyer flask.  0.182g (0.001 mol) of anhydrous Cu(OAc)2 was added to 

this solution, which was then stirred on a stir/heating plate at 50-60°C using a small glass funnel as 

a condenser for a 24-hour period.   The solution immediately turned dark blue.  After this period, 

the flask was removed from the glove box and a small amount of brown precipitate was filtered off 

with a fine grade filter frit.  The dark blue filtrate was evaporated to dryness by rotary evaporation.  

The resulting blue oil was dried on a vacuum line.  The dry oil was dissolved in a minimal amount 

of CH3OH.  0.815 g of NH4PF6 (0.005 mol) was added to a separate beaker containing 5 mL of 

CH3OH. This NH4PF6 solution was then slowly added to the metal solution, which was allowed to 

stir for 5 minutes.  The solution was placed in the freezer overnight to complete the precipitation.  

The blue powder product was collected on a filter frit, and the precipitate was rinsed with 5 mL of 
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cold CH3OH and 5 mL of ether.  Yield: 0.156 g, 28%.  Electrospray mass spectra in 50% methanol–

50% H2O (Agilent 6490 EMS): m/z 386 [Cu2L(OAc)2
2+].  Elemental Analysis calculated for 

[Cu2(C30H54N8)(C2H3O2)1.3](PF6)2.7: C 34.90, H 5.20, N 9.99; Found: C 35.10, H 5.39, N 9.94. 

Synthesis of thioacetyl-methyl-cyclam ligand and copper complex 

IPTA, made from iodo-chloro replacement of 3-chloropropyl thioacetate, was used in 1.5 

equivalents to one equivalent of Me1H1Bcyclam ratio to synthesize a thioacetyl-methyl-cross 

bridged cyclam ligand. In summary, 1.83 g (0.0075 mol) was added to 1.32 g (0.0050 mol) of 

H1Me1-cb-cyclam (provided by Dr. Hubin) in 13 mL DMF in the presence of 2 equivalents (1.52 

g) K2CO3. The reaction was left to stir 5 days. The reaction was worked up by addition of 100 mL 

water, extraction with dichloromethane, washing with saturated sodium chloride, drying organic 

layer with sodium sulfate, and evaporating to oily product. The product was 0.89g. Yield- 50%.  

The copper complex was synthesized by co-mixing equivalent molar concentrations of ligand and 

CuCl2 in 5-10 mL anhydrous methanol in an inert N2 glovebox. Metal complex solution was left 

stirring for 1-7 days in an inert atmosphere. The resultant blue solution was filtered, and minimal 

solid residue discarded. Precipitation via ammonium hexafluorophosphate ion exchange was in 5 

molar excess was followed by adding ammonium hexafluorophosphate directly to the filtrate and 

placing in a freezer to maximize precipitation.  

Electrospray mass spectra in 50% methanol–50% H2O (Agilent 6490 EMS): m/z = 357 

(C18H37N4OS+); m/z = 454 [Cu(C18H36N4OS)Cl]; m/z = 436 [Cu(C18H36N4OS)H2O]. Elemental 

analysis for [Cu(C18H36N4OS)Cl]PF6·5H2O: Calculated: C, 32.14; H, 6.59; N, 8.33. Found: C, 

31.40; H, 6.09; N, 8.63.  
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Syntheses of thiol-methyl-cyclam and cyclen ligands and their copper complexes 

IPTA was similarly synthesized from 3-chloropropyl thioacetate to previous section. Tetracyclam 

and tetracyclen was synthesized via previously published protocols314. Tetracycles were then added 

with IPTA in a 2:1 mol ratio in minimal acetonitrile. The reaction was left stirring for 7 days. The 

reaction mixture was worked up via filtration of the solid product followed by washing with 

additional acetonitrile and ether, then vacuum drying. Yield- 40-50%.  

Thioacetyl-tetracycles were then methylated via iodomethane in as 10:1 mol ratio in acetonitrile. 

The reaction mixture was left stirring for 21 days. Reaction mixture was worked up via filtration 

of the solid product followed by washing with additional acetonitrile and ether, then vacuum 

drying. Yield-55-65%.  

Thioacetyl-methyl-tetracycles were reduced via borohydride reductions. Excess molar 

equivalences (15:1) were added in 80 mL of solvent per gram of reactant in 95% ethanol/5% water. 

The reaction was stirred at RT for 7 days under nitrogen. The reaction mixture was worked up by 

addition of HCl. Then, removal of solvent, dissolving in 30% KOH, and extracting product into 

chloroform, drying over sodium sulfate, filtration, and solvent removal to give the final product. 

Yield- 90-95%.  

The copper complex was synthesized by co-mixing equivalent molar concentrations of ligand and 

CuCl2 or Cu(OAc)2 in 5-10 mL anhydrous methanol in an inert N2 glovebox. Metal complex 

solution was left stirring for 1-7 days in an inert atmosphere. The resultant blue solution was filtered 

and minimal solid residue discarded. Precipitation via ammonium hexafluorophosphate ion 

exchange was in 5 molar excess was followed after by adding ammonium hexafluorophosphate 

directly to the filtrate and placing in a freezer to maximize precipitation.  
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(C17H31IN4OS)·0.5H2O: C, 42.95; H, 6.78; N, 11.78. Found: C, 42.61; H, 6.66; N, 11.74; thioacetyl-

methyl-tetracyclam- m/z = 236 (C18H34IN4OS2+), 353 (C18H34N4OS+), 481 (C18H34IN4OS+), 

elemental analysis- calculated (C18H34I2N4OS)·2H2O: C, 33.55; H, 5.94; N, 8.69. Found: C, 33.66; 

H, 5.77; N, 8.55; thiol-methyl-cb-cylam- m/z = 315 (C16H35N4S+), elemental analysis- calculated 

(C16H34N4S . 0.6CHCl3 . 1.3H2O): C, 48.68; H, 9.15; N, 13.68. Found: C, 48.72; H, 9.05; N, 

13.32; copper-thiol-methyl-cb-cyclam-  m/z = 376 (CuL+), elemental analysis- calculated 

[CuC16H34N4S(PF6)2] ·0.8H2O: C, 27.44; H, 5.41; N, 8.00. Found: C, 27.68; H, 5.32; N, 7.70.  

Cyclen compounds- thioacetyl-tetracyclen- m/z = 311 (C15H27IN4OS), elemental analysis- 

calculated (C15H27IN4OS)·0.2H2O: C, 40.76; H, 6.25; N, 12.68. Found: C, 40.65; H, 6.31; N, 12.58; 

thioacetyl-methyl-tetracyclen- m/z = 453 (C16H30IN4OS+), elemental analysis- calculated 

(C16H30I2N4OS)·0.7H2O: C, 32.41; H, 5.34; N, 9.45. Found: C, 32.44; H, 5.17; N, 9.29; thiol-

methyl-cb-cylen- m/z = 286 (C14H31N4S+), elemental analysis- calculated 

(C14H30N4S)·0.95CHCl3: C, 43.89; H, 7.60; N, 13.60. Found: C, 43.78; H, 7.85; N, 13.36; copper-

thiol-methyl-cb-cyclen-  m/z = 348 (CuC14H30N4S+), elemental analysis- calculated 

[CuC14H30N4S (PF6)2]: C, 26.28; H, 4.73; N, 8.75. Found: C, 26.03; H, 4.40; N, 8.64.   

Model maleimide crosslinking reaction 

Thiol-methyl-cb-cyclam (0.165 g, 1eq) was mixed with phenyl maleimide (0.0906 g, 1 eq) in 

minimal chloroform and methanol with 0.15 g potassium carbonate. Reaction was left stirring for 

10 days. Work up was filtration of carbonate followed by evaporation of solid.  Yield 0.364 g. 

(Visualized in Scheme 5). Electrospray mass spectra in 50% methanol–50% H2O (Agilent 6490 

EMS): m/z = 488 (C26H42N5O2S+). NMR peaks of the alkene-phenyl maleimide were analyzed 

and tracked for the decrease/disappearance to indicate crosslinking reaction ( = 6.77ppm).  

CXCR4-LTSL Synthesis 
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Covalent CXCR4-LTSL procedure  

Preparation of covalently modified LTSL via thiol pendant-armed cyclam was done by dissolving 

complex from previous method in minimal dimethyl sulfoxide (5mg/~50 µL). This mixture was 

then added into the chloroform suspension containing slightly modified LTSL lipid ratios of DPPC- 

85.3%, MSPC- 9.7%, PEG- 4.5%. Addition of 0.5 mol% of Cu-L-Mal-PEG (copper-ligand-

maleimide-PEG) was used for covalent CXCR4-NPs and labeled C-CXCR4-LTSL. Nanoparticles 

(NPs) were then dried in vacuo as previously published (See Chapter 2). In brief, NPs were dried 

overnight in desiccator. Following drying, they were hydrated in a 300 mM citrate buffer, pH 4.0. 

After external buffer exchange via PD-10 column with 1X PBS, 2% wt/wt drug loading was done 

by incubating liposomes at 37°C for one hour. LTSL were used in their normal ratios of DPPC- 

85.3%, MSPC- 9.7%, PEG- 5% as a control.  

Electrostatic CXCR4-LTSL procedure  

LTSL (DPPC- 85.3%, MSPC- 9.7%, PEG- 5%) were synthesized as previously described. 

Following synthesis, LTSL (2mg/100 µL) were incubated with various amounts of AMD-3100 or 

SJA05 (10-1000 µg, 2mg/mL stock solution) for electrostatic coordination to the surface of NPs. 

Solutions were thoroughly mixed, vortexed, and incubated for ~30 minutes.  

Size analysis of CXCR4-LTSL 

Both covalently attached and electrostatically linked versions of CXCR4-NPs were characterized 

for size (z-average) using a dynamic light scattering (DLS) instrument (Zetapals, Brookhaven 

Instruments, Holtsville, NY) by employing a non-negative least squares algorithm. The calibration 

standard used was a Thermo Scientific 3090A polystyrene nanosphere standard with a particle size 

of 92 ± 3 nm. During measurements, the filter wheel attenuation for sample optimization was set 

to between 500–750 kcps for the detectors avalanche photo diode and photo multiplier tube 
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respectively. Briefly, 1-2 µL of LTSL solution were added to 3 mL of water in a cuvette, and DLS 

measurements were taken at RT. 

Statistical Analysis 

Treatment groups were compared for differences using 2-way ANOVA multiple comparisons with 

Tukey’s multiple comparisons test using GraphPad Prism 9.2.0.  

Results 

CXCR4 expression in cancer cell lines  

To determine the CXCR4 expression of glioblastoma cells, we measured the baseline expression 

of CXCR4 using flow cytometry. U87.CD4.CXCR4 demonstrated ~60% CXCR4 expression. 

U87.CD4 showed negligible expression of CXCR4 (<0.2%; Fig. 26). Thus, verification of CXCR4 

cell lines was shown.  

CXCR4 inhibition of AMD-3100 versus TJH06 antagonist 

To determine the CXCR4 antagonistic activity of commercial vs synthesized agents, we measured 

the free CXCR4 receptors by flow cytometry after pre-treatment with CXCR4 antagonists. Results 

showed decrease of unblocked CXCR4 receptors available for fluorescent antibody binding. 

Inhibition of CXCR4 was successful at 100 µM for both AMD-3100. AMD-3100 decreased 

measurable expression from ~60% to ~19% in U87.CD4.CXCR4 (Fig 27, pink bars, left vs. right). 

Similarly, inhibition of CXCR4 was successful with TJH06. TJH06 blocked CXCR4 receptor 

expression from ~60% to ~1% (Fig 27, turquoise bars, left vs. right).  

Antagonism of CXCR4 augments chemotherapy efficacy in various cancer cell lines  
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To determine the efficacy of the combinatorial drug regimen of anthracenedione-based 

chemotherapies and CXCR4 antagonism, we measured the co-treatment efficacy via cytotoxicity 

assays. We used 2 different concentrations (50, 100 µM) of the commercial (AMD-3100) and 

synthesized (TJH06) CXCR4 antagonists for 24h treatments. Results showed both AMD-3100 and 

TJH06 improved cytotoxicity of therapies (Fig. 28-29). Moreover, TJH06 induced increased killing 

responses compared to AMD-3100. Specifically, a significant enhancement in DOX toxicity in all 

murine cancer cell lines was observed in the presence of TJH06 (100µM) except ID8 ovarian cancer 

cells. MTX also displayed significant increases in cell cytotoxicity in combination with TJH06. 

Likewise, PIX’s effects were enhanced by TJH06 in all cell lines except ID8 ovarian cancer cells. 

Overall, significant cancer cell killings were achieved in 3/15 cases with AMD at 50 µM. 

Meanwhile, 6/15 cases were significant with TJH06 at 50 µM. When the treatment concentration 

was increased to 100 µM, significance rose to 7/15 cases in AMD and 12/15 cases in TJH06. This 

indicated TJH06 produces a relatively higher enhancement in drug efficacy. It also demonstrates 

concentration dependence.   

To determine the chemotherapy that had the most enhancement upon CXCR4 addition, we 

analyzed differences of co-treatments to free drug controls. When these free drugs are compared 

with co-treatments including CXCR4 antagonists (AMD, TJH), it was shown that DOX is enhanced 

in 10/20 cases of significance, MTX 12/20 and PIX 7/20. Therefore, MTX received the most 

benefits from addition of CXCR4 co-treatment.  

Chemical synthesis 

To determine the feasibility of attaching a cross-bridged cyclam derivative to NPs, we chemically 

modified a previous ligand to display a pendant thiol arm for maleimide-thiol crosslinking. Results 

showed support of successful chemical modification by LC-MS, NMR, and elemental analysis. 

After synthesizing thiol-pendant armed ligand/metal complex, a preliminary result of crosslinking 
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was shown by model compound (phenyl maleimide). Results showed the decrease of the alkene 

proton ( = 6.77ppm) of our model compound over time. This was indicative of crosslinking.   

 

Synthesis and characterization of covalently attached CXCR4 antagonists loaded with DOX 

To determine preliminary ways of covalently attaching CXCR4 antagonists to LTSL, CXCR4-NPs 

were synthesized by thiol-maleimide crosslinking. Our data suggests successful NP synthesis with 

no significant deviation of properties relative to LTSL (Table 2). During NP synthesis and drug 

loading, there was a significantly lowered encapsulation efficiency of DOX. Values decreased from 

>90% to 52% drug loading for covalent-CXCR4-LTSL. 

Synthesis and characterization of electrostatically linked CXCR4 low temperature-sensitive 

liposomes (LTSL) co-loaded with chemotherapies (DOX, MTX, PIX) 

To determine the ability of CXCR4 antagonists to electrostatically attach to the surface of anionic 

LTSL, we mixed both drugs with our LTSL solutions and characterized the results. Results 

indicated no significant changes in size or polydispersity. However, zeta potential changes were 

directly correlated to the increase of CXCR4 antagonist used (Fig. 30).  Similarly, results from 

SJA05 addition showed increases in zeta potential. The increases were more enhanced in 

comparison to AMD-3100. This is most likely due to the molecular structure of SJA05 containing 

Cu2+ ions. This would contribute to the cationic nature of the molecule.  

Discussion 

CXCR4 antagonism improved anthracenedione-based chemotherapy (DOX, MTX, PIX) 

effectiveness. (1) Addition of AMD-3100 showed decreased viability relative to free drug controls 

(Fig. 28, 29). (2) Co-treatments with TJH06 similarly showed increased toxicity relative to free 

drug controls (Fig 28, 29) (3) The cases of enhancement were increased when concentration of 
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CXCR4 antagonists was doubled from 50 to 100 µM (Fig. 28, 29). Thus, concentration-dependence 

of effect was demonstrated. To the best of our knowledge, this is the first report of CXCR4 blockade 

used in combination with DOX, MTX and PIX in glioblastoma. Others have reported that DOX 

blockade sensitized osteosarcoma to doxorubicin317. We also report the use of TJH06, a synthesized 

CXCR4 compound, in use as a co-therapy with chemotherapies, whereas many only report 

commercially available CXCR4 antagonists (AMD-3100).  

In this study, a novel thiol-armed macrocycle was reported. (1) Electrospray mass spectrometry 

peaks were indicative of ligand synthesis and copper isotope splitting. (2) Elemental analysis values 

showed carbon, hydrogen, and nitrogen in the acceptable range for our calculated compounds. (3) 

NMR peaks show peaks suggesting compound synthesis and preliminary reaction by decrease in 

phenyl-maleimide peak.  

We report preliminary evidence of LTSL NPs containing CXCR4 through two methods. Covalent 

CXCR4 NPs evidence includes: (1) The model reaction phenyl maleimide and thiol-ligand 

produced a reduction in phenyl-maleimide proton NMR peak, indicating reaction. (2) Size and 

polydispersity of NPs stayed similar relative to LTSL not containing thiol ligand (Table 2). (3) Zeta 

potential was slightly more positive due to the small amount of cationic CXCR4 antagonist moiety 

added (0.5 mol%) (Table 2). Others have reported different a similar maleimide conjugation with 

a biomolecule instead that utilized amines rather than thiols318.   

A different method of crosslinking moieties onto NPs can occur through simple attraction/repulsion 

mechanisms and binding. Previously published CXCR4 antagonist, SJA05, and commercially 

available, AMD-3100, were compared in this study for their ability to attach to anionic LTSL. 

Electrostatic attachment showed similar evidence of initial success of synthesis. (1) Addition of 

AMD-3100 increased zeta potential (Fig. 30) like previous reports204. This demonstrates the anionic 

character of LTSL becoming more cationic in nature due to small molecules being added. (2) 
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Incubation of LTSL with SJA05 further enhanced the cationic nature (Fig. 30). This fits expected 

observations since copper-containing complexes would be more cationic (Fig. 30, left panel) 

relative to AMD-3100. (3) The increase of AMD-3100 and SJA05 concentrations increased the 

cationic nature of NPs (Fig. 30). Others have reported a similar procedure of attaching AMD-3100 

onto anionic lipid-coated nanoparticles204. Another similar charge-based formulation used 

polynucleotides (siRNA) within NP formulation319. This is the first report of using the synthesized 

SJA05 CXCR4 antagonist in this electrostatic NP prep. Therefore, in application, the surface 

coating of CXCR4 antagonists could ensure that all CXCR4 antagonists are on the surface to 

interact with CXCR4 receptors. In contrast, the interactions with serum proteins would need to be 

anticipated and tested to ensure loss of antagonist did not occur. Hence, the potential application of 

CXCR4 within NPs has been utilized in various applications. CXCR4 blockade can be used as a 

targeting mechanism320 or sensitization/therapeutic enhancement317.   
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Figure 25. CXCR4 antagonists used throughout manuscript 

AMD-3100 (Plerixafor) was purchased from AdooQ; Ligands 1-4 and their corresponding metal 

complexes were synthesized at Southwestern Oklahoma State University (SWOSU) in the lab of 

Dr. Timothy Hubin; (1) p-linked-cb-cyclams and its copper complex Cu(1)  TJH06 (2), m-cb-

cyclens m-linked-cb-cyclens and its copper complex Cu(2); TJH00 (3), thiol-methyl-cb-cyclam 

and its copper complex Cu(3); TJH02 (4), thiol-methyl-cb-cyclen and its copper complex Cu(4)  
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Schemes 1, 2. Synthetic routes of bis-cyclam (SJA05) and cyclen ligands (TJH06) 

Previous step of glyoxal addition is not pictured. Iodomethane is added to macrocycles to give 

bis-methylated macrocycles. These are reduced by sodium borohydride and complexed with 

CuCl2 to yield bis-copper complexes. (1, Top, cyclam synthesis; 2, Bottom, cyclen synthesis) 
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Scheme 3. Synthetic route of synthesis for novel thiol ligands via glyoxal-bridge, 

thiol arm addition and deprotection. 

To determine if addition of thiol pendant arm was possible, we did a pilot reaction with a 

protected thiol arm. Chloro-propyl thioacetate was replaced with iodine via published procedure 

to make it more amenable to attachment to macrocycle (named IPTA). Attachment of IPTA was 

followed to a H1Me1-cb-cyclam in dimethylformamide (DMF). Subsequent copper complexation 

in methanol was conducted.  
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Scheme 4. Metal complexation of thiol cyclam and cyclen thiol ligands. 

For a larger scale production, a similar technique was used with a simpler macrocycle. Steps 

included 1) arm attachment, 2) methylation, 3) borohydride reduction, 4) copper complexation.  
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Scheme 5. Model phenyl thiol-maleimide complexation reaction. 

To determine the potential of thiol-maleimide crosslinking, a model phenyl maleimide was used 

to observe crosslinking potential. R- Phenyl; Thiol-methyl-cb-cyclam was reacted with phenyl 

maleimide to yield a crosslinked product as illustrated above. This reaction occurs through thiol-

maleimide crosslinking reaction to yield a thiosuccinimide product. 
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Figure 26. Glioblastoma variably expressed CXCR4 depending on specific cell line  

To determine baseline expression of CXCR4 in glioblastoma cell lines, surface expression of 

CXCR4 was quantified through flow cytometry by PE-CXCR4 antibody (R&D).  
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Figure 27. CXCR4 inhibition with TJH06 was greater compared to AMD-3100 in 

glioblastoma U87.CD4.CXCR4 and U87.CD4 cell lines  

U87.CD4 and U87.CD4.CXCR4 cells were seeded, then pre-treated with CXCR4 antagonists (100 

µM (AMD-3100 and TJH06)). Cells were then similarly stained as Fig. 26 with PE-CXCR4 

antibody (R&D) and fixable viability stain 450 (BD Horizon) after several washings.  
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Figure 28. CXCR4 antagonism enhanced DOX, MTX, and PIX in murine cancer 

cells in vitro 

To determine co-treatment efficacy of chemotherapies + CXCR4 antagonists in murine cancer 

cells, B16F10, 4T1, and ID8 were co-treated with CXCR4 antagonists TJH06 or AMD-3100 (50, 

100 µM) and chemotherapies for 24h. Cell viability was measured by MTT assay. Cytotoxicity 

data sets were represented as mean ± SD unless otherwise indicated (n=6-12 per group unless 

otherwise indicated, well replicates of a single passage of cells). For analysis of these groups, 

two-way ANOVA was performed followed by Dunnett’s multiple comparison’s test (p < 0.05 is 

considered significant). (A) ID8, (B) B16F10, (C) 4T1. All comparisons are relative to free drug 

control.   
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Figure 29. CXCR4 antagonism enhanced DOX, MTX, and PIX against human 

glioblastoma cells in vitro 

To determine co-treatment efficacy of chemotherapies + CXCR4 antagonists in human 

glioblastoma cancer cells, U87 (CD4.CXCR4 and CD4) cells were co-treated with CXCR4 

antagonists TJH06 or AMD-3100 (50, 100 µM) and chemotherapies for 24h. Cell viability was 

measured by MTT assay. Cytotoxicity data sets were represented as mean ± SD unless otherwise 

indicated (n=6-12 per group unless otherwise indicated, well replicates of a single passage of 

cells). For analysis of these groups, two-way ANOVA was performed followed by Dunnett’s 

multiple comparison’s test (p < 0.05 is considered significant). (A) U87.CD4.CXCR4, (B) 

U87.CD4. All comparisons are relative to free drug control.   
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Table 2. Covalent-CXCR4-LTSL showed similar physicochemical profile as LTSL 

To determine biophysical characteristics of LTSL when adding 0.5 mol% of thiol-maleimide 

crosslink reaction, comparative batches of LTSL were synthesized. LTSL lipid ratio-  DPPC- 

85.3%, MSPC- 9.7%, PEG- 5%, covalent-CXCR4-LTSL lipid ratio- DPPC- 85.3%, MSPC- 

9.7%, PEG-4.5%, Copper-thiol ligand-maleimide-PEG-0.5% (L-Cu-LTSL).  
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Figure 30. Electrostatic linkage of CXCR4 antagonists to LTSL altered their zeta 

potential while maintaining size and stability 

To compare physicochemical properties of LTSL after addition of cationic CXCR4 antagonists, 

LTSL (2 mg/100µL) were incubated with various concentrations of AMD-3100 or SJA05 (10-

1000 µg of AMD/SJA from 2mg/mL solutions). They were lightly vortexed and incubated for 30 

minutes. DLS and PALS characterizations were subsequently performed. Size was maintained 

(c.a. 200 nm) while zeta potential was increased based upon the amount of CXCR4 antagonist 

added.  
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Figure 31. Model concept of CXCR4-NPs made in this study 

1) Covalent CXCR4-NPs were synthesized by novel-pendant arm modification and thiol-

maleimide crosslinking reaction, 2) Ionic, or electrostatically attached,CXCR4-NPs were 

synthesized by co-incubating previously published SJA05 and commercially available AMD-

3100 with anionic LTSL.  
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