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ABSTRACT 

Although great progress has been made, cancer still remains one of the most 

prevalent maladies plaguing mankind. New treatment methodologies using nanoparticles 

have come to the forefront by allowing for enhanced delivery of therapeutics to the tumor 

site. The design of the nanoparticle should allow for long circulation times, tumor-

specific targeting and efficient release at the site of action. This requires that both the 

external shell and internal core of the nanoparticle be carefully selected to meet the 

maximal criteria of each of these steps. Poly(sialic acid) (PSA), a naturally occurring 

polysaccharide, meets all of the benchmarks of an effective exterior coating yet remains 

relatively unexplored in the field of drug delivery. Due to stealth properties, natural 

tumor targeting ability, and inherent pH-responsive elements, PSA has frequently been 

viewed as a “next-generation” surface coating. Just as important, the internal composition 

of the carrier should aid in effective drug loading but also rapid release. The selection of 

the core containing groups as well as therapeutic should be maximized in order to 

customize the carrier to drug. Here, we have developed PSA micelles composed of 

various internal groups selected to maximize drug loading and facilitate release. Loading 

of the chemotherapeutic doxorubicin was optimized through variations in non-covalent 

bonding forces between drug and carrier. Furthermore, PSA micelles composed of 

internal pH-responsive groups of varying hydrophobicity were also developed to tailor 

micelle swelling points at conditions analogous towards those found upon cellular uptake. 

Both of these were effective delivery platforms towards MCF-7 human breast 

adenocarcinoma cells. 
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CHAPTER 1 

1. BACKGROUND AND INTRODUCTION 

1.1 Cancer 

1.1.1 Overview 

 Cancer comprises one of the worst epidemics facing humankind. Already 

accounting for nearly 13% (7.6 million) of all deaths worldwide and second only to 

cardiovascular diseases [1], this number is expected to rise to 13.1 million by the year 

2030 [2]. Seemingly omniscient within society, cancer develops without any regards to 

age, gender, societal position or race; one-half of men and one-third of woman will 

develop it within their lifetimes [3].  

The causes of cancer, while still hotly debated, can arise from exposure to 

chemicals/carcinogens (nicotine), radiation exposure, viruses (Hepatitis B/C, HIV, 

Epstein-Barr) and potential genetic heredity [4]. Genetic variation in both oncogenes as 

well as tumor suppressor genes play a strong role in cancer genesis [5]. Oncogenes 

initiate normal cells to proliferate in a largely uncontrollable fashion. Aptly named due to 

their ability to control cellular division, DNA repair, and cellular communication upon 

cell death, malfunctioning tumor suppressor genes can result in uncontrollable cellular 

proliferation. Cancer develops when normal cells start to grow at increased and abnormal 

rates. Instead of dying, these cells continue to divide into new cancer cells, generally a 

result of irreparable DNA damage. Interestingly, this DNA damage can be passed on to 

multiple generations from parent to child [6], thereby making cancer a potentially 

inherited disease. This DNA damage can result as well from exposure to environmental 
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factors (e.g. smoking) [7]. Cancer cells which replicate at highly enhanced rates will form 

a solid tumor at the organ of origination. In some cases, cancer cells are not just confined 

to one specific area but can actively reach others via blood circulation or lymph node 

pathways. This process, known as metastasis, can result in cancer cells which arose in 

one organ to become present in another, yet still maintaining their original phenotype of 

origin  (e.g. breast cancer cells are still breast cancer cells even if there are present in the 

liver) [8].  

A wide range of established and new therapies have been developed in order to 

meet diagnosis and treatment needs. Early detection via non-invasive methods such as 

imaging [9] and biomarkers [10-12] is absolutely essential for enhancing the potential for 

successful treatment. Once detected, treatment methods have become fairly standard, 

supplemented by new methods such as hormonal or adjuvant therapy [13], 

immunotherapy [14] and gene therapy [15]. Established as the standard treatment of care 

since the latter half of the 20th century, a combination of surgery and 

chemotherapy/radiation is normally administered to the patient. For example, treatment 

of the pediatric bone cancer Ewing’s Sarcoma (EWS) is predicated upon the presence of 

metastatic spread and thereby differentiated into localized disease and metastatic disease 

treatment groups. Post-diagnosis, treatment of localized disease is focused on primary 

site tumor removal through surgery. A strict bi-monthly regimen of multi-agent 

chemotherapy is then applied with radiation viewed as a second line of defense due to the 

age of the treatment group and resulting associated dangers (e.g. growth impairment of 
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targeted tissue, risk of later-life cancers). Chemotherapy will resume until the treatment 

course is complete.   

While surgery, chemotherapy, and radiotherapy have made significant progress, 

these technologies have recently reached a plateau in the treatment of cancers such as 

EWS. Failure of chemotherapeutics normally lies in their systemic method of 

administration where variability of drug biodistribution, adsorption and metabolism occur 

[16]. Doxorubicin and ifosfamide, two of the most commonly used chemotherapy drugs 

in EWS, are known to have small therapeutic windows [16], sufficiently decreasing their 

efficacy and therapeutic effect. Difficulty arises in chemotherapeutic penetration into the 

tumor site, inhibited by environmental properties of the tumor such as higher hydrostatic 

pressure and alterations in tumor vasculature [16]. To also heighten the difficulty of 

treatment, sarcomas such as EWS can become chemo- and radio- resistant as well as 

relapse into progressive tumors [16]. In such a case, chemotherapy is ineffective due to 

enhanced tumor cell drug resistance and toxicity to normal healthy cells.   

 

1.1.2 Chemotherapeutics in Cancer Treatment 

While certainly effective to a degree, these current treatment methods mainly 

composed of surgery, radiation and chemotherapeutic drug use pose a significant risk to 

the health of the patient [17]. In order for the patient to obtain treatment, intravenous 

infusion of chemotherapeutics is the principal route of administration for a large array of 

malignancies [18]. These can exceed nearly 1 million infusions per day worldwide [18]. 

While administered with the intent for the treatment of the tumor, side effects are 
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numerous. Upon injection, the chemotherapy agent can infiltrate the subcutaneous or 

subdermal tissue at the tissue site and result in cellular death (necrosis) [18]. For the drug 

which does make it to circulation, another significant drawback is encountered. Diffusion 

of the drug from the capillaries of bloodstream circulation to surrounding tissues can 

greatly compromise the drug efficacy at the tumor site as well result in significant 

damage to the patient [18]. It has been noted that this chemotherapy extravasation 

remains an “accidental complication” upon administration to patients [18]. As a result of 

this extravasation, patients can encounter severe tissue damage at non-targeted sites as 

well as other unwanted side effects. Administration of free drug chemotherapeutics can 

lead to significant harm to the patient, ultimately resulting from sufficiently poor tumor 

targeting and water insolubility. Drugs such as these with limited aqueous solubility often 

show poor bioavailability, high clearance post-administration and biodistribution to non-

targeted areas resulting in off-target side effects, low therapeutic efficacy and induced 

cytotoxicity with systemic dosing [19]. 

Anthracyclines posses the greatest threat towards tissue compared to other 

vesicants upon extravasation. Side effects experienced by patients are numerous. Upon 

administration, pain and burning can last up to hours only to be replaced by lesions over 

the course of weeks and months as the tissue continually builds up the extravasation 

vesicant [18]. When significant extravasation is present, painful necrotic tissue can build 

up at the injection site [18]. Of these anthracyclines, doxorubicin (Adriamycin, DOX) is 

one of the most commonly used clinical chemotherapeutic agents, resulting from high 

activity within a wide range of tumor types [20]. Approved by the FDA [21], DOX has 
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been used for the treatment of various cancers including hematological malignancies, 

carcinomas, and soft tissue sarcomas [22]. Upon introduction to the intracellular 

environment, DOX results in antimitotic and cytotoxic activity through various modes of 

action [20]. Cell death will be initiated through complex formation with the DNA helix 

via intercalation between base pairs and/or covalently to the proteins involved in DNA 

replications and transcription [21]. Toposimerase II activity is inhibited through the 

stabilization of the DNA-topoisomerase II complex, thereby preventing the relegation 

portion of the ligation-relegation reaction catalyzed by topoisomerase II [20]. The 

intercalation between DOX and DNA takes place within the nucleus, making nuclear 

delivery essential in order to obtain drug efficacy [23]. 

DOX encounters a problem frequented with many chemotherapeutic drugs. 

Cancer cells have the ability to develop defense mechanisms which can decrease the 

toxicity of chemotherapeutics agents [20].  Upon passive cellular uptake of drugs such as 

DOX, ATP-binding cassette (ABC) efflux transporters found on the cell membrane can 

pump the drug back out of the cell [24]. These transporters include MDR proteins (e.g. 

MRP1 and MRP4) and P-Glycoprotein (P-gp), a large glycosylated membrane protein 

[24]. This ultimately results in cells which can build up a resistance to 

chemotherapeutics, known as Multi-Drug Resistance (MDR). Anthracycline anticancer 

drugs such as DOX are known to be P-gp substrates, resulting in efflux of the DOX out 

of tumor cells [23]. DOX is a substrate for these membrane efflux pumps as well as 

suspect to cytoplasmic detoxification [20], thereby limiting drug internalization efficacy. 

In order to overcome this problem, it has been proposed that a different mode of entry is 
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needed in order to improve the therapeutic index of DOX [22]. DOX-loaded within 

nanocarriers (e.g. liposome, nanoparticle, micelles) will be taken up via endocytosis, 

thereby allowing for protection of the drug and increased intracellular drug 

concentrations [24]. As a result of endocytosis being an energy-dependent process, ATP 

production is reduced within drug resistant tumor cells which thereby reduces the effect 

of drug efflux by the ATP-binding cassette transporter efflux pumps [24]. This 

intracellular delivery via nanoparticles ultimately can bypass or reverse MDR due to 

consistent DOX release from nanoparticles within the cytoplasm and nucleus suppressing 

P-gp action [23].  

 

1.2 Nanomedicine in Cancer Applications 

1.2.1 Overview 

 While all of these therapies have contributed to sufficient progress in the field of 

cancer treatment, nanomedicine has provided significant interest in solving the problems 

associated with chemotherapeutic treatment [25-27]. According to Nature, nanomedicine 

is defined as “a branch of medicine that applies the knowledge and tools of 

nanotechnology to the prevention and treatment of disease…nanomedicine involves the 

use of nanoscale materials such as biocompatible nanoparticles and nanorobots, for 

diagnosis, delivery, sensing or actuation purposes in living organisms” [28]. Of all the 

diverse areas associated with this rapidly growing field, one of the most well-researched 

and all expansive subjects has been that of nanoparticles [29-32]. 



 

 7 

 The problems of chemotherapeutics have already been well-established, thereby 

pertaining to the next question. While these drugs are obviously effective at destroying 

cancer cells while also doing the same to their healthy/non-cancerous counterparts, is 

there a way in which the drug can only reach the tumor site and avoid these 

complications? This is where the benefits of nanoparticles can be exploited to answer this 

question. Nanoparticles, particles within the nano-sized range of 1-1000 nm [33], come in 

a wide array of types derived from a number of sources and synthesized numerous ways. 

Many different types of organic/inorganic particles nanoparticles have been used for drug 

delivery applications [31], encompassing a wide array of approaches. These nanocarriers 

have been frequently proposed in numerous cancer applications as either a platform for 

therapeutic delivery as well as imaging and diagnosis [34]. For many therapeutic 

purposes, the nanoparticle serves as a protective carrier for the drug or imaging agent in 

order for it to gain access to the targeted tumor site while still maintaining drug efficacy. 

The drug can be added or “loaded” into the nanoparticle in a number of different ways 

such as encapsulation within the core [35], polycomplexation between drug and carrier 

[36] and surface conjugation methods [37]. Nanocarriers can then be made to release 

their payload in a controlled release fashion or triggered in response due to an 

environmental change such as pH, redox or temperature [38]. 

 Compared to the use of free drugs, the added protection of nanocarriers provides 

significant benefits. These include safety from premature drug degradation, limited 

interaction with the biological environment, enhanced drug absorption within specific 

tissue (e.g. solid tumors), the ability for controlled delivery and release at a tissue site as 
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well as improved intracellular penetration [17]. The ultimate goal of nanomedicine for 

use in cancer therapy relies on providing selective and controlled delivery of cancer 

therapeutics towards a targeted tumor site, enhancing the drug pharmacological profile 

and thereby offsetting side effects normally associated with the free drug administration 

[39]. In order to successfully accomplish this, the drug delivery system should exhibit 

targeted delivery, efficient loading and controlled release [40]. This targeting can be 

branched into two specific schemes (passive and active) for which nanoparticles can 

effectively reach the tumor site. 

 While these new lines of treatment with nanoparticles are certainly promising, 

chemotherapeutic agents still tend to remain the standard treatment of care. These, again, 

are limited by tumor specificity and restricted antitumor activity which can lead to high 

systemic toxicity, side effects on healthy organs and dosage size limitation for effective 

tumor treatment [41]. In order for nanoparticles to come to the forefront of 

chemotherapeutic delivery, they must exhibit certain properties in order to be considered 

a viable treatment approach. These include high drug loading, long circulation times, 

targeting to and build up at the tumor site, cellular uptake and efficient payload release. 

 

1.2.2 Properties of Nanoparticles for Use in Drug Delivery 

1.2.2.1 Long Circulation Times 

1.2.2.1.1 Avoidance of Immune System Recognition 

Upon systemic introduction, nanoparticles can experience a wide array of steps 

before ever reaching the ultimate goal of the tumor site. These steps include endothelial 
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adherence upon circulation, diffusion through intercellular space, targeting to specifically 

diseased cells, uptake within the targeted diseased cell and eventual intracellular release 

[42]. While each is important, recognition by the immune system remains the most 

significant threat. Analogous to bacterial and viral entry [17], circulation times of 

nanoparticles will be dependent upon interactions with endothelial vessels, other cells as 

well as blood circulating complement or opsonin proteins (e.g. C3, C4, C5, laminin, 

fibronectin, C-reactive protein, type I collagen and immunoglobulins) [2]. Normally used 

in marking bacteria or viruses for uptake by phagocytes, these proteins can also mark the 

nanoparticle for early clearance by the Mononuclear Phagocytic System (MPS) (also 

known as the Reticuloendothelial system; RES), in the liver and spleen, resulting in 

significant filtration at those organ sites [2]. Secondary phagocytic macrophages known 

as Kupffer cells found within the liver act as another area of potential premature 

clearance [2]. This detection by the immune system can provide an immediate obstacle 

for nanoparticles. Opsonin proteins which are bound to the nanoparticle surface change 

conformation, ultimately expressing certain receptors which act as biorecognition sites 

for phagocytic removal [2].  

 

1.2.2.1.2 Stealth Coatings 

Nanoparticle interaction with opsonins is strongly dependent upon their surface 

properties such as van de Waals, electrostatic, ionic and hydrophobic/hydrophilic forces 

[2]. The extent to which the nanoparticle surface will ultimately be opsonized is 

dependent upon the culmination of all of these. Increased opsonization has been noted in 
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particles which exhibit hydrophobic and charged surfaces as opposed to their hydrophilic 

and neutral counterparts [2]. This makes the external composition of the nanoparticle 

essential as the interfacial interaction between the nanoparticle corona and physiological 

milieu will dictate opsonization and clearance. As previously stated, the main issue which 

arises with many therapeutics is that they are limited by poor water solubility which 

initiates rapid clearance [43]. This will limit the therapeutic half-life and decrease drug 

efficacy, thereby requiring significantly more administrations on a more frequent basis 

and enhancing unwanted side effects [43]. Similarly, nanoparticles which exhibit the 

same properties of poor hydrophilicity can elicit the same response as free therapeutic 

formulations [44]. In many cases such as this, the major limitation of long-circulating 

nanoparticle systems is protein absorption, initiating opsonization, aggregation and fast 

clearance from the bloodstream [43]. This effect of nanoparticle opsonization can result 

in clearance in a quickly as only a few minutes [43].  

While nanoparticles can be efficiently targeted and cleared by the immune 

system, it has been noted that bacteria and viruses with similar size properties to 

nanoparticles can ultimately avoid this phagocytic detection [2]. By exhibiting negative 

charges on the periphery of their surfaces, both bacteria and virus’ can effectively repel 

off circulating phagocytes [2]. Analogous in nature, nanoparticles can be formulated with 

long, hydrophilic polymers chains within their corona to achieve long circulation times 

[32, 45-47]. This results in the formation of a protective stealth-like “watery cloud” 

around the carrier particle, allowing for evasion of the immune system and long-

circulating properties [48]. These coatings have include polymers of vastly different types 
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and properties, including synthetic formulations (polyvinyl pyrrolidone, polyvinyl 

alcohol, polyacrylamide), natural polysaccharides (dextran, poly(sialic acid), hyaluronic 

acid, chitosan and heparin) as well as poly(ethylene glycol) (PEG)-based polymers and 

copolymers (poloxamers, poloxamines and polysorbates) [2]. 

The surface charge of these particles will greatly dictate the response from the 

body once they are introduced. Particles with a positively charged surface tend to suffer 

from non-specific cell uptake [43]. Drawbacks of positively charged systems have also 

included plasma adsorption and particle aggregation, thereby limiting their blood half-life 

[23]. While neutral and anionic formulations have shown little difference in cellular 

uptake upon protein absorptions, anionic formulations were shown to build up in the 

spleen and liver four hours post-injection [49]. This is believed to be a result of the 

synergistic approach that the anionic coating initiates, providing both steric and 

electrostatic repulsion between the carrier and cell surface and decreasing cellular uptake. 

Negatively charged surfaces such as those comprised of dextran have exhibited reduced 

plasma adsorption, particle aggregation and long-circulation times [23]. Charge also 

dictates potential clearance sites within circulation. Positively charged particles have 

been shown to accumulate within the kidneys while negative and neutral particles were 

found to build up within the liver and spleen [50]. Hepatic uptake was also significantly 

lower, as urinary excretion was the main route of excretion. These benefits have made the 

use of negatively charged surfaces in nanoparticle formulations exceptionally 

widespread. 
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Of all of the anionic coatings used, none have become more prevalent in usage as 

a stealth agent than PEG. Hydrophilic polymers such as PEG have the ability to repel 

proteins based upon their composition, molecular weight, surface density, coating 

thickness, flexibility, architecture and physiochemical properties of anchoring moieties 

[2]. The “stealth”-like properties arise from the interaction between PEG and the 

surrounding aqueous milieu. Based upon its structure, PEG can hydrogen-bond with three 

water molecules per repeat unit, ultimately providing a “watery cloud” around the outside 

of the particle [48]. This cloud acts as a protective boundary layer between the external 

aqueous environment and the internal drug-containing nanoparticle core, thus evading 

recognition of both the RES and Kupffer cells and allowing for longer circulation times 

and increase residence times at the tumor site [2].  

While PEG usage has become the requisite “gold standard” as the hydrophilic 

coating of choice in many drug delivery systems, recent developments have yielded a 

potential “PEG Problem” [19]. Limited interaction with cells [51], rapid excretion by the 

kidneys [48], induction of antiPEG-IgM in both humans and animals [52], intracellular 

build up due to poor degradation properties and potential toxicity associated with PEG-

oxidation [19] have all been associated with PEG-based delivery systems. Its 

biocompatibility justifies the ubiquitous use of PEG in various biomedical applications, 

but that use is still limited by a lack of biodegradability and sensitivity to oxidation [19, 

53]. 
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1.2.2.2  Targeting Toward the Tumor Site 

1.2.2.2.1 Passive Targeting 

 While the immune system poses the first and potentially most significant threat to 

nanoparticles, even the longest circulating particles will still encounter premature 

clearance at a number of organs within the body. This clearance is strongly a function of 

the size of the nanoparticle and whether the nanoparticle will be caught within the various 

sized fenestrations of organs within the body. Once introduced to the bloodstream, 

nanoparticles will have to overcome the various morphologies of the endothelial blood 

vessel lining. Under normal circumstances, blood vessels deliver molecules, nutrients, 

and oxygen to various organs within the body [43]. Blood vessels are composed of 

endothelium which all have different compositions based upon where they are found, 

including continuous, fenestrated or discontinuous [43]. Examples of continuous 

endothelial linings can be found within the arteries, vessels, and lungs, thereby limiting 

nanoparticle “leakage” to the surrounding vasculature [43]. There are other areas within 

the body that result in openings within the endothelium and can lead to non-targeted 

nanoparticle build up. Fenestrations within the endothelium have been found to be 

present within the glands, digestive mucosa and kidney [43]. These fenestrations can 

form pores of 60 nm while discontinuous endothelium can form fenestrae ranging from 

50-100 nm, such as is found within the liver [43]. Major nanoparticle clearance sites 

include the liver and spleen, where particles >100 nm can accumulate and be cleared 

through hepatic filtration or resident phagocytes as part of the RES [43]. Larger particles 

are more prone towards surface protein adsorption and thereby opsonization, ultimately 
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resulting in premature clearance from the bloodstream [43]. While larger particles have a 

greater inclination towards clearance, there is also a lower size threshold for 

nanoparticles as those <10 nm are susceptible to excretion via the kidneys [43].  

 While filtration at organ sites is an unwanted consequence nanoparticles must 

overcome, these carriers can also be used to exploit abnormal vasculature normally 

associated with a diseased state. In the case of cancer, tumor properties differ 

significantly from normal tissue. These include hypervascularity, incomplete vascular 

architecture, vascular permeability factor secretion for extravasation within cancerous 

tissue, poor lymphatic drainage from the tumor site and higher tumor-interstitial pressure 

[54]. Smaller molecular weight drugs are often known to leak out of blood vessels during 

circulation, ultimately resulting in the side effects attributed towards non-targeted organs 

[54]. If the drug does make its way to the tumor site, its penetration and distribution are 

strongly dependent on circulation convection as well as convection/diffusion within the 

tumor interstitum, thereby impeding diffusion of larger drug molecules [55]. Due to all of 

these issues, drug efficacy can become greatly compromised and diminished before ever 

effectively reaching the ultimate goal of cellular delivery.  

 These properties which act as drawbacks for administered free drugs can be 

exploited by drug-loaded nanoparticles to enhance tumor-site drug concentrations. As a 

result of quickly growing vasculature, the highly disorganized architecture within the 

tumor microenvironment results in a highly porous tumor structure [56]. These 

fenestrations or pores resulting from an incomplete tumor endothelium can range in size 

from 200-2000 nm with an average size of 400 nm [43]. Nano-sized pores such as these 
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can act as doorways to the tumors for long-circulating nanoparticles, thereby enhancing 

delivered drug concentrations at the tumor site via the Enhanced Permeation and 

Retention (EPR) effect [34, 57, 58]. This “leaky” vasculature (enhanced permeation) 

coupled with poor lymphatic drainage leads to altered fluid and molecular transport 

properties (enhanced retention), resulting in enhanced residence times of drug-loaded 

nanoparticles at the tumor site. Thereby, long-circulating particles of the right size 

passively collect in the highly porous tumor environment without any real targeting 

element or moiety, ultimately leading to the term “passive” targeting [32, 56, 59]. 

Nanoparticles smaller than 200 nm have been noted as the size cutoff for the most 

favorable extravasation from circulation to inside the tumor via the EPR effect [55]. The 

EPR effect has been used to great effect to enhance drug concentrations within the tumor. 

Drugs delivered via nanoparticles have been noted to reach concentrations nearly 250 

times higher at the tumor-site compared to other organs including the liver, kidney, lung, 

spleen or heart [16]. 

 While the EPR effect is vitally important for the potential delivery of drugs to the 

tumor site, nanoparticles need to circulate for greater than 6 hours for sufficient build up 

to take place [2]. Specific properties of the nanoparticle have been shown to dictate how 

it will be both recognized by the immune system as well as organ-specific accumulation, 

indicating the critical properties of blood circulation half-life and biodistribution [43]. 

These properties are greatly influenced by nanoparticle composition, size, core 

properties, surface modifications and targeting ligand functionalization, all of which can 
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drastically affect how the nanoparticle with accumulate in the tissue while reducing the 

level of nonspecific uptake and particle opsonization [43]. 

 

1.2.2.2.2 Active Targeting 

While passive targeting can result in sufficient build up at the tumor site via the 

EPR effect, non-targeted organ sites will still be affected. With each successive pass 

through circulation, nanoparticles will accumulate at both the tumor as well other organs 

containing nano-sized fenestrations (e.g. lungs, liver, spleen). In order to offset this issue, 

the best approach is to build up as many nanoparticles as possible at the tumor site during 

first pass circulation. This can be accomplished by targeting these nanoparticles 

specifically only towards the tumor cells, thereby sparing unaffected healthy cells and 

tissue. In the case of tumor cells, a significant number of markers, antigens, and receptors 

are overexpressed. For example, widely expressed receptors used for selective drug 

delivery via receptor-ligand pairs in cancer include G protein-coupled receptors, 

integrins, folate receptors, transferrin receptors, epidermal growth factor, fibroblast 

growth factor, sigma receptors [60]. This level of receptor overexpression can be used as 

a tumor-targeting scheme through the addition of ligands on the nanoparticle periphery. 

Ligands extending out from the nanoparticle can act as homing mechanisms towards 

tumor cell surface receptors. Using this approach, nanoparticles will dock on the cell 

surface and, based on various other criteria, will be internalized within the cell. This 

method of nanoparticle delivery allows for significantly higher concentrations of the 
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drug-loaded carrier, higher therapeutic effect of the drug payload and decreased systemic 

side effects.  

This idea has been used successfully in many applications which target the folate 

receptor [61]. Due to ligand-receptor interactions at the cell surface nanoparticles will be 

uptaken by cells via receptor-mediated endocytosis, an endocytotic pathway which can be 

exploited in nanoparticle design due to low pH intracellular compartments. While in 

theory this could provide site-specific targeting, many receptors are not exclusive to just 

tumor cells but are vastly overexpressed at other sites within the body, making explicit 

tumor targeting difficult.  

 

1.2.2.3 Cellular Entry and Drug Release 

1.2.2.3.1 Free Drug 

When within close proximity towards the cell, chemotherapeutics such as DOX 

can passively diffuse through the cell membrane and make their way towards their 

targeted site of action. Yet the success of chemotherapy is highly dependent upon 

overcoming MDR due to drug efflux out of the cell before initiating a therapeutic effect 

[62].  

In order to overcome this problem, it has been proposed that a different mode of 

entry is needed in order to improve the therapeutic index of chemotherapeutics like DOX 

[22]. DOX-loaded within nanocarriers (e.g. liposome, nanoparticle or micelle) will be 

uptaken via endocytosis, thereby allowing for the protection of the drug and increased 

intracellular drug concentrations [24]. As a result of endocytosis being an energy-
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dependent process, ATP production is reduced within drug-resistant tumor cells which 

thereby reduces the effect of drug efflux by the ATP-binding cassette transporter efflux 

pumps [24]. This intracellular delivery via nanoparticles ultimately can bypass or reverse 

MDR as a result of consistent DOX release from nanoparticles within the cytoplasm and 

nucleus, thereby suppressing P-gp action [23]. 

 

1.2.2.3.2 Nanoparticle Endocytosis 

 Nanoparticle entry differs greatly from free drug diffusion. Nanoparticles in close 

proximity to the cell surface enter via the multi-step process known as endocytosis. This 

process involves envelopment of the nanoparticles into membrane invaginations, budding 

and pinching off into endocytotic vesicles and eventual sorting into specialized 

intracellular sorting/trafficking compartments. Based upon specific nanoparticle 

properties (e.g. size), the drug-loading carrier can enter the cell through five distinct types 

of endocytosis; phagocytosis, clathrin-mediated endocytosis (CME), caveolin-mediated 

endocytosis, clathrin/caveolae-independent endocytosis, and macropinocytosis. 

 Phagocytosis mainly occurs in phagocytic cells (e.g. macrophages, monocytes, 

neutrophils and dendtritic cells) and is a concern of opsonized nanoparticles. Opsonins 

such as immune, globulins, complement proteins or blood proteins which adsorb onto the 

surface of the nanoparticle will be recognized by phagocytes through ligand-receptor 

reactions. These particles will be engulfed and internalized into vesicles known as 

phagosomes in as little as 30 minutes. The rate of nanoparticle uptake will be strongly 

dictated by the particle size, shape and surface properties. Larger particle sizes resulted in 
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higher phagocytic uptake rates in studies performed with 200-1500 nm radiolabeled 

albumin nanoparticles [63] and 1000-2000 nm polystyrene nanoparticles [64, 65]. Rod-

like formulations have been shown to exhibit long circulation times as opposed to 

spherical counterparts, indicating the importance of configuration and phagocytic 

recognition [66, 67]. The addition of stealth/shielding polymers extending out from the 

nanoparticle corona can decrease carrier opsonization and thereby interactions with 

circulating phagocytes [68]. By extending out, molecules such as PEG can create a 

sufficient enough repulsive force between the particle surface and opsonin protein to 

decrease particle opsonization.  

 Clathrin-mediated endocytosis (CME) acts as a second way of entry for 

nanoparticles, normally used by cells as a way of gaining nutrients and components of the 

plasma membrane (e.g. cholesterol and iron). CME can take place via interactions with 

cell surface receptors (receptor-mediated CME) or by non-specific interactions (receptor-

independent CME) such as hydrophobic or electrostatic interactions [69]. Association of 

nanoparticles with clathrin found on the cell surface membrane form vesicles 100-150 nm 

comprised of both the nanoparticle as well as excess extracellular fluid. The formation of 

these clathrin-coated pits form endosomes which follow a transition to eventual 

lysosomes, drastically decreasing their pH in the process [70, 71]. Anionic particles have 

been shown to be uptaken via both CME as well as cavaloe-mediated endocytosis while 

cationic particles are uptaken strictly by CME [72]. 

 In contrast to CME, caveolae-dependent endocytosis is a third method of 

nanoparticle cellular entry. Normally involved in cellular signaling, transcytosis, 

regulation of lipids, fatty acids, membrane proteins and membrane tension, caveolae are 

flask-shaped invaginations 50-80 nm in size and lined with the protein caveolin, a protein 
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which gives caveolae their distinct shape. Albumin is known to enter the cell via the 

caveolae-mediated route due to its binding to gp60, the albumin receptor [73]. 

Nanoparticles which enter through this route avoid lysosomal degradation, a trait which 

is employed by viruses to bypass these harsh conditions [74]. 

 Cells which are devoid of both clathrin and caveolae result in nanoparticles 

entering via clathrin- and caveolae-independent endocytosis respectively. Examples of 

such include nanoparticles which target the folic acid receptor, allowing for particles to 

be internalized [75]. Particles internalized via this pathway may escape the lysosome, be 

retained within endocytotic compartments or initiate cytoplasmic release [76]. 

 Lastly, nanoparticles can be uptaken via macropinocytosis. Large engulfments of 

extracellular fluid are encased within large membrane extensions (0.2-5 µm) due to 

cytoskeletal rearrangement and, in the process, all particles and molecules within the 

proximal regions are taken into the endocytotic vesicle. This form of endocytosis is 

exceptionally non-specific and found most prevalent in presentation of antigens [77] and 

acts as a pathway for bacterial and viral cellular entry [78]. Nanoparticles which are 

uptaken through this pathway are normally size excluded from entering via the much 

smaller pathways of clathrin- and caveolae-mediated endocytosis [79]. 

 

1.3 Micelles 

1.3.1 Polymeric Micelles as Chemotherapeutic Carriers 

 As a result of the poor properties of chemotherapeutics when administered in their 

free form, some form of protective carrier has been proposed to protect the drug on its 
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way to the tumor site of action. As nanoparticles have come to the vanguard, many 

different formulations have developed in order to take precedence of this advantageous 

situation. Out of the many potential nanoparticle formulations available [31], polymeric 

micelles have come to the forefront as carriers to accomplish this task [80-83].  

Micelles are formed from amphiphilic block or grafted copolymers composed of 

hydrophobic (non-polar) and hydrophilic (polar) components. Upon introduction into 

aqueous environments, the non-polar core forming segments will naturally interact with 

one another due to hydrophobic attractions. These interactions become difficult at low 

concentrations due to corresponding polar interactions that the hydrophilic component 

has with the surround aqueous environment. These hydrophilic components will orient at 

the surface, thus forcing the non-polar component away from the aqueous environment it 

intends to avoid. As the concentration of these amphiphiles increases, the surface tension 

of the aqueous solvent will sharply decrease until the surfactant/amphiphile as the surface 

becomes saturated with these amphiphiles. This point past full saturation at the surface 

allows for the formation of micelles, known as the critical micelle concentration (CMC).  

 At this sufficiently high enough concentration, the non-polar moieties can finally 

interact in a stable fashion. Amphiphiles will naturally self-assemble into micelles 

through core segregation and continue through a variety of intermolecular forces between 

the polymers comprising the core, including (depending upon the composition of the non-

polar group) hydrophobic/electrostatic interactions, metal complexation as well as 

hydrogen bonding [31]. The formation of micelles is strongly a result of the entropic 

driving forces reducing any unfavorable interactions between the hydrophobic chains and 
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the surrounding aqueous environment [84]. The self-assembly of the inner hydrophobic 

core is then stabilized via the outer hydrophilic shell, thereby securing the colloidal 

stability of the system and ultimately maintaining the spherical particle geometry and size 

[55]. 

Upon this stable conformation, micelles composition comprises a corona or core 

structure where the hydrophobic groups orient themselves towards the non-polar core and 

hydrophilic chains remain positioned towards the aqueous environment [85]. Micelle 

formation is dependent upon the molecular weight of hydrophilic and hydrophilic 

segments of the amphiphile where, in order for micelle formation to occur, the molecular 

weight of the hydrophilic block should be the same or greater than that of the 

corresponding hydrophobic block in order to self-assemble in aqueous solvents [85]. 

These surface coating hydrophilic shells decrease interfacial tension between micelles, 

thereby resulting in smaller particles and a decrease in aggregation [86]. 

 Polymeric micelles with core-shell structures have been proposed as delivery 

platforms for anti-tumor drugs to solid tumors [23] and it is during the self-assembly 

process where micelles are particularly useful and as chemotherapeutic carriers. Due to 

inherent properties, the amphiphiles which comprise the micelle have both non-polar and 

polar regions. These amphiphiles can be placed in an organic solvent, thereby avoiding 

natural self-assembly, along with hydrophobic drugs which can be suitably solubilized by 

the selected solvent. During this phase, the non-polar moieties of the amphiphile can 

interact with the drug via non-polar/hydrophobic interactions. Upon transition to an 
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aqueous environment with eventual removal of the solvent by various methods (e.g. 

dialysis), micelles can encapsulate the drug with their non-polar cores.  

 These drug-loaded micelles can thereby enhance drug water solubility, allowing 

for enhanced drug stability, circulation times and targeting of cancerous tissue [87]. The 

inner core of the micelle can be viewed as the drug depot while the external hydrophilic 

shell acts as a protective aqueous coating between the hydrophobic core and aqueous 

milieu [87]. Loading methods vary and are not just exclude to dialysis based methods, 

also including O/W emulsions as well as co-solvent evaporation [88]. Encapsulation of 

drug within the micelle core is shown to be dependent upon a number of factors such as 

the micelle degree of substitution of each repeat unit (hydrophilic group and hydrophobic 

moiety), the molecular weight of the micelle, the specific properties of the hydrophobic 

group, increased hydrophobicity of the hydrophobic group (e.g. chain length) as well as 

feed ratio of the drug [22].  

 

1.3.2 Design Considerations for Micelles 

The design of a micelle will focus greatly on the properties of both the internal 

and external forming segments. The characteristics of each of these will strongly dictate 

how the micelle is formed, maintains stability, initiates drug loading and facilitates drug 

release. In terms of the hydrophobic/non-polar core forming segment, these important 

parameters which need to be taken into consideration are CMC value, loading and drug-

core interactions, stability upon dilution and eventual initiation of drug release. 
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Correspondingly, the hydrophilic component should focus on interactions with the 

surrounding physical milieu including micelle circulation time and efficient site targeting. 

 

1.3.2.1 Critical Micelle Concentration 

 Amphiphiles will self-assemble into micelles only once a sufficient concentration 

limit has been met to initiate this self-assembly process. Anything below this limit, the 

CMC, may potentially lead to pre-micellar aggregates but the essential core-shell 

structure will not be present in a completely stable formation. The CMC is strongly based 

upon the number of polymer chains of which the micelle is composed, known as the 

aggregation number [85]. CMC values are highly indicative of the thermodynamic 

stability of the micelle system upon dilution, a great concern for micelle systems for use 

in in-vivo circulation where high dilution factors are encountered post-administration 

[85]. Low CMC values result in good drug stability in aqueous environments as well as 

prevent micelles from breaking apart when administered to the patient, thereby 

decreasing the likelihood of premature drug leakage [22]. 

 The CMC is shown to be strongly based upon specific parameters. First, increases 

in micelle hydrophobicity as more non-polar groups are introduced to the core forming 

section have shown to decrease CMC, converse to the introduction of more hydrophilic 

groups [22]. This was demonstrated by Wang et al. by developing four different 

polymeric micelle formulations based on sulfated chitosan modified with glycyrrhetinic 

acid, cholic acid, stearic acid or lauric aldehyde [22]. All of these exhibited CMC values 

between 29-90 µg/mL based upon the non-polarity of the chain. This effect on the CMC 
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was also demonstrated by Deepagan et al. in the development of PCL-b-PSA micelles 

with various chain lengths of PCL (4k, 8k, 13k), resulting in CMC values of 8.54, 5.78 

and 1.68 µg/mL respectively as PCL chain length increased [89]. The CMC micelle was 

again lowered by Yan et al. through the addition of a CABCL group to a PCL core, 

resulting in enhanced hydrophobicity of the PCL group in aqueous medium as well as 

introducing additional intramolecular interactions such as hydrogen bonding and π-π 

stacking between CAB groups [90].  

 Besides the chain length and corresponding hydrophobicity of the core-forming 

groups, CMC values are also highly dependent on the types of groups which compose the 

chain. Zhao et al. demonstrated this by varying small functionalities within the core-

forming segments of micelles [91]. Polar groups (phenylacetamide and phenol) resulted 

in higher CMC’s (1.6-1.7x10-5 M) compared to other groups which contained strictly just 

hydrophobic side chains (alkyl, phenyl) with groups of lower polarity (methoxy, acetyl) 

(0.01 mg/mL or 5.3-6.0x10-7 M). Introduction of ring-structures compared to linear 

chains within the core have yielded lower CMC values [22]. This is believed to result 

from the higher hydrophobicity and rigidity of the ring structures as compared to linear 

counterparts [22]. Furthermore, the CMC of micelles containing aromatics has been 

shown to be reduced significantly over aromatic-free formulations and decrease even 

further with increased chain hydrophobicity [92]. 

 Third, CMC has been shown to decrease with increasing graft ratio of 

hydrophobic groups, known as enhancing the degree of substitution (DOS) [23]. This is 

believed to be caused by polymers which can easily disperse in water and form micelles 
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due to the molecular weight of the hydrophilic block exceeding that of the hydrophobic 

block [23]. This was demonstrated by DA-g-PSA micelles synthesized by Bader et al., 

showing decreasing CMC (100-50 µg/mL) with increasing DOS (15-100%) of the PSA 

backbone [19]. Correspondingly, Du et al. have developed stearate-g-dextran micelles 

with CMC ranging from 0.01-0.08 mg/mL depending upon variations in DOS [23]. 

 The CMC value can be detected by a variety of methods, yet the use of pyrene has 

become the most prevalent. Pyrene is a common fluorescent probe for determining the 

critical micelle concentration of nonionic, anionic and cationic amphiphiles [93]. Pyrene, 

being a hydrophobic fluorescent dye, changes fluorescent characteristics depending upon 

the polarity of the solubilizing medium, altering fluorescence behavior when either free 

amphiphiles or micelles are present. These changes can be used to determine when 

amphiphiles form micelles or the CMC. Pyrene is normally dissolved at <10-6 mol/L in 

aqueous solutions, the saturation point in water [93]. As the concentration of the 

amphiphile exceeds the point needed for micelle formulation, the pyrene equilibrates 

between within the hydrophobic core of the micelle and the outside hydrophilic phase 

resulting in a shift of pyrene excitation spectrum [94]. Emission spectra of pyrene are 

measured by exciting the sample at 332 nm. The fluorescence spectrum of pyrene 

showing five dominant peaks in water where the ratio of intensity at the first (I1 at 373 

nm) and third peaks (I3 at 384 nm) is a characterizing parameter of the probes 

environmental polarity [93]. The I1/I3 ratio in hydrocarbon solvents, ethanol and water are 

0.6, 1.1 and 1.8 respectively [93]. As polymer concentration increases, more and more 

pyrene molecules partition into the hydrophobic core, resulting in an intensity increase 
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[89]. I1/I3 remains constant until the amphiphile reaches a certain concentration where the 

I1/I3 ratio quickly decreases. The lower values of I1/I3 indicates that the probe is 

effectively solubilized in a specific hydrophobic environment (e.g. the micelle core) as 

opposed to the hydrophilic aqueous environment. The concentration where the first break 

occurs is marked as the CMC [93] and is determined as the crossover point at the low 

concentration ranges [89]. 

It has been suggested that even at amphiphile concentrations well-below the 

CMC, there can still be small pre-micellar aggregates within the system [93]. In systems 

with small amounts of surface active impurity, the I1/I3 plot can differentiate from 

linearity at low concentrations below the CMC and exhibit curvature at these low 

concentrations [93]. This indicates the high sensitivity of pyrene [93]. The early onset 

aggregation below the CMC may actually be a result of pyrene inducing pre-micellar 

aggregates to form at a very low concentration [93]. 

 

1.3.2.2 Loading and Drug-Core Interactions 

The drug loading of the micelles can be performed in a number of ways, such as 

emulsion, direct dialysis or cosolvent evaporation methods [88]. While the method of 

loading may change, the ability for the micelle to load is strongly dictated by the 

interactions between the drug and the groups which comprise the micelle core. In 

essence, therapeutic payloads such as hydrophobic chemotherapeutics can be loaded 

within micelles through either covalent or non-covalent linkages [95].  
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 Covalent conjugation methods of the drug to the micelle core have been known to 

exhibit rather high loading efficiencies but also affect the therapeutic effect of the 

conjugated drug [92]. Secondarily, these chemically conjugated drugs linked onto 

macromolecular polymers have demonstrated low in-vivo activity as a result of slow 

covalent-linked drug release [96]. Even though micelles such as these are stable within 

blood circulation, release of the drugs slowly via enzymatic hydrolysis leaves a certain 

amount of the payload still physically entrapped within the micelle. Drug delivery 

vehicles developed in a manner such as this often result in the need for high dosages in 

order to elicit a therapeutic effect, thereby increasing the potential toxicity risk [84].  

Contrary to the strong and irreversible nature of covalent bonds, non-covalent 

intermolecular interactions are reversible and environmentally sensitive. This allows for 

the development of carriers which can temporarily load the drug and release it in 

response to specific tissue micro-environments [84]. These interactions can be altered by 

tailoring the properties of the carrier. While intermolecular interactions exhibit 

significantly less strength than typical chemical bonds (1-25 vs 200 kJ/mol), the multiple 

non-covalent interactions between the drug and carrier provide a suitable platform for 

drug loading.  

The loading capacity of these drug delivery systems can be sufficiently different 

based upon the drug loading methods, loading space within the drug carrier, crystallinity 

and glass transition temperature of the carrier but, most importantly, the intermolecular 

interactions between the drug and the carrier, making a one-size-fits-all carrier unlikely to 

be achievable [84]. What must be done is to establish a system which can tailor the 
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carrier to suit the drug of choice. One of the main ways to accomplish this is the addition 

of functional groups within the drug carrier which can improve the intermolecular 

interactions between the carrier and the drug as the strength of these interactions is 

essential for successful high loading capacity. These will act in a simultaneous fashion 

between the drug and carrier, with only three to four being overtly dominant. These can 

range from electrostatic (Hydrogen bonding, 10-40 kJ/mol; π-π stacking, 8-9 kJ/mol; 

Electrostatic interactions, 500 kJ/mol), entropic origins (hydrophobic interactions) or 

quantum mechanical origins (van der Walls-dispersion forces, 1 kJ/mol) [84]. Physical 

interactions such as π-π stacking, hydrogen bonding, stereo-complex formation, and 

crystallinity have all been noted as methods for the enhancement of the thermodynamic 

and kinetic stability of polymeric micelles [92]. Thus tailoring the micelle core towards 

taking advantages of the properties of the drug is absolutely essential in maintaining 

micelle stability [91]. It has been hypothesized that the best way to enhance the loading 

capacity, as well as retention of the drug in the carrier, is to find a “match” between the 

drug and micelle core forming section of the drug and exploit the properties of the drug 

by tailoring the functional groups of the micelle core [97]. 

 

1.3.2.3 Hydrophobic Interactions 

 Hydrophobic interactions occur between hydrophobic molecules within aqueous 

environments, rising from entropic origins [84]. When within an aqueous environment, 

the hydrophobic molecules will align and form ordered structures to minimize their 

interaction with water. The water structures around these hydrophobic molecules will 
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increase their order for the select conformation to form the maximal amount of H-bonds, 

resulting in an entropic decrease within the system as well as a reduction of unfavorable 

free energy. This loss of entropy is leveled out by decreasing the interfacial interaction 

between hydrophobic and hydrophilic domains via amphiphile self-assembly and 

hydrophobic aggregation. This is the prime driving force in the formation of self-

assembled micelles and can work in tandem with other molecular driving forces (e.g. 

hydrogen-bonding, ionic forces, π-π stacking and van der Waals interactions) to enhance 

micelle drug loading properties [84]. 

 For example, hydrophobic forces can “drive” the drug from the aqueous 

environment in towards the micelle core while intermolecular forces can correspondingly 

“pull” the drug into the carrier core [84]. It has been shown that the addition of 

hydrophilic/polar groups (e.g. carboxyl and hydroxyl groups) within the micelle core can 

result in decreased hydrophobic interactions yet can enhance loading as a result of 

enhanced hydrogen-bonding between the hydrophobic block and the drug from enhanced 

intermolecular interaction (e.g PTX) [98, 99]. The point at which micelles were formed, 

the CMC, was shown to increase as the number of polar groups increased within the 

hydrophobic blocks, resulting in a balance between loading capacity and micelle stability 

which must be reached. These types of hydrotropic polymer micelles containing polar 

groups within the micelle core have been shown to be relatively unstable in-vivo as a 

result of not being resistant to the dilution which takes place upon physiological 

administration [84].  



 

 31 

 The ability to effectively solubilize the drug is dependent on a number of factors 

[84], including both the hydrophobicity of the solute and blocks of the amphiphilic 

copolymer [100, 101]. First, if a drug is poorly hydrophobic, it will not effectively 

partition within the micelle core and stay within the aqueous phase, resulting in poor 

loading [102, 103]. Second, as the hydrophobicity of core forming segments decreases, 

self-assembled aggregates with poor stability and normally need to be removed before 

measuring the loading capacity [104]. These poorly hydrophobic copolymers will not 

exclude water within the core, blocking potential hydrogen bonding between drug and 

core as a result of competing water, and form self-aggregates, thereby failing to provide 

an apolar environment for drug loading [105]. Third, if the length of the hydrophobic 

block is decreased, the CMC value increases as a result of there being a lower amount of 

polymer present within micelles at a given amphiphile concentration and thereby 

decreases the micelle loading capacity [80]. 

 

1.3.2.4 π-π Stacking 

π-π stacking interactions involve the non-covalent interactions which take place 

between different aromatic rings, such as those found within nucleobase stacking, 

structural folding of proteins as well as molecular recognition [84]. Geometries of 

aromatic ring π-π stacking include sandwich, T-shaped as well as parallel displacement, 

yet most energetically preferred within the latter two conformations [106]. π-π stacking is 

partially directional in nature, resulting in the T-shaped or parallel displacement of the 

rings resulting in the formation of weak three-dimensional “structures”. The use of π-π 
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stacking, while relatively low in strength (8-9 kJ/mol), can improve overall stability of 

the micelle core as well as the loading properties of carriers loading aromatic containing 

drugs [84]. π-π stacking can occur between adjacent chains containing aromatic ring 

structures along the backbone of the core-forming non-polar chain of the micelle. This 

interaction can enhance greatly enhance micelle stability due to the synergistic strength of 

the multitude of interactions between those chains. Using this same approach, the same π-

π stacking interaction which occurs between chains can be applied as a driving force for 

drug loading. 

Cancer therapeutics, such as doxorubicin and docetaxel, commonly contain 

aromatic rings, effectively aiding to their hydrophobicity. π-π stacking can be used in 

tandem with hydrophobic attractions to aid in enhanced drug loading via the interactions 

between aromatics within both the drug and carrier. The idea of aromatic stacking can be 

used in micelle-based systems through the introduction of aromatic containing groups 

within the hydrophobic block of the amphiphile, resulting in enhanced loading capacity 

and micelle stability via both π-π stacking and hydrophobic interactions [84]. A drastic 

modification of the hydrophobic group is not necessary, as the addition of one aromatic 

group along the copolymer backbone has shown to increase loading capacity within 

micelles [97]. This idea has been further taken towards clinical trials as NK105, a PEG-

poly(aspartic acid) block copolymer loading in PTX, is within phase III trials in Japan 

[107]. As a result of the poly(aspartic acid) block substituted with a 4-phenyl-1-butanol 

group, the block hydrophobicity and molecular interactions via π-π stacking between the 

polymer and PTX were enhanced, resulting in 90-fold higher concentrations within the 
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tumor compared to free PTX [84]. This idea has also be applied through the use of 

grafting the aromatic containing drug as the hydrophobic component, thereby increasing 

the free drug attraction towards the drug-containing hydrophobic block.  

Examples using π-π stacking between drug and micelle core are numerous. 

Micelles developed by Shi et al containing aromatic rings within the hydrophobic block 

of the amphiphile were shown to load up to 34 wt.% of docetaxel, resulting in one of the 

highest loadings for micelles ranging between 60-80 nm [92]. Micelles containing 

aromatic rings were shown to release 50% less paclitaxel at the same time (10 days) as 

micelles without aromatic modification [92]. The use of π-π stacking has also been used 

by Kataoka et al. to load DOX within poly(ethylene glycol)-poly(β-benzyl-L-aspartate) 

[108]. Due to the presence of benzyl residues on the PBLA segments of the hydrophobic 

micelle core, the anthracycline moiety of DOX can interact through non-covalent π-π 

stacking interactions with rings, resulting in high drug loading (15-20 wt.%) due to 

micelle core stabilization. The PBLA is rigid and hydrophobic enough to form a solid 

non-polar core which can effectively entrap DOX. Graphene oxide (GO) has been used in 

nanoparticle applications to effectively load DOX as a result of GO’s large surface area 

and π-conjugated structure [40]. This allows drugs to be non-covalently loaded onto GO 

through π-π stacking.  

Drugs which have been loaded via π-π stacking and van der Waals forces between 

drug and carrier have included 5-fluorouracil, ibuprofen, camptothecin, and DOX. 

Secondarily, functional groups present on GO (e.g. epoxide, hydroxyl, and carboxyl) 

have the ability to form strong hydrogen bonds with drugs, exhibited by the –OH and –
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COOH groups of the GO and the –OH and –NH2 of DOX. Interaction between DOX and 

GO is a result of the π-π stacking between the conjugated structure of the graphene sheet 

and the quinone portion of the DOX as well as the contributed hydrophobic effect. The 

hydrophobic interactions (e.g. π-π stacking), hydrogen bonding as well as electrostatic 

interactions are all pH dependent. At physiological pH, the carboxyl and hydroxyl groups 

of GO can potentially interact with the primary amine and hydroxyl groups of DOX [40]. 

As the pH decreases (e.g. lysosomal pH, 5.5), the amine becomes protonated (NH3+) and 

excess H+ ions can compete with the hydrogen bond forming groups. This can result in 

the potential dissociation of the hydrogen bonds and increase DOX release [40].  

 

1.3.2.5 Hydrogen Bonding 

 Hydrogen bonds are relatively strong (10-40 kJ/mol), mostly in a directional 

fashion, yet are significantly weaker than covalent or ionic bonds (500 kJ/mol) [84]. 

These can form ordered structures through directional bonding in non-polar environments 

from short-range interactions between proximal interacting groups. Hydrogen-bond 

donor (e.g. -NH) and acceptor (e.g. C=O) groups have been incorporated into the 

hydrophobic block of micelles to load in drugs which, such as DOX, contain 

corresponding donors/acceptors [84]. Other hydrogen bonding groups (e.g. carboxyl, 

hydroxyl) have shown to also increase the loading capacity of drugs in hydrophobic 

blocks of copolymers [98, 109, 110]. 

 The loading of the drug in the case of enhancement by hydrogen bonding is varied 

by the strength of the bond, shown to differ based upon molecular configuration of the 
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drug and carrier due to the directionality of hydrogen bonding [84]. This is exemplified 

via stereocomplexation, such as is found with the existence of a chiral center within the 

monomer (e.g. polylactides (PLA)). Micelles derived from stereocomplexation of PLA 

showed higher drug loading and better-controlled release due to the hydrogen bonding 

from specific CH3...O=C and CαH…O=C interactions between both stereoisomers of 

PLA [111].  

The most direct benefit of hydrogen bonding between drug and carrier revolve 

around the plethora of bonds within stereocomplex block copolymer micelles, working in 

tandem to enhance properties such as loading, stability, CMC, and release rate [84]. 

These bonds can form both within the chain (intramolecular) and with other chains 

(intermolecular). Intramolecular hydrogen bonding decreases loading capacity since the 

H-atom can only interact within one electronegative atom at a time, thereby making 

intermolecular bonding preferable for drug loading [112]. Loading capacity can be 

improved within micelles as a result of hydrogen-bonding which can occur within the 

hydrophobic core between the core and drug without the interference by competing water 

molecules [84]. Hydrogen bonds acting within aqueous, polar environments are 

significantly weaker than those which exist within an explicitly non-polar environment, a 

result of competition from water molecules [84]. These hydrogen bonds between 

copolymers have shown to form micelles in organic solvents held together by hydrogen 

bonds [113]. Zhao et al. exhibited that the addition of polar groups within the micelle 

core of PEG-b-PPLG (poly(γ-propargyl-glutamate) micelles effectively loaded PTX, 

suppressed burst release and enhanced sustained release, indicating an alteration in the 
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properties of the micelle through modification of the PPLG core [91]. Modification of the 

PPLG block with various 4-azido-butyl-benzenes all consisting of various functionalities 

(aliphatic alkyl chains to phenyl and phenol groups) allowed for the micelle core to 

interact with PTX through single or multiple non-covalent interactions such as 

hydrophobic, π-π stacking or hydrogen bonding. PEG-b-PCL have shown that the use of 

poly(e-caprolactone-co-Y-(carbamic acid benzyl ester)-e-caprolactone) have exhibited 

much better DOX compatibility, through the materialization of a mPEG-b-P(CL-co-

CABCL) copolymer for micelle formation [90]. The addition of the CABCL group was 

shown to decrease the crystallinity of the copolymer as well as the CMC, resulting in 

enhanced stability and DOX loading. The higher loading capacity and slow release were 

shown to be dependent upon CABCL feed, enhancing DOX-carrier capacity and a 

favorable core structure.  This physical, non-covalent method of loading was a result of 

DOX hydrogen bonding via its hydroxyl, carbonyl and primary amine groups with 

hydrogen bond accepting groups within the CABCL group (secondary amine, carbonyl) 

as well as the ability for DOX to π-π stack with the carrier (benzyl group) via 

corresponding aromatic rings.  

 

1.3.2.6 Electrostatic Interactions 

 One of the main issues which arise from micelles is inefficient drug release once 

at the site of action [114]. Micelles which exhibit slow drug release often lead to lower 

than expected intracellular concentrations, significantly off-setting the drug efficacy, 

decreasing therapeutic efficiency and leading to the development of MDR within tumor 
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cell populations. Fast drug release is often the solution to this issue, resulting in high 

concentrations of the chemotherapeutic within the tumor microenvironment/cytoplasm 

[115]. In order to enact this benefit, stimuli-sensitive polymers [116] (e.g. pH, 

temperature, ultrasound, enzymes, etc.) are often incorporated within either the 

hydrophobic or hydrophilic segments of the micelle. These stimuli-sensitive micelles can 

then control drug release at a specific time and location through response to local stimuli.  

 One of the most effective methods for increasing micelle drug release has been 

through the addition of pH-responsive groups within the core [117-119]. The reason for 

the development of these types of micelles relies on the various pH conditions that the 

micelle will encounter at both extra- and intra-cellular environments. The pH of the 

tumor microenvironment (pH 6.5 to 7.2) is significantly lower than that of normal tissue 

and physiological circulation (pH 7.4) [120]. This enhanced acidity is a result of the 

hypoxic environment of the tumor, upregulating glycolysis followed by the production of 

lactate and protons [121, 122]. These differences in pH can lead to micelles remaining 

stable at physiological pH conditions and destabilized once within the acidic environment 

of the tumor if a pH-responsive group is incorporated within the formulation [123]. 

Release of the payload within the weakly acidic environment permits for drug uptake by 

the cells via passive diffusion, allowing for drug accumulation at the tumor site as the 

micelles build up via the EPR effect.  

 While an example of extracellular targeting, intracellular release of the drug also 

proves to be another viable method of enhancing therapeutic efficacy and decreasing off-

target side effects. As was discussed in previous sections, upon endosomal uptake the pH 
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along the endosomal to lysosomal transition will decrease considerably, ranging from 

6.0-6.5 in early endosomes, 5.0-6.0 in late endosomes and 4.5-5.0 in lysosomes [124].  

 Internalized micelles fuse with endosomes following uptake while ATPase within 

the endosomal membrane results in an influx of protons during endosomal maturation 

from early to late endosomes. This increase in protonation of the endosome results in the 

lower pH-values found later on once late endosomes fuse with lysosomes. The use of a 

targeting agent on the hydrophilic corona of the micelle will result in receptor-mediated 

endocytosis [125], allowing for the endosomal-pH triggered release of the drug.  

 Developing micelles containing core elements which respond to pH changes can 

help dictate when the micelle will release its payload, improve internalization and affect 

the ultimate fate of the drug.  These pH-responsive elements within the micelle are vastly 

composed of groups which can enact reversible protonation-deprotonation within the 

core, in essence allowing for the micelle core hydrophobic-to-hydrophilic transition [126-

128]. Deprotonated groups will increase micelle core hydrophobicity and maintain the 

drug within the core, aiding in drug stability. Once the pH-responsive moiety is ionized, 

protonation of these groups will allow for water to penetrate the core and destabilize the 

micelle, effectively releasing the drug by changing the micelle size, shape or 

hydrophobicity. This approach has been performed by two different methodologies. The 

first involves acid-liable linkages which can be broken in acidic environments (e.g. acidic 

tumor microenvironment, endosomal-to-lysosomal transition) such as hydrazine [128], 

cisacotinyl and acetal [129] bonds. This is commonly seen in prodrug formulations where 

an acid liable spacer is used as a linker between drug and polymer [130] but can also be 
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applied to the main, side or terminal chain of the core-forming sections. The second 

approach involves ionizable groups, such as amines or carboxylic acids, used within the 

copolymer structure which control micelle formation through the changes in micelle 

dissociation or structural change upon increase/decrease in pH levels.  

 These micelles will remain stable until the ionizable groups drop below their pKA, 

allowing for repulsion forces between micelle chains which comprise the inner core and 

result in micellar dissociation. Example of ionizable groups which take advantage of this 

includes poly(histidines), poly(sulfonamides), and poly(acrylic acids), thereby bestowing 

pH-dependent amphoteric properties on the micelles. Using groups such as these allow 

for tailored swelling points and controlled drug release. For example, PLA-b-PEG-b- 

Poly(l-histidine) triblock micelles developed by Lee et al. triggered the release of DOX 

when the pH was dropped from 7.4-6.0 [131]. Cytotoxicity was increased at pH-values 

lower (e.g. 6.8 and 6.0) than that evaluated at 7.4, indicating release within endosomal 

compartments. 

 Escape from lysosomes is essential once uptaken by the cell, as the same acidic 

environment that can result in pH-controlled release can also lead to drug degradation 

from lysosomal enzymes [132]. Due to this issue, there is a fine trade-off between micelle 

stability and drug release. For example, release of the drug payload at early endosomal 

conditions (e.g. pH 6.8) ensures that the drug will not endure harsh lysosomal conditions. 

While beneficial, this pH relatively close to physiological pH may lead to premature drug 

release resulting from partial-ionization of the micelle core and micelle instability. In 

contrast, tailoring a system to release the drug too late in the lysosomal compartment will 
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ensure physiological stability but risk drug degradation. It has been proposed that the 

most effective pH in order to balance these two parameters is at an early endosomal range 

of 6.0, thereby maximizing intracellular delivery and minimizing extracellular drug 

release [133, 134].  

 Of all these potentially ionizable groups, tertiary amines are one of the most 

commonly used added functionalities due to their buffering capacities. Upon introduction 

to an acidic environment, the free electrons of the nitrogen allow for sequestering of 

protons and a significant buffering effect. The pH sensitivity of these tertiary amines can 

be modulated based upon the addition of alkyl groups [135]. Song et al. demonstrated this 

by tuning the pKB across a broad range (3.5-7.2) in PEG-poly(β-amino ester) micelles. 

pKB values were changed from slightly acidic to highly acidic based upon the presence of 

alkyl groups within the monomer chain. Longer, more hydrophobic chains required 

higher proton concentrations in order to protonate the tertiary amine chains, thereby 

shifting the pKB values to lower regions. In contrast, the introduction of hydrophilic 

groups shifting the pKB to the opposite direction. This allows for micelles which can 

properly disassociate and fall apart at tailored pH conditions.  

 

1.3.2.7 Dilution and Stability 

 The ability to maintain stability upon dilution is absolutely essential for micelles 

to become a clinically viable solution [91]. Micelles will normally be diluted upon 

systemic administration [19]. The lower the CMC of the micelle, the more stable the 

micelles will be upon administration to the bloodstream during IV injection [86]. 
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Variation in micelle size upon dilution has been shown to indicate potential micelle 

aggregation [19]. Reduction in size and aggregation number is necessary upon dilution to 

prevent system instability [19]. Micelles with poor stability lack the ability to circulate 

for long periods of time within circulation, resulting in precipitation of both loaded drug 

and amphiphile upon dilution [84]. Secondarily, self-assembled micelles can interact non-

specifically with serum proteins through opsonization [91]. Once adsorbed onto the 

surface, potential disassociation and aggregation of micelles can occur [91]. Micelles 

which do remain stable can then act as delivery platforms for therapeutics via passive 

delivery in inflammatory diseases such as cancer [19]. 

 Drug-loaded formulations demonstrate increased stability over their unloaded 

counterparts. Drug loading has been shown to decrease the CMC as compared to 

unloaded micelle formulations [85]. The drug can act as a hydrophobic filler molecule 

and enhance micelle stability, preventing the micelle from potentially falling apart come 

in-vivo administration, thereby making the selected interaction of the drug and polymer 

essential [108].  

 

1.3.2.8 Release 

While a micelle which possesses the ability to load large amounts of drug, evade 

the immune system, maintain stability in circulation, build up at the tumor site and be 

uptaken by the targeted cell population would be deemed incredibly significant, all of 

those characteristics would be futile if the drug payload cannot be released from the 

micelle. Drug release from polymeric nanoparticles is a result of several mechanisms. 
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These include drug permeation through the polymer network as well as erosion of both 

the core and the shell [87]. Drug release from a polymer should maintain stability under 

physiological conditions yet release once within a specific target environment, such as 

lower pH of the cancerous tissue environment [40]. Correspondingly, drug release from 

the micelle can be divided into stages where rapid release is first seen (on the course of 

hours) and sequentially followed by a slow release stage [22]. Drug can be associated 

either [22];  

1) adsorbed on or near the surface  

2) within the core which can reversibly complex with the polymer matrix  

3) complex with the polymer core in an irreversible fashion 

The larger the area of the micelle, the faster the drug release will be, making the 

micelle size important in dictating the drug release rate [23]. The initial release of drug 

from micelles is believed to be due to inadequate drug loading within the core, potentially 

being found on the periphery and freely diffusing out [136]. Overall, drug release is 

greatly predicated based upon the barriers that the drug has to overcome in order to get 

out of the micelle core. The obstacles, ironically, which were beneficial to the micelle at 

previous steps within the loading process can now become a hindrance. For example, the 

large hydrophilic layer which comprises the shell of the micelle is initially meant to 

inhibit surface opsonization of the micelle and stabilize the core. In contrast, the presence 

of this dense forest of hydrophilic chains can inhibit the release of the hydrophobic drug 

due to the simple repulsion of the hydrophobic and hydrophilic entities [88]. Secondarily, 

the polymer-core/drug interactions which lead to sufficiently high drug loading values 
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can inhibit the drug from ever being released due to the overall strength of these 

interactions. DOX entrapment within the core, resulting in incomplete release from the 

polymer core, was demonstrated by Wang et al. in hydrophobically modified sulfonated 

chitosan micelles as a consequence of tight DOX association resulting from hydrophobic 

and electrostatic interactions [22]. Due to these issues, degradation of the micelle was 

proposed as the most efficient means to enhance release [22]. The release of DOX from 

sterate-g-dextran micelles was shown to be tailorable based upon the MW of the dextran, 

graft ratio of the sterate as well as drug loading content [23]. The release rate was delayed 

based upon enhancing hydrophobic graft ratio and backbone molecular weight [23]. 

Lower drug release was found in micelles with higher DOX content, potentially a result 

of enhanced drug/polymer interactions [23]. 

Due to issues such as these, non-covalent bonding strategies between the drug and 

polymer have been suggested over covalent methods. As previously stated, non-covalent 

methods such as hydrogen bonding, π-π stacking, hydrophobic and electrostatic 

interactions are reversible in nature and do not permanently affect the structure or 

therapeutic effect of the drug. These drug/polymer non-covalent interactions within the 

core can all be altered based upon environmental factors, such as pH values [40]. This 

can also be beneficial in drug release. DOX has been shown to release faster within acidic 

environments as a result of potential protonation of a micelle core containing ionizable 

groups, thereby decreasing the electrostatic interaction between drug and polymer and 

initiating drug release [22]. 
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1.4 Poly(Sialic Acid) 

1.4.1 Biology 

 Poly(sialic acid) (PSA) is a linear homopolymer composed of 2,8-linked 5-N-

glycolyneuraminic acid (Neu5Ac) known to be produced by pathogenic bacteria and 

mammalian cells and responsible for roles in biological, immunological and pathological 

physiological events [94]. The size of PSA ranges between linear homopolymers of α-

2,8-linked monosaccharides of SA ranging from 8 to over 100 repeat units with a 

minimum chain length of 8 known to form a helical conformation of PSA [137]. 

Due to its expression in early neural tissue, PSA is used greatly in axon 

pathfinding and targeting [19]. During development in vertebrate brains, the level of PSA 

expression is modulated by synaptic activity and found significantly higher in areas 

which possess morphological or physiological changes as compared to more restricted 

regions (e.g. neonatal and adult brain) [137]. This expression of PSA within these brain 

regions is associated with physiological plasticity [137]. The long chain, negatively 

charged PSA is associated with the neural cell adhesion molecule (NCAM), acting as a 

negative regulator of cell interactions [137]. Nerve cells in embryonic tissue can migrate 

through PSA-based NCAM modifications which inhibit interactions of NCAM with other 

proteins/substrates by forming a hydrophilic coating around the nerve, thereby allowing 

for migration [89]. Two modes by which PSA acts in a steric manner to affect cell-cell 

interactions have been proposed. The first is through a trans mechanism in which the 

fully hydrated PSA attaches to NCAM and impedes cell-membrane contact [137]. This 

decreases the binding efficiency of receptors onto respective complementary receptors on 
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other cells. A second mechanism, the cis mechanism, proposes that PSA clusters with 

NCAM or NCAM interactions with membrane receptors on opposing cells and affects 

cell-cell interactions. 

 While important in cellular pathfinding, the interaction between PSA and water 

enhances its use as a potential natural stealth coating found within the body. By acting as 

a hydrating agent, a shield-like layer of PSA can block the detection of antigens from the 

immune system [89]. SA, positioned within the terminal position of many cell-surface 

oligosaccharides and allowing for carbohydrate-protein interactions, has been associated 

with different disease states and physiological phenomena due to mediation of cellular 

recognition [138]. 

 PSA has is found to a great extent on cells which maintain long residence times 

within the body such as red blood cells (RBC’s) [139, 140], metastasizing tumor cells 

[141, 142] and pathogenic bacteria [143, 144]. Bacteria such as Neisseria meningitides 

and Pasteurella haemolytica avoid detection from the immune system by using a PSA 

“mask” [89]. Vaccine development against these has been slow as a result of the non-

immunogenic nature of the high MW PSA found on the bacteria [89]. The PSA antigen is 

known to be expressed by bacteria as well as tissues of young children, allowing for the 

Group B meningicoccus infections to avoid immune system detection and making 

vaccines reactive towards the host [137].   

Excessively high amounts of SA found on tumor cells, known as hypersialyation, 

greatly affect multiple aspects of tumor characteristics such as tumor growth, escape from 

apoptosis, metastasis formation and resistance to therapy [141]. Given its expression on 
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the NCAM surface, PSA is present in a number of cancers due to its modulation of cell-

cell/cell-matrix adhesion, migration, invasion and metastasis [145]. Due to these issues, 

PSA has been noted with poor clinical prognosis. Given their presence within the 

metastatic cascade, SA sugars present on tumor cells have been targeted in order to stop 

this progression. For example, the SA-blocking glycomimetic (P-3Fax-Neu5Ac) has been 

shown to prevent cancer metastasis [146]. Formulations of P-3Fax-Neu5Ac into 

poly(lactic-co-glycolic acid) nanoparticles coated with antityrosinase-related protein-1 

antibodies allowed for the delivery of P-3Fax-Neu5Ac in a targeted manner when 

administered to melanoma cells [146]. This lead to a long-term SA blockade which leads 

to the prevention of metastatic formation in a murine lung metastasis model. 

SA’s are also prevalently located on red blood cells, found to be exceptionally 

important in distinguishing young from aged RBC [147]. The aging of circulating RBCs 

has been known to correlate with a reduction in 20-30% of SA on the membrane surface. 

The is of great importance in determining RBC survival, as this reduction in SA surface 

coverage can lead to recognition and sequestration of the aged cells by the RES. Young 

and healthy RBCs exhibit a net negative surface charge due to the ionized SA [147]. 

Upon aging, RBC’s exhibit a decrease in surface charge due to the reduction of SA 

content from cell senescence. These aged cells are more susceptible to detection and 

clearance. Due to this, studies performed in a controlled rat population have reported that 

a decrease in RBC SA content and an increase in plasma SA can be a determinant of rat 

aging. Higher than normal levels of SA within the plasma can also be an indication of 

increased expression of acute phase proteins as well as potential organ damage [147]. 
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1.4.2 Properties as a Drug Delivery Agent 

1.4.2.1 Stealth Coating 

 PSA is an effective contributor to adding stealth elements to cell types previously 

mentioned due to the role it plays in evading surface opsonization and potential detection 

by the RES by inhibiting self-tissue removal by low-level alternative complement 

activation [2]. Removal of the SA coating (desialylation) on the surface of RBC’s leads 

to a reduction factor H binding, a plasmatic circulating factor which when adsorbed onto 

the surface of bacteria or colloidal systems physiologically inhibits complementation 

activation and destruction [2]. This reduction of factor H changes the RBC’s from non-

activators to activators and results in alternate pathway activation [2]. Removal of PSA 

from bacteria, protein or dead cells has shown to induce a signal from macrophages to 

clear these cell types (10).  

Properties such as these have made PSA a coating which has exceptional 

characteristics for drug delivery to improve circulation times and augment drug efficacy 

as enhanced blood circulation has been correlated with its molecular weight [94, 148].  

PSA is only one of a long list of natural polysaccharides which have been used as 

stealth coatings for nanoparticle delivery. Polysaccharides are polymeric materials 

derived from animals, plants or algal which link successive copies of their monomeric 

unit via glycosidic linkages to form chains of tailorable length as well as linear or 

branched architecture [149]. One of the essential properties of polysaccharides is their 

ability for modification. Easily modifiable groups found within polysaccharides such as 

carboxylic acids, hydroxyls and amines allow for the addition of other groups of varying 
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properties. The addition of hydrophobic moieties (cholesterol, cholic acid, deoxycholic 

acid, poly(lactide), poly(lactide-co-glyocolide), pluronic, poly(caprolactone), stearic acid) 

to hydrophilic polysaccharides (pullulan, dextran, cellulose, chitosan, heparin, hyaluronic 

acid) have become commonplace, resulting in the formation of various types of micelles 

[149]. 

Similar to PEG, polysaccharides can associate with as many as four-to-six per 

repeat unit [89], leading to the same protective “watery cloud” exhibited by PEG as a 

result of the functional groups which can effectively interact with water (e.g. hydroxyl’s). 

This has been effectively used in dextran-based systems, a polysaccharide composed of 

1,6- and 1,3- glycosidic linkages, which have been used as plasma volume expansion, 

peripheral flow promotion and antithrombotic agents for close to 50 years [23]. Dextran 

nanoparticles have shown enhanced stability over PEG-based systems as well as 

biocompatibility, biodegradability, hydrophilicity, resistance to protein adsorption and 

lack of non-specific cellular binding [87]. Besides their long-circulating properties, these 

also possess inherent targeting properties as a result of active sites along the polymer 

backbone which can recognize overexpressed surface receptors at tumor sites, thereby 

making polysaccharides both passive and active targeting moieties. Besides the natural 

long-circulatory properties exhibited by polysaccharides, they also contain natural 

bioactive properties such as mucoadhesion, tissue targeting, reduction of inflammation 

and recognition of cell-surface sites [23, 149]. For example, Glycyrrhetinic acid grafted 

onto the backbone of chitosan was selected by Wang et al. due to the presence of 

receptors on hepatocytes, providing a micelle carrier which can both solubilize DOX as 
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well as provide natural targeting towards liver cancer cells [22]. Hyaluronic acid has been 

shown to exhibit high affinity towards the CD44 receptor known to be overexpressed on 

tumor cells as well liver endothelial cells [149]. This thereby can give polysaccharide-

based drug delivery systems the benefit of both passive and active targeting, essentially 

providing a “dual-threat” approach. 

Polysaccharides, in contrast to their synthetic counterparts, exhibit little if any 

toxicity as well are naturally degraded via enzymes within the body. These oligomers or 

monomers which result from this are used for structural support or cell signaling [149]. 

Glycosidic linkages are broken down through glycosidases, hydrolyzing glycosidic 

linkages in the process and breaking down the polymer backbone [149]. The credence of 

polysaccharide-based systems is sufficiently aided by their ability to break down once the 

carrier is uptaken via endocytosis. The presence of various enzymes found within the 

lysosome such as glycosidases, esterases and proteases break down the structure of the 

polysaccharide upon uptake, allowing for hydrophilic shell degradation and easier drug 

release [149]. The ability for the polymer carrier to effectively degrade is essential for 

removal from the body and absolutely essential in cases where the drug needs to be 

administered on a continual basis with repeated doses, such as is the case with 

antiangiogenic and antitumor drugs [148]. This has sufficiently provided significant 

interest in the use of polysaccharides as the bases for drug delivery systems. 
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1.4.2.2 Tumor Targeting 

Tumors differ from normal tissues through differences in extra and intracellular 

environment [150], pH, microflora, receptor overexpression, antigens as well as other 

substances on the inside/surface of tumor cells, allowing for tumor-specific targeting via 

tumor-directed antibodies, ligands to extra- and intracellular receptors and biological 

pairs [151]. The use of a targeting moiety allows for enhanced build up of the drug-

loaded carrier specifically to the tumor cells, thereby decreasing side effects, as well as 

acting as a penetration enhancer by increasing the drug influx to the tumor cells [20]. 

Rate of uptake of nanocarriers can be increased by the addition of a targeting moiety as a 

ligand to specific cell receptors or molecules overexpressed on the cancer cell surface 

[20]. This changes the mechanism of entry from “simple” endocytosis to receptor-

mediated endocytosis, thereby enhancing the delivered drug concentration to the 

intracellular compartments and enhancing the therapeutic effect of the loaded drug [20]. 

This has been demonstrated in numerous PSA applications. Gangliosides are SA-

containing glycosphingolipids that have been used for close to three decades in search of 

target molecules relevant for tumor growth and metastases formation as well as targets 

for immunotherapy [20]. While SA is known to be overexpressed on the surface of 

numerous cancer cells and used as a cell surface target, selectin is also overexpressed on 

the surface of the plasma membrane of cancer cells [20]. As a result, selectin has been 

proposed to be used as a targeting site on the tumor cell surface for delivery of 

nanocarriers carrying cancer therapeutics [20]. SA can be recognized by the surface of 
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tumor cells in order to be used as targeting devices [138], thereby leading to its proposed 

use as an effective drug delivery material [136]. 

SA has been used as a targeting moiety in prodrugs for the delivery of DOX to 

human ovarian carcinoma cells, effectively increasing internalization of SA formulations 

over free DOX and non-targeted formulations by nearly 4 orders of magnitude [20]. This 

was done in order to limit the side effects of DOX on healthy organs and enhance the 

internalization of prodrugs by cancer cells [20]. Free SA was uptaken quickly (5 minutes) 

and cellular uptake was substantially enhanced through the addition of SA in cancer cells, 

showing similar intracellular distribution with localization in the cytoplasm and nucleus 

[20]. Doubling the number of SA moieties was shown to increase the bioavailability of 

the entire prodrug as well as cancer cell internalization [20]. The administration of free-

SA at various concentrations has been shown to effectively limit the uptake of SA-

prodrugs and the cytotoxicity of the linked DOX in A2780 cells [20]. This is a result of 

SA being a ligand for selectin and taking up available binding sites on the surface of the 

cell, not allowing for the SA-prodrugs to use selectin as a targeting site for intracellular 

uptake [20]. PSA-coated selenium nanoparticles developed by Zheng et al. enhanced 

cancer cell targeting and cell-penetrating ability preferentially in HeLa cells over healthy 

cell populations, resulting in greater selenium-induced apoptosis [152]. 

 

1.4.2.3 pH Response 

 pH-responsive elements within the carrier which can aid in exploitation of drug 

release are highly beneficial. Carriers which cannot release their hydrophobic payload 
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through the dense forest of the hydrophilic corona vastly decrease their drug efficacy.  

For this purpose of a pH-responsive nature, the use of PSA as a surface coating for 

micelle drug delivery systems is perfectly suited for the low-pH compartments of 

endocytosis. PSA has been shown to respond to acidic conditions and will break down at 

low-pH as demonstrated by a seminal study performed by Manzi et al. [153]. This 

hydrolytic degradation is a result of the internal carboxyl groups exhibiting a high pKA, 

thereby allowing for intramolecular self-cleavage of glycosidic bonds of Sia units found 

within the chain. The carboxyl group, as a result of high pKA, acts as a proton donor for 

general mild acid catalysis. The pH range of degradation of PSA has been found to be 

nearly in line with those ranges found within the tumor microenvironment (e.g. pH 6.5) 

and endosomal to lysosomal transition (e.g. 4.5-6.0), making it a prime candidate for a 

surface coating which can be degraded upon intracellular uptake.  

This degradation of the PSA is greatly dependent upon its number of repeat units 

(DS). Longer chained PSA with a degree of polymerization greater than 3 has been 

shown to be more unstable than shorter chained counterparts (“oligosialic acid”). This 

makes the use of longer chained PSA preferable. This size discrepancy is due to the 

internal glycosidic bonds being more liable, that of which can be comparable towards pH 

and temperature conditions found within physiological scenarios. Rate of hydrolytic 

degradation of PSA is strongly dependent upon the length of the chain and larger chains 

will degrade faster due to more internal liable bonds. For example, PSA with a DP of 

greater than 100 units cleaved 72% of units while short oligochain versions (OSA) did 

not cleave at all as internal linkages are much less stable than terminal end units.  
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The degradation scheme of PSA has three important factors. One, internal bonds 

can become more liable as a result of PSA developing size-dependent changes within its 

tertiary structure. Second, the carboxyl and 9-hydroxyl groups can result in lactone 

formation within α2-8 structures under lowly acidic conditions and result in tertiary 

structure destabilization. Lastly, increasing the DP of acidic homopolymers can increase 

the pKA of carboxyl groups. At high pH values, this means that the glycosidic linkage of 

oxygen adjacent to the carboxyl groups would be present with a donor proton. Given the 

polyanionic nature of PSA, the presence of cations could affect the rate of intramolecular 

self-cleavage by either disruption of tertiary structure or interference with carboxyl group 

charge.   

 The pKA values of the PSA will vary based upon size. Monomeric Sia and PSA 

exhibit greatly variant pKA’s of their respective carboxyl groups, being 2.2-3.0 and 3.91-

5.53 respectively. This means that the carboxylate groups will protonate to form a 

carboxylic acid at values close to within those pH values found within the endosomal to 

lysosomal transition and result in hydrolysis of glycosidic linkages. This results in the 

internal carboxyl group donating a proton to the adjacent glycosidic oxygen, thereby 

forming an oxycarbonium ion intermediate and resulting in general acid catalysis.   

Cells have been shown to “shed” capsular PSA under mildly acidic conditions in 

a largely fragmented manner. The rate of PSA degradation at early endosomal conditions 

(pH 6.8) has been shown to degrade at a rate of ~0.5%/h. While low, PSA polymers on 

the surface of biological systems have been found to range in DOS between 3-200. This 

rate of degradation can then cleave a relatively large portion of the long PSA chain and 
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result in the irreversible release of the long PSA chain. This indicates that in areas where 

PSA is found which exhibit a neutral environment (e.g. extracellular, cerebrospinal fluid 

pH of the brain, circulation), PSA will remain intact. Conversely, areas which exhibit 

abnormal pH conditions (e.g. infection, ischemia, tumor), the acidic values found at these 

sites can result in a loss of PSA. This can affect the PSA expression found on cancer 

cells. Likewise, the pH values found within intracellular organelles exhibit pH values low 

enough to result in large and significant break down of PSA.  

 

1.4.2.4 Metastatic Targeting 

An alternative approach towards cancer therapy involves decreasing the growth 

potential of highly aggressive and metastatic cancers. Direct and indirect tumor cell 

secretion of pro-inflammatory cytokines such as IL-1β, IL-6, TGF-β, and TNF-α 

stimulate endothelial expression of CAMs (e.g. E-selectin) within the region proximal to 

the tumor [154]. SA-expressing tumor cells migrating from the primary tumor site target 

these receptors on endothelial cells as a means of metastatic progression [155]. This 

results in tethering and rolling of the tumor cells along the endothelial layer of blood 

vessels in and around the tumor, serving as a “roadmap” towards secondary sites such as 

the lung and bone marrow. Secondary targeting of E-selectin on these endothelial cells 

through PSA-coated nanoparticles has been hypothesized to compete with tumor cell 

progression, thereby inhibiting metastasis [51]. This has been exemplified in studies 

performed with sialylated liposomes as an approach towards hindering metastatic growth 

in leukemia [156]. 
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1.4.3 Uses in Drug Delivery 

1.4.3.1 Liposomes 

 Liposomes coated with SA-derivatives have avoided macrophage uptake due to 

their mimicry of the mammalian cell surface [2]. These derivatives have included 

gangliosides, ganglioside derivatives and glycophorin [2]. Of these, gangliosides have 

been studied extensively in liposomal formulations, particularly monosialylganglioside 

(GM1). Normally found in the central nervous system for use in neuronal proliferation 

and other effects, it was found that GM1 modified nanocarriers were uptaken 3.4-fold 

less by the RES compared to GM1-free liposomes [157]. Other studies have shown that 

GM1-liposomes can effectively evade RES detection and build up in the spleen due to 

longer circulation times [158]. Studies have also demonstrated a similar effectiveness in 

comparison to PEG. GM1 and PEG-modified liposomes were shown to build up 2.3-fold 

and 2.9-fold concentrations of DOX within the bloodstream in comparison to uncoated 

liposomes when injected intravenously in DBA/2 mice [159]. Liposomes coated with 

monosialoganglioside GM1 promoted factor H to C3b factor on the liposomal surface, 

inhibiting the alternative complement pathway and enhancing circulation times [2]. 

 

1.4.3.2 Prodrugs 

 It has been shown that drug loading can be increased and release controlled 

through the creation of a polymeric prodrug where the active substance (drug) is 

covalently linked to the polymeric molecule and degraded through hydrolysis in vivo (e.g 

ester bonds), allowing for prolonged drug release [85]. These have been used to a great 
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effect to procure water solubility on hydrophobic parent drugs, such as DOX [21]. These 

can eventually build up at tumor sites as a result of the EPR effect [85]. 

 Water-soluble polymer prodrugs or conjugates normally use a high molecular 

weight hydrophilic polymer in order to induce water solubility of the drug [21]. This has 

been the case with PSA. PSA-epirubicin conjugates have been developed by Greco et al., 

as an example of a PSA enhancing the circulation time and efficacy of a low molecular 

weight anticancer drug [148]. This was done via CDI coupling, linking the carboxylic 

acid group of the PSA with the amino group of the Epi. Compared against other 

commonly used polymers used in polymer drug conjugates such as HPMA, PGA and 

PEG, PSA-Epi was shown display a time-dependent drug release and induce the highest 

level of activity in MCF-7 and anthracycline-resistant MCF-7/DX cells, thereby equaling 

or outperforming established carriers used in clinical trials such as HPMA and PGA.  

 SA has been used as a targeting moiety in prodrug for the delivery of DOX to 

human ovarian carcinoma cells, effectively increasing internalization of SA formulations 

over free DOX and non-targeted formulations by nearly 4 orders of magnitude [20]. This 

was done in order to limit the side effects of DOX on healthy organs and enhance the 

internalization of prodrugs by cancer cells [20]. 

 

1.4.3.3 Micelles 

 While it has been suggested to be of significant use as a hydrophilic shell for drug 

delivery, little if any effort has been made in the development of PSA-based amphiphiles 

[89]. One of the first uses of PSA in a micelle-based drug delivery system was exhibited 
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by Bader et al., conjugating the long-chain hydrocarbon N-decylamine to PSA via 

reaction with the carboxylic acid from PSA for delivery of cyclosporine A (CyA) [19]. 

This was further expanded by Bader through the development of PCL-PSA formulations 

[94]. Deepagan et al. developed amphiphilic PSA-PCL block polymers through click 

chemistry of alkene-functionalized PSA and azide-functionalized PCL, conjugated 

various chain lengths of PCL (4k, 8k, 13k) to PSA.[89] Zhang et al. developed 

amphiphilic PSA-ursolic acid conjugates which were shown to self-assemble into 

micelles at aqueous conditions, effectively loading and delivering PTX to SGC-7901 

gastric cancer cells [136]. 
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CHAPTER 2 

2. RESEARCH AIMS AND OBJECTIVES 

The overall aim of this thesis was to further explore the use of PSA as a surface coating 

agent as well as understand how these formulations could be further enhanced by 

understanding and optimizing drug-core interactions.  

 

Specific Aim 1:  Optimize Chemotherapeutic Loading Via Tailoring of Drug-Carrier 

Interactions in Poly(Sialic Acid) Micelles 

Synthesize via EDC/NHS chemistry PSA micelles comprised of different phenyl-

terminated alkyl groups (PTAG) to exploit hydrophobic attraction, π-π stacking and 

hydrogen bonding between the select PTAG group and the chemotherapeutic doxorubicin 

(DOX). Characterize via NMR, size/dispersity/Zeta (ζ)-Potential, scanning electron 

microscopy, cytotoxicity, and loading/release studies. We hypothesize that by 

customizing the micelle core to the drug, enhanced loading and tailored release can be 

obtained via non-covalent interactions. 

 

Specific Aim 2: Demonstrate In Vitro Efficacy of DOX-loaded PTAG-g-PSA Micelles 

Potential as a drug delivery carrier of these micelles towards MCF-7 human breast 

carcinoma cells will be based on the most optimal (cytotoxicity, size, stability, loading) 

formulation determined in specific aim 1. Physical characterization of the micelles will 

be the same as that found specific aim 1 with supplementation of pH response studies and 

in vitro analyses. pH response will be determined through sizing studies of micelles upon 



 

 59 

introduction towards various pH environments meant to simulate extra- and intracellular 

conditions.  In vitro work will be performed through cytotoxicity studies to optimize 

micelle dosage and fluorescent/confocal imaging will be used to quantitatively evaluate 

DOX-loaded micelle cell uptake. Understanding of the main pathway of cellular entry 

will be performed via the addition of various endocytotic inhibitors in cell uptake studies. 

We hypothesize that these PSA micelles will change in size due to degradation of the 

PSA backbone at acidic conditions. Secondarily, micelles will be rapidly taken up via the 

clathrin-mediated endocytotic pathway due to PSA’s natural affinity toward selectin 

overexpressed on the tumor cell surface. 

 

Specific Aim 3: Tailor Swelling pH of Poly(Sialic Acid) Micelles Based on Core 

Hydrophobicity 

Synthesize via EDC/NHS chemistry PSA micelles comprised of variable hydrophobicity 

ionized groups (VHIG). Groups will be pH-responsive due to the presence of tertiary 

amines yet vary in non-polarity due to the presence of additional alkyl chains and 

benzene rings. Basic characterization of micelles will be performed (size, dispersity, zeta 

(ζ)-potential, titration, etc.) upon varying pH conditions from basic to acidic 

environments meant to simulate endosomal and lysosomal environments. The 

chemotherapeutic DOX will be used as the model drug for loading to assess 

discrepancies in loading between groups. Cytotoxicity and cell uptake studies will be 

performed with MCF-7 human breast carcinoma cells via unloaded and DOX-loaded 

micelles respectively. We hypothesize that the swelling point of these micelles can be 
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tailored based upon introduction of hydrophobic groups to the core. Highly hydrophobic 

groups will inhibit water, and thereby protonation, from penetrating the core. This will 

lead to lower pH values needed in order to result in core ionization, allowing for tailored 

swelling points analogous towards those found along the endosomal-to-lysosomal 

transition post-cellular uptake. 
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CHAPTER 3 

3. CHEMOTHERAPEUTIC LOADING VIA TAILORING OF 

DRUG-CARRIER INTERACTIONS IN POLY(SIALIC 

ACID) MICELLES 

3.1 Introduction 

Many micelle-based drug carriers exhibit poor core stability and premature drug 

leakage upon in-vivo administration [22]. This leads towards unnecessarily higher 

dosages to reach the full therapeutic effect, potentially increasing the risk of toxicity [84]. 

Methods of enhancing core stability have varied. Covalent cross-linking of the core, shell 

or interface have augmented circulation times yet resulted in poor drug retention, 

premature release and extraction of the drug in-vivo [92]. Loading capacity (LC) and 

encapsulation efficiency (EE) of micelles can range greatly based upon drug loading 

methods used, loading space within the drug carrier, core crystallinity and carrier glass 

transition temperature thereby making the prospect of a “one-size-fits-all” carrier unlikely 

[84]. In turn, tailoring the carrier to fully exploit the properties of the drug has been 

proposed as the next logical step [91], prompting the idea to find a match between the 

drug and core forming section of the micelle to boost loading and maintain stability [97]. 

While chemical conjugation of the drug to the carrier has in fact significantly enhanced 

circulatory stability, drawbacks have included significant alteration of parent drug 

biological properties, slow drug release and diminished therapeutic effect [84, 92]. In 

contrast, non-covalent drug/carrier interactions such as hydrogen bonding, 

electrostatic/hydrophobic interactions, and π-π stacking have all been viewed with great 
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interest [84]. It is largely indicative that a synergistic approach using these can be highly 

beneficial towards fully realizing the maximum loading potential of many 

chemotherapeutics. The micelle should be tailored to suit the properties of the drug, in 

essence creating a “match” between the drug and micelle core forming sections.  

In this study, we have developed micelles composed of various phenyl-terminated 

alkyl groups (PTAG’s) grafted onto PSA (PTAG-g-PSA). Through this, we sought the 

optimal characteristics for loading and release of DOX through small variations within 

the PTAG core forming segments. These included changes in alkyl chain length (PEA, 

PPA, PBA), polarity (POE) as well as additional sites for π-π stacking via additional 

phenyl groups (33DPP). The compositions of these micelles were synergistically tailored 

to load DOX via a multitude of hydrophobic interactions (alkyl chain segment), hydrogen 

bonding (ester/ether groups) and π-π stacking (terminal phenyl groups) based upon the 

PTAG group selected.   

 

3.2 Materials and Methods 

3.2.1 Materials 

 Chemicals and solvents of analytical grade were purchased and used as received. 

Fetal Bovine Serum (FBS) was purchased from Atlanta Biologicals. Colominic acid 

sodium salt (PSA, 30 kDa isolated from E. coli) was obtained from Nacalai USA as well 

as Carbosynth. Dimethylsulfoxide (DMSO) was obtained from Fisherbrand. Dulbecco's 

Modified Eagle Medium (4.5 g/L D-Glucose, L-Glutamine) (DMEM), Phosphate 

Buffered Saline (pH 7.4, Without Calcium/Magnesium/Phenol Red) (PBS), Penicillin-
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Streptomycin (Pen-Strep) and Trypsin-EDTA (0.25%, phenol red) were purchased from 

Gibco. Vybrant™ MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 

Cell Proliferation Assay Kit was obtained from Invitrogen. N-(3-Dimethyl-amino 

propyl)-N’-ethylcarbodiimde (EDC), N-hydroxysuccinimide (NHS), Deuterium oxide (D, 

99.9%; 0.05 wt.% TMS) (D2O), Phosphate Buffered Saline 1x (PBS), Phenylethylamine 

(PEA), 2-Phenoxyethylamine (POE), 3-Phenyl-1-propylamine (PPA), 3,3-

Diphenylpropylamine (33DPP), 4-Phentylbutylamine (PBA), and Triethylamine (TEA) 

were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. 0.45 µm 

PVDF-L Filters (13 mm diameter) were purchased from Simsii. Snakeskin MWCO 3.5 

kDa Dialysis Tubing, and Dulbecco’s Modified Eagle Medium (DMEM) were purchased 

from Thermo Scientific. Doxorubicin (Hydrochloride Salt, >99%) was purchased from 

LC Labs and used as received. LCB3 human glioblastoma cells were obtained as a gift 

from Dr. Cezary Marcinkiewicz of Temple University. 

 

3.2.2 Synthesis of PSA Amphiphiles 

The synthesis of PSA amphiphiles was performed in a similar fashion as 

described by Bader et al [19]. In short, PSA was dissolved in DD2O so as reach a 

concentration of 6 mg/mL. The carboxylic acid groups of the PSA were then activated 

through the addition of EDC and NHS and allowed to mix for 30 minutes at room 

temperature. The selected phenyl-terminated alkyl group (PTAG; PEA, PPA, PBA, POE 

or 33DPP) was then added and allowed to react overnight. The addition of EDC, NHS, 

and respective PTAG were all added in equimolar ratios to a constant PSA backbone in 
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order to obtain 50-60% Degree of Substitution (DOS) of the carboxylic acids along the 

PSA. In cases of varied DOS formulations for 33DPP-g-PSA and POE-g-PSA, the values 

were adjusted to result in 20-30% and 90-100% DOS respectively. The product was then 

filtered through a 0.45 µm PVDF filter, dialyzed against water for 24 h (MWCO = 3.5 

kDa, water change twice at 4 h/18h), filtered again, frozen at -80°C and lyophilized.  

 

3.2.3 1H-NMR Spectroscopy 

3 mg of lyophilized PTAG-g-PSA was dried in a desiccator for 48 hours to 

remove residual water from the sample. Once complete, the resulting product was 

resuspended in 1 mL of D2O (0.05 wt.% TMS) and analyzed using a Brunker 500 NMR 

instrument.  

 

3.2.4 Size, Dispersity and Zeta (ζ)-Potential Measurements of Micelles 

Lyophilized, dried micelles were resuspended in DD2O so as to yield the required 

concentration. These were filtered through a 0.45 µm PVDF filter to remove potential 

aggregates. Both unloaded and DOX-loaded micelles were treated in the same fashion. 

Size and PDI measurements were performed at 25°C using a Brookhaven sizing 

instrument (scattering angle 90°; wavelength 657 nm). ζPOT of the micelles were 

evaluated in a similar fashion but were assessed through the use of a Malvern Zetasizer 

Nano ZS. 

Dilution studies were performed in a similar fashion, with the maximum 

concentration continually diluted with DD2O until all the required concentrations were 
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reached. Micelles were allowed to sit for 10 minutes between each dilution to reach 

stability with no additional filtration required. The same sample was used to ensure 

comparative results. 

 

3.2.5 Scanning Electron Microscopy 

The size and morphological properties of micelles were assessed through the use 

of a Hitachi S-4800 Scanning Electron Microscope. 200 µL of the micelle suspension at 1 

mg/mL in DD2O were plated on a carbon tape and allowed to dry overnight in a vacuum 

desiccator. Upon drying, the particles were sputter coated with gold and visualized 

through the use of a SEM at 10 kV. The micelles were diluted so only one particle would 

be within the field of view. 

 

3.2.6 Micelle Loading and Release 

3.2.6.1 Loading 

Micelle loading was performed by a commonly established dialysis method [62]. 

DOX loading was evaluated so as to yield either 5, 10 or 15 wt./wt.% DOX to PTAG-g-

PSA. In brief, 1 mg of DOX-HCl (e.g. 10 wt./wt.%) and 10 mg of PTAG-g-PSA were 

dissolved in 1 mL DMSO and vortexed at 3000 rpm for 1 minute. 5 µL of TEA was 

added to remove the HCl from DOX, thereby resulting in free DOX in its purely 

hydrophobic form. This solution was mixed at 300 rpm for 2h at room temperature and 

added in a drop-wise fashion to 5 mL DD2O using a 21g needle to initiate micelle 

formation. After mixing for 5 minutes at 300 rpm, the resulting micelle suspension was 
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quickly transferred to a pre-swollen dialysis bag (MWCO 3.5 kDa). The DOX-loaded 

micelles were then dialyzed against DD2O for 24 hours (300x dialysate volume) to 

remove unloaded DOX, TEA-HCl, and TEA. Four dialysate changes performed over the 

dialysis period. The product was then filtered through a 0.45 µm PVDF to remove 

unloaded DOX and DOX-PSA aggregates, frozen at -80°C and lyophilized until a dry 

product was obtained. These were stored dry at 4°C until further use. Loading Capacity 

(LC; Eqn. 1) and Encapsulation Efficiency (EE; Eqn. 2) were determined via dissolution 

of DOX-loaded micelles in DMSO and assessing absorbance at 485 nm via a DOX 

calibration method. 

 

3.2.6.2 Release 

 DOX release from select drug-loaded PTAG-g-PSA micelles was performed so as 

to assimilate response at physiological conditions and intracellular conditions upon 

systemic administration. To accomplish this both PBS (10 mM, pH 7.4) and sodium 

acetate buffer (10 mM, pH 5.0) were used. Before addition of the micelles to the 

dialysate, 1/4 of the buffer volume was removed, set aside and replaced with fresh buffer. 

Based upon results from loading assays, DOX-loaded micelles equivalent to 350 µg/mL 

of DOX were resuspended in the respective buffer at 37°C and immediately transferred 

into a pre-swollen dialysis bag (MWCO 3.5 kDa). The micelles were then placed on 

dialysis at 37°C with stirring (100 RPM) with 10x volume dialysate buffer-to-suspension. 

1/4 of the buffer volume was removed at predetermined time points. To assess DOX 
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release, collected samples at the various time points were assessed through absorption at 

485 nm and evaluated via a DOX calibration curve 

 

3.2.6.3 Modeling 

In order to quantitatively monitor the drug burst phase and effective drug 

diffusivity that cannot be directly determined from the release profiles by eye inspection, 

the release data was also fit to a model shown in Eqn. 3 to quantify the drug release 

dynamics for the micelles developed in this work. The first segment of Eqn. 3 deals with 

the burst phase and the second segment deals with the diffusional phase.  

 

3.2.7 Cytotoxicity 

LBC3 human glioblastoma cells were seeded on plasma treated 96-well tissue 

culture plates at 10,000 cells/well and incubated overnight at 37°C/5% CO2. 1 hour 

before particle introduction the following day, 150 µL of fresh media was added to the 

plate. In order to obtain proper micelle concentrations within each well, micelle 

suspensions in PBS (10 mM, pH 7.4) of each PTAG-g-PSA formulation were made at 4x 

the assayed concentration. These suspensions were then filtered through 0.45 µm PVDF 

filters and 50 µL of each suspension was added to their respective wells. The remaining 

suspension was serially diluted with PBS and added to the plate in the same fashion. This 

resulted in final concentrations within the wells ranging from 7.9-1000 µg/mL. Control 

cell populations were administered PBS. The plate was then incubated (37°C/5% CO2) 

for 48 hours. Upon completion of incubation, the media was removed and the wells were 
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washed thrice with warm PBS with a final addition of 100 µL new fresh media. To this, 

10 µL of MTT reagent (5 mg/mL in 1x PBS) was added to each well and the plate was 

incubated for another 4 h. In order to stop the reaction, the MTT/DMEM was removed 

from each well and replaced with 200 µL of DMSO. The formazan produced by live-cells 

was dissolved through multiple triturations and the plate was measured at 590 nm via the 

use of a BioTek Synergy HT Microplate Reader plate reader. Cell viability (%) was 

assessed by comparing the absorbance values of treated micelle populations to the 

absorbance of untreated PBS-control wells.  

 

3.2.8 Cell Culture 

LBC3 human glioblastoma cells were grown on 75 cm2 tissue culture flasks in 

DMEM with 10% FBS, 4.5 g/L glucose, 4 mM L-glutamine, 1% non-essential amino 

acids, 100 U/mL penicillin and 100 µg/mL streptomycin. Cells were kept at 37°C in a 

humidified incubator with 5% CO2.  

 

3.2.9 Statistical Analysis 

 All experiments were carried out independently and in triplicate with data 

presented as the mean ± SD. Data was analyzed through the use of JMP Statistical 

Analysis Software and expressed as the mean ± standard deviation of three independent 

experiments. Quantitative comparison between two specific groups was performed 

through the use of a F-Test followed by a Student’s t-test assuming equal or unequal 

variance. A one-way ANOVA was used in instances where more than 3 groups were 
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compared with individual p-values obtained via the use of a post-hoc Tukey HSD test. 

Significance thresholds of obtained p-values were set as follows. * p<0.05; ** p<0.01; 

*** p<0.001; **** p<0.0001; n.s. no significance. In table form, the following notation 

was used to designate such significance: # p<0.05; ^ p<0.01; * p<0.001; Δ p<0.0001; x no 

significance. 

 

3.3 Results 

3.3.1 1H-NMR spectra of PTAG-g-PSA 

PSA grafted with various Phenyl-Terminated Alkyl Groups (PTAG’s) was 

synthesized via EDC/NHS chemistry (Figure 1) through modification of a protocol 

established by Bader et al [19]. 
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Figure 1. The formation of PTAG-g-PSA via EDC/NHS chemistry creates a 
tailored drug delivery vehicle for chemotherapeutic delivery. The addition 
of phenyl terminated alkyl group’s (PTAG’s) on the backbone of PSA allowed 
for non-covalent (π-π stacking, hydrophobic attraction, hydrogen bonding) 
interactions with the chemotherapeutic Doxorubicin (DOX), providing a drug 
delivery vehicle tailored towards exploiting the properties of the drug to 
enhance loading. Activation of the carboxylate group of PSA via EDC/NHS 
chemistry allowed for carbodiimide coupling with PTAG’s containing terminal 
amine groups, resulting in the formation of PTAG-g-PSA. Initial molar feed 
rates of each PTAG were kept constant so as to yield a theoretical 20-30%, 50-
60%, or 90-100% Degree of Substitution (DOS) along the PSA backbone.  
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In order to determine the actual extent of modification by the PTAG group on the 

PSA as a result of the EDC/NHS reaction, 1H-NMR (300 Mz, D2O, δ ppm) was used 

(Figure 2).  
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Figure 2. 1H-NMR spectra of PTAG-g-PSA formulations with 50-60% 
DOS. Degree of Substitution (DOS) was determined via comparison of the 
acetyl (-NHCOCH3, δ 2.1 ppm) peak of PSA with the phenyl (C6H5, δ ~7.0-7.4 
ppm) peak of each respective PTAG group.  
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 All peaks were normalized via TMS at 0 ppm. The main structural peaks of PSA 

were assessed followed by PSA modification from the EDC/NHS reaction Similar to 

those obtained by Bader et al. [19], PSA monomers were found to be modified with a N-

acylurea side product due to a rearrangement of the O-acylisourea intermediate. As a 

result of the EDC/NHS carbodiimide coupling step between the PSA and PTAG, the final 

PTAG-g-PSA product contained an amide bond near 3.0 δ. This was used to confirm 

coupling of the selected PTAG group to the PSA. For ease of interpretation, the peak 

assignments from the terminal phenyl group were designated as either ortho, meta or 

para orientations. 

 All of the PTAG-g-PSA groups exhibited the required amide bond at 3.0 δ with 

the exception of POE-g-PSA. The presence of the ether group within the chain enhances 

the electronegativity of POE-g-PSA and shifted the amide peak from 3.0 δ to 3.4 δ. 

Actual DOS was determined through the comparison of distinguishing peaks between the 

PSA backbone and the grafted PTAG moiety (Table 1).  
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Table 1. Characterization of PTAG-g-PSA micelles varied with changes in 
internal composition Size, dispersity, and stability varied based upon small 
variations within the hydrophobic PTAG group. DOS of PTAG-g-PSA 
formulations 50-60%. 

 

 
                a PTAG/PSA (mol./mol.) 
                b Mean ± SD (n=3) 

      c Determined by 1H NMR (D2O as solvent) 
      d Determined by DLS  
      e Determined by Malvern Zetasizer Nano ZS  

 
 In this case, the acetyl (-NHCOCH3, 2.1 δ) and phenyl (C6H5, 7.0-7.4 δ) groups 

were chosen for PSA and each PTAG group respectively. Integrated peaks areas at δ7.0-

7.4ppm/δ2.1ppm were compared for acetyl and phenyl groups for each formulation, yielding 

consistently 50-60% DOS at 50-60% feed rates. While N-acylurea was present along the 

PSA backbone due to resulting side product formation during the EDC/NHS reaction, this 

has not been noted to have any significant cytotoxic effect on cells [8]. 

 

3.3.2 Characterization of PTAG-g-PSA Micelles 

All PTAG-g-PSA groups were resuspended at aqueous conditions from their dry, 

lyophilized state and evaluated for variations in size and dispersity (Table 1). Properties 

were shown to vary based upon making slight changes to the composition of the PTAG 

group. Upon resuspension in water, these PTAG-g-PSA amphiphiles self-assembled into 

PTAG-g-PSA PTAG DOS (mol %) Size  
(nm) b,d  

PDI b,d  ζPot 
(mv) b,e 

 
Feed a Product c  

PEA-g-PSA 60 55.1 190 ± 26 0.35 ± 0.02 -30 ± 1  
PPA-g-PSA 60 52.1 166 ± 15 0.38 ± 0.02 -28 ± 2  
PBA-g-PSA 60 55.7 161 ± 15 0.37 ± 0.05 -33 ± 2  
POE-g-PSA 60 54.9 194 ± 69 0.32 ± 0.01 -22 ± 2  
33DPP-g-PSA 60 54.1 133 ± 11 0.35 ± 0.03 -37 ± 5  
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polymeric micelles ranging in sizes from 130-190 nm (PDI; 0.32-0.38). The use of SEM 

confirmed the formation of spherical, round micelles (Figure 3).  

 

 
Figure 3. PBA-g-PSA self-assembled into spherical micelles under aqueous 
conditions. Differences between sizes of “wet” (DLS) and “dry” (SEM) 
formulations resulted from the dehydration of the large hydration layer of PSA. 
Samples were diluted such that only one micelle was visible within the viewing 
area. The image scale is in total 500 nm with 50 nm increments. DOS of PTAG-
g-PSA formulations 50-60%. 

 

 Discrepancies between SEM and DLS analysis were believed to be a result of the 

presence of a hydration layer when analyzed as aqueous suspensions. Due to their distinct 

interaction with water [138] , carriers with hydrophilic coatings have been shown to 

exhibit larger diameters in their hydrated state (DLS analysis) as compared to their air-

dried/dehydrated state (SEM analysis) [91]. These micelles also exhibit a well-defined 
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corona, an indication that the micelles are tightly packaged [85]. Decreases in micelle 

sizes with overall increases in PTAG hydrophobicity can be assumed to be a result of the 

formation of better-defined hydrophobic cores resulting from enhanced inter-polymer 

hydrophobic interactions between longer chains of opposing amphiphiles during micelle 

formation. This was reaffirmed from ζPOT values, an indicator of the colloidal stability of 

the system. Varying from -22 to -37 mV depending upon the PTAG group used, longer or 

more hydrophobic chains resulted in better colloidal stability.  

 

3.3.3 Characterization of PTAG-g-PSA DOX-Loaded Micelles 

Encapsulation of DOX within the micelles was performed by first maintaining a 

constant feed rate of 10 wt./wt.% DOX/Polymer via the dialysis method and evaluating 

micelle characteristics (Table 2).  

Table 2. Addition of Doxorubicin (DOX) increased size and stability of 
PTAG-g-PSA micelles via hydrophobic core stabilization. Loading Capacity 
(LC) and Encapsulation Efficiency (EE) were enhanced with increasing alkyl 
chain length, hydrogen bonding or π-π stacking sites within the PTAG chain. 
DOS of PTAG-g-PSA formulations 50-60%. Statistical analysis compared to 
unloaded micelle formulations of the same PTAG using a Student’s t-test.               
# p<0.05; ^ p<0.01; * p<0.001; Δ p<0.0001; x no significance.  

 

 
a Mean ± SD (n=3) 
b Feed ratio of DOX to polymers was 10 wt./wt.% 
c Determined by DLS  
d Determined by Malvern Zetasizer Nano ZS  

PTAG-g-PSA DOX Loading Size + DOX  
(nm) a,c 

PDI + DOX 
a,c  

ζPot (mv)
 a,d  

LC (%) b EE (%) b  
PEA-g-PSA 2.7 13.5 226 ± 15 # 0.29 ± 0.02 # -38 ± 3 ^  
PPA-g-PSA 3.0 16.3 204 ± 7 # 0.26 ± 0.02 ^ -35 ± 1 #  
PBA-g-PSA 3.1 19.3 195 ± 16 # 0.17 ± 0.01 ^ -29 ± 1 #   
POE-g-PSA 2.9 16.9 209 ± 16 x 0.14 ± 0.01 Δ -34 ± 1 *  
33DPP-g-PSA 3.6 24.0 168 ± 5 ^ 0.21 ± 0.01 * -37 ± 2 x  
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 Loading Capacity (LC; 2.7-3.6%) and Encapsulation Efficiency (EE; 13.5-24.0%) 

values were enhanced upon increasing alkyl chain length (PEA, PPA, PBA) or the 

number of hydrogen bonding (POE) / π-π stacking (33DPP) sites within the PTAG group. 

Interestingly, all properties of the DOX-loaded micelles were significantly enhanced over 

their unloaded counterparts. As a result of DOX present within the core of the micelle, 

the micelle size increased close to 20% over nearly all formulations in their unloaded 

state. In turn, PDI and ζPOT values indicated an increase in overall micelle stability again 

correlated to the composition of the PTAG chain. Change in PDI was greatest in PTAG 

formulations where there was the enhanced potential for DOX/Polymer interactions 

either by increasing alkyl chain length (PEA-PPA-PBA transition), hydrophobicity/π-π 

stacking sites (33DPP) or chain polarity/hydrogen bonding sites (POE). This correlated 

back to the enhancements found in LC and EE upon the evaluation of each group. 

 

3.3.4 Cytotoxicity of PTAG-g-PSA towards LBC3 GBM Cell Type 

 While overall loading enhancements are key in micelle design, the development 

of a cytotoxic carrier can effectively nullify any improvements made. In order to evaluate 

this, unloaded micelles were introduced to LBC3 cells (Figure 4).  
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Figure 4. LD50 Values of PTAG-g-PSA micelles towards LBC3 GMB cell 
type were proportional to PTAG alkyl chain length and composition. Cell 
toxicity increased with higher DOS of each PTAG group (20-30%, 50-60%, 90-
100%). Decreasing the alkyl chain length or enhancing the polarity of the 
PTAG group effectively decreased the cytotoxic response. The use of * 
designates LD50 values greater than the assayed amounts. Data presented as the 
mean ± SD (n=3). 

 

 Increasing the alkyl chain length from (PEA/PPA/PBA) initiated a cytotoxic 

response within the assessed LBC3 populations. 33DPP-g-PSA continued this trend, as 

the addition of the pendant phenyl group greatly reduced biocompatibility with the cells. 

In contrast, the additional polar group of POE-g-PSA enhanced IC50 values to greater 

than 1000 µg/mL.  

 

3.3.5 Optimization of DOX-loading 

 At this point, it was determined that 33DPP-g-PSA, while maintaining the best 

loading results, would be used exclusively for micelle characterization studies while 

POE-g-PSA, given its sufficiently low cytotoxicity, would be suitable for both 
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characterization and in-vitro studies. Both of these formulations were varied in initial 

PTAG feed, thereby varying the final DOS, and loaded with 10% DOX (Figure 5). 

 

 
Figure 5. Enhancement in DOX loading was obtained by increasing the 
DOS of the selected PTAG group. Enhancing DOS (20-30%, 50-60%, 90-
100%) along the PSA backbone resulted in more drug-polymer interaction sites 
and thereby greater drug loading. Loading capacity listed above error bars. 
Comparison of POE-g-PSA or 33DPP-g-PSA at varying DOS was performed 
using a one-way ANOVA followed by a post-hoc Tukey HSD test. Analysis 
comparing POE-g-PSA to 33DPP-g-PSA at the same DOS was performed 
using a Student’s t-test. Significance thresholds of obtained p-values were set as 
follows: * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; n.s. no 
significance. Data presented as the mean ± SD (n=3). 

 

 As the DOS of the selected PTAG group increased along the backbone from 20-

30%, 50-60% and 90-100%, there was a significant increase in DOX loading in both 

POE-g-PSA and 33DPP-g-PSA formulations respectively. This is consistent with the idea 

that additional hydrophobic chains within the micelle aid in drug loading enhancements. 

While no difference observed at 50-60% substitution between POE and 33DPP, 

variations between formulations were noted at low substitution (20-30%) and highly 

substituted (90-100%). The EE of POE formulations at 20-30% DOS was nearly double 

that compared to 33DPP formulations at the same DOS. In contrast, high substitution at 
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90-100% resulted in 33DPP groups exhibiting both higher average values and less 

deviation between those obtained. 90-100% groups were then used in subsequent 

experiments due to their high loading values. As noted previously, micelle PDI’s all 

dropped drastically over their unloaded equivalents yet sizes of both 20-30% and 50-60% 

were larger than their unloaded counterparts while 90-100% were smaller, indicating a 

potential change in micelle formation upon higher DOS (see Supplemental Materials). 

 Next, the exact drug feed needed to exploit maximal DOX loading was 

determined. To accomplish this, both POE-g-PSA and 33DPP-g-PSA (again, all at 90-

100% DOS) were loaded at varying DOX feed rates (Figure 6). 

 

 
Figure 6. Micelle loading of selected PTAG-g-PSA reached an optimal level 
at a drug-to-polymer feed rate of 10%. Lower feed rates (5%) did not 
sufficiently load in enough DOX or stabilize the micelle. Higher feed rates 
(15%) stabilized the micelle but may have resulted in DOX saturation and 
expulsion from the core. DOS of both PTAG-g-PSA formulations 90-100%. 
Loading capacity listed above error bars. Data presented as the mean ± SD 
(n=3). 

 

Overall, 33DPP-g-PSA formulations had greater EE than their POE-g-PSA 

counterparts at each DOX feed rate. The longer, more hydrophobic chain of 33DPP-g-

PSA resulted in more interaction sites between the drug and polymer chain and thereby 
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higher loading potential. As the drug feed increased, the LC and EE of the micelles were 

sufficiently enhanced from 5 to 10%. While the micelles exhibited greater loading 

capacity at 15%, a noticeable drop-off was noted in their EE. Also of significant interest 

was the change in micelle size and PDI as DOX feed rate varied (Figure 7). 
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Figure 7. Micelles stabilize and form at different sizes based upon the 
composition of the core and the feed rate of DOX. 33DPP-g-PSA 
formulations already containing sufficient hydrophobicity formed smaller 
micelles at higher feed rates due to earlier micelle formation. POE-g-PSA 
micelles were more polar within their cores, potentially allowing for more DOX 
to be entrapped on a per micelle basis and leading to larger sizes upon DOX 
encapsulation based upon later micelle formation. The stabilizing of the micelle 
core is initiated only at a feed rate greater than 10% DOX. DOS of both PTAG-
g-PSA formulations 90-100%. Comparison of POE-g-PSA or 33DPP-g-PSA at 
varying DOX/micelle feed rates was performed using a one-way ANOVA 
followed by a post-hoc Tukey HSD test. Analysis comparing POE-g-PSA to 
33DPP-g-PSA at the same DOX/micelle feed was performed using a Student’s 
t-test. Significance thresholds of obtained p-values were set as follows: * 
p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; n.s. no significance. P and D 
values within graphs designate post-hoc Tukey HSD test. Data presented as the 
mean ± SD (n=3). 
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 It can be readily seen that micelles, in general, decreased in dispersity and started 

to maintain stability with the introduction of as little as 5% DOX feed. Stability was 

enhanced with increasing DOX feed, noted by decreasing PDI proportional to increased 

DOX feed. Micelle size could also be greatly altered based upon the feed rate used. POE-

g-PSA formulations increased in size while 33DPP-g-PSA decreased with increasing 

DOX respectively, indicating that a complete change in micelle self-assembly, and 

thereby size, can be made based upon the drug feed rate used. This confirms that 10% 

DOX feed was the optimal feed rate to maximize loading as well as form the most stable 

formulation based on the low PDI’s obtained. 

 

3.3.6 Enhancing Micelle Stability via DOX-loading 

 One of the problems most associated with micelles is their ability to remain stable 

upon dilution. Micelles are formed and kept together as a result of hydrophobic 

attractions between the core-forming chains. Their stability is strongly dependent on their 

concentration and upon dosage within the physiological environment will encounter a 

significant decrease in concentration. This can result in micelles falling apart and 

releasing their drug prematurely before reaching the target site. PTAG-g-PSA micelles 

were sufficiently increased in stability and size dispersion as a result of inclusion of DOX 

within the core (Figure 8).  
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Figure 8. DOX loading within core results in significant micelle 
stabilization and resistance to dilution. Sizes (a) and PDI (b) were maintained 
at lower concentration values when loaded with DOX upon continual dilution at 
37°C in DD2O, thereby indicating a drug-core stabilizing effect. This increased 
micelle stability makes drug-loaded micelles less prone to dilution when 
administered in circulation. DOS of both PTAG-g-PSA formulations 90-100%. 
Dotted and solid lines represent the average trend of unloaded and DOX-loaded 
micelles respectively. Data presented as the mean ± SD (n=3). 
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Unloaded formulations of both POE-g-PSA and 33DPP-g-PSA both varied greatly in 

size and PDI upon continuous dilution. In contrast, drug-loaded formulations of each 

respectively enhanced the PDI over their unloaded formulations and maintained relative 

monodispersity (PDI~0.2) in size towards lower concentrations than unloaded 

counterparts. The PDI’s of POE-g-PSA formulations were consistently less than 50% of 

33DPP-g-PSA formulations. This can potentially be an indication of the attraction 

between the DOX and the select PTAG core group where lower, more stable PDI’s at 

lower concentrations indicate a resistance to DOX leaving the core. 

 

3.3.7 Tailoring Micelle Release Based Upon Internal Composition 

This correlation was further expanded when both micelles were assessed for release at 

pH 7.4 and 5.0 (Figure 9).  
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Figure 9. PSA micelles release DOX based upon internal composition and 
environmental pH. POE-g-PSA (a) containing a polar group release less DOX 
than 33DPP-g-PSA (b) containing an additional phenyl group at both lysosomal 
(pH 5.0) and physiological (pH 7.4). This indicates stronger bonding between 
drug and carrier in the non-polar micelle core of POE-g-PSA via hydrogen 
bonding than that added by hydrophobic attraction or π-π stacking by 33DPP-g-
PSA. DOS of both PTAG-g-PSA formulations 90-100%. Free (unloaded) DOX 
(c) was used as a control. Release performed in phosphate buffer (pH 7.4, 37°C) 
or sodium acetate (pH 5.0, 37°C) at micelle equivalent of 350 µg/mL DOX. 
Data presented as the mean ± SD (n=3). 

 

 

 

 

 

A B 

C 



 

 87 

 These were selected to model micelle DOX release at both physiological (pH 7.4) 

and intracellular/lysosomal (pH 5.0) conditions. Nearly 100% of the free, unencapsulated 

DOX was released within 12 hours. At pH 7.4 both groups released a total of around 20% 

of the loaded DOX within the same 12-hour period, indicating that these micelles will 

remain stable at physiological circulation. This is comparable to other PSA formulations 

using short-chain hydrophobic groups [136]. Interestingly, even at the same conditions 

and amount of DOX, POE-g-PSA (17.7 ± 1.7%) released less than 33DPP-g-PSA (22.5 ± 

1.4%). This discrepancy was further widened between the two PTAG groups at pH 5.0 

where the POE-g-PSA (53.8 ± 0.8%) released significantly less than 33DPP-g-PSA (70.5 

± 10.2%). This difference in drug release can be highly indicative of the potential bond 

strength between the PTAG group and the DOX. Root mean square errors (RMSE) of the 

fitting between the model prediction and experimental data for pH 5.0/7.4 were 1.7476% 

/ 0.799% for POE-g-PSA, 2.774% / 0.727% for 33DPP-g-PSA and 2.727% / 0.677% for 

free DOX. 

 The estimated values of 𝜑!!"#$%, kd, 𝐷!∗  and td were calculated for POE-g-PSA, 

33DPP-g-PSA and free DOX at both pH values assessed (Table 3).  
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Table 3. DOX release parameters of PSA micelles at pH 5.0 and pH 7.4. 
Quantification of the mass fraction of drug involved in the burst phase (𝜑!!"#$%), 
the drug desorption rate constant (kd), effective drug diffusivity (𝐷!∗) and the 
drug induction time (td) in the drug release model shown in Equation (2) from 
drug release profiles for different particle types. 
 

 
 

The model predictions were compared to the experimental release data, showing 

that the model can predict the experimental data with root mean square errors (RMSE) all 

less than 3%. Since DOX is the free drug without a diffusion phase through the PSA 

shell, 𝜑!!"#$% was set to 1 (i.e., 100% burst phase). For both POE-g-PSA and 33DPP-g-

PSA, lowering pH decreased 𝐷!∗  and 𝜑!!"#$%  but increased 𝑘! . For DOX, lowering pH 

decreased 𝑘!. 𝜑!!"#$% is lower in both POE-g-PSA and 33DPP-g-PSA when the drug DOX is 

embedded in these particles. Compared to 33DPP-g-PSA, POE-g-PSA offers a higher 

𝜑!!"#$% and 𝑘! but lower 𝐷!∗  for pH equal to 5.0. It is interesting to note that decreasing 

pH from 7.4 to 5.0 makes 33DPP-g-PSA have higher 𝑘! but lower 𝐷!∗ . 

 

3.4 Discussion 

 Here, we have modified PSA with PTAG’s (PTAG-g-PSA) of varying 

hydrophobic chain lengths (PEA, PPA, PBA), group polarity (POE) and number of 

phenyl groups (33DPP). Through this, we wished to explore how small changes in the 

Type pH !!∗  (cm2 s−1)        !!!"#$%  !!  (day−1) !!  (hour)  
POE-g-PSA pH = 5.0 6.00 × 10−16 4.7 × 10−1 1.4 × 10−2 4.17 × 10−2  

 pH = 7.4 2.21 × 10−15 8.1 × 10−1 1.0 × 10−3 4.17 × 10−2  
33DPP-g-PSA pH = 5.0 7.40 × 10−16 3.2 × 10−1 1.0 × 10−2 4.17 × 10−2  

 pH = 7.4 1.84 × 10−15 7.8 × 10−1 2.7 × 10−3 4.17 × 10−2  
DOX pH = 5.0 NA 1 5.45 4.17 × 10−2  

 pH = 7.4 NA 1 7.46 4.17 × 10−2  
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hydrophobic component of these synthesized amphiphiles could ultimately result in 

large-scale effects (e.g. size, stability, loading/release). By using these specific PTAG 

groups, we aimed to understand the effect that non-covalent intermolecular forces such as 

π-π stacking, hydrophobic attraction and hydrogen bonding could have on micelle drug 

loading and stability. Larger chained hydrophobic groups were not selected so as to 

isolate the effect of the small changes in the PTAG groups. Secondarily, longer chained 

groups tend to result in a double-edged sword effect between the high capacity to load yet 

the poor ability to release [160]. In tandem with understanding the variation in chain 

composition, we also wished to expand upon the rarely explored field of PSA micelle 

development for use in the delivery of cancer therapeutics. These studies aimed to 

provide the framework for future in-vitro work we are currently performing to use these 

micelles as potential intracellular drug delivery agents. 

 One of the most important aspects of any drug delivery carrier is to effectively 

control the size as well as size distribution (Poly Dispersity Index; PDI) [108]. Size, as 

previously noted, will dictate the ability for particles to avoid premature clearance by the 

RES, build up at a diseased tissue site (e.g. the EPR effect for use within tumor targeting) 

and effectively be internalized by cells. Micelle size can be tailored based upon two 

specific, highly tailorable properties: length of the hydrophobic chain and the extent at 

which the hydrophilic chain is substituted along its backbone by hydrophobic groups, the 

latter known as the degree of substitution (DOS). Micelle sizes are known to increase in 

size with increasing chain length of the hydrophobic group [87]. Deepagan et al. 

developed amphiphilic Poly(caprolactone)-b-Poly(sialic acid) (PCL-b-PSA) via 
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conjugation of PSA with various chain lengths of PCL (4k, 8k, 13k) [89]. These resulted 

in sizes of 270 ± 32 nm, 331 ± 75 nm and 390 ± 112 nm respectively for each increasing 

chain length assessed. Conversely, Zhang (Ursolic Acid-g-PSA, 120-150 nm) [136] and 

Bader [19] (DA-g-PSA, 25-150 nm) have both synthesized PSA micelles composed of 

short-chain groups resulting in significantly smaller micelle sizes.  

 When alkyl chain length was increased sequentially in our PTAG-g-PSA 

formulations (PEA/PPA/PBA), the size of the micelle decreased, conflicting this idea. 

Potentially, due to the relatively short lengths of all the evaluated PTAG chains, the 

micelles become significantly more compacted due to hydrophobic attraction. While 

lengthening of the alkyl chain may only be by one carbon, it significantly affects the 

percent hydrophobicity of the chain given the already small chain length. This results in 

smaller micelles with more hydrophobic/compact cores due to potential variations in self-

assembly. Shorter chain lengths possess inherently less core hydrophobicity, thereby 

making it difficult in preventing water from entering the micelle core and increasing the 

hydrodynamic diameter [84]. Secondarily, micelle yields may be lower in shorter chain 

lengths due to difficulty in forming stable micelles, ultimately resulting in larger micelles 

from the fusion of smaller, less stable micelles or the increase in the critical aggregation 

number (CAC) needed for micelle formation [19]. This decreased core stability was 

exemplified in POE-g-PSA where the PTAG group expressed enhanced hydrophilicity 

from the addition of a polar oxygen to the chain. Sizes were larger for POE-g-PSA than 

other longer chained groups and greatly ranged in size. Similarly, this large fluctuations 

of sizes can be perceived as a result of micelle instability from the difficulty in excluding 
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water from the core, a mark of POE’s hydrotropic nature, and potential micelle fusion. 

This was encountered in some synthesis, where the sizes reached nearly 300 nm (data not 

shown). Lastly, an additional phenyl moiety was assessed through the 33DPP-g-PSA 

formulation. This enhanced hydrophobicity was evident in the significant decrease in size 

compared to other groups. Micelles containing aromatic monomers have been shown to 

display smaller sizes as a result of more condensed cores, arising from π-π stacking and 

the hydrophobic effect exhibited between aromatic groups of adjacent polymer chains 

[92]. Further varying the number of hydrophobic groups aided towards enhancing the 

overall hydrophobicity of the amphiphile, such as was performed in 33DPP-g-PSA and 

POE-g-PSA formulations of varying DOS. This can further tailor micelle size by 

decreasing the CMC [19] and leading to smaller micelles [90].  

 The variation in micelle sizes confirmed here through simple core alterations 

yields many potential applications. The size of nanoparticles, as previously noted, used 

within nanomedicine applications will greatly dictate the residence time within 

circulation, immune system detection, premature clearance, passive tumor uptake, 

efficiency of intracellular uptake and ultimately the final intracellular destination. Due to 

the various sizes of DOX-loaded micelles obtained, these can ultimately be tailored for 

the targeting of specific sites within the body. Nanoparticles meant for long-circulating 

applications, tumor accumulation and cell uptake have been found to be most effective 

when between a specific size threshold. Particle circulation times can be drastically 

decreased if filtered out at certain sites within the body such as the kidney (<10 nm) [94], 

liver (<50 nm, >300 nm) and RES (>200 nm)[89]. 200 nm has been viewed as the size 
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cutoff which can take advantage of the EPR effect for use in passive tumor targeting [91], 

thereby making the ideal size between 70-200 nm [22] to avoid significant RES detection 

and filtration [87]. Micelles with wide size distributions will have difficulty in targeting 

the proper diseased site due to build up at different, non-targeted organs. The PDI of 

nanoparticle formulations is a parameter used to evaluate the particle size distribution. 

Particles of all the same size (monodisperse systems) will exhibit low PDI’s (< 0.2) while 

systems of differing sizes (polydisperse systems) exhibit higher values, ranging anywhere 

from 0.3-0.5 for commonly seen micelles systems [23]. Relatively low PDI’s and stable 

formulations have been noted by Zhao et al. as any micelle system ≤ 0.3 [161]. PDI’s 

obtained in the assessed PTAG groups, while not as low as longer chain counterparts, are 

close to those found from other polysaccharide carriers bearing short-chain alkyl groups, 

such as Stearate-g-Dextran [23] and Stearic Acid-g-Chitosan Oligosaccharide [24].  

 Once micelles are systemically administered they will immediately encounter a 

significant dilution, going from a highly concentrated to a significantly more dilute state. 

If diluted close to their CMC, micelles will form a larger size distribution from highly 

unstable ones falling apart and less stable formulations fusing together [94]. This 

phenomena was probably occurring in the cellular toxicity studies performed. When 

administered to cells, the unloaded, unstable micelles resulting from a relatively wide size 

distribution may have effectively fallen apart due or fused with more stable ones. This 

destabilization allowed for the interaction of the hydrophobic PTAG group and cell 

membrane, effectively inserting the PTAG group within the phospholipid bilayer once 

within sufficient proximity. Incorporation within the cell in situations like this allows for 



 

 93 

membrane fluidization and ultimately cellular toxicity. This has been noted in other 

studies where long alkyl chains, while beneficial for drug loading, were vastly harmful to 

cells [19]. This was seen in our studies, where increased DOS or hydrophobicity of the 

PTAG group greatly decreased biocompatability. Interestingly, the POE-g-PSA 

formulations were not toxic at any concentration tested. This may have been a result of 

the presence of the ether group decreasing the PTAG hydrophobicity and thereby its 

tendency to insert itself within the hydrophobic membrane layer. 

 Loading of DOX into the micelle had a drastic effect on micelle size and stability, 

essentially changing the point at which they reach their CMC. Hydrophobic drugs, when 

loaded into micelles, act as core-filling molecules and can enhance micelle stability 

substantially [108]. This can prevent micelles from falling apart once administered in-

vivo and aid greatly towards in developing micelles with similar size distributions, 

thereby decreasing off-target side-effects resulting from RES filtration [108]. This 

enhanced micelle stability makes the interaction between the drug and the polymer 

essential. These interactions can be maximized by simple tailoring of the hydrophobic 

segment to match or exploit the properties of the loaded drug, in essence producing a 

“customized” carrier. This requires that a specific group or moiety of the hydrophobic 

chain (e.g. a phenyl group), be present so as to interact with a corresponding group (e.g. 

anthracene group) of the drug via a specific type of interaction (e.g. non-covalent π-π 

stacking). While effective, these types of interactions are mostly used in a synergistic 

effect in carriers so as to maximize loading. PBLG containing terminal phenyl groups as 

well as adjacent esters found in PBLG-g-Dextran micelles have been shown to aid in 
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enhanced loading of DOX via π-π stacking and hydrogen bonding respectively [87]. 

Hydrophobic attraction and π-π stacking effects have also seen in linear-dendritic DOX-

PEG drug-polymer conjugates, believed to be a result of π-π interactions between DOX 

anthracene rings stabilizing the core [95]. Due to the presence of the drug within the 

micelle, the hydrophobicity of the micelle core is sufficiently increased and the micelle is 

stabilized.  

 As compared to other micelles composed of long chain hydrophobic groups, there 

is significantly less area within the core binding sites for the drug to load within PTAG-g-

PSA formulations, thereby greatly affecting the solubilization capacity of the micelle. 

This diminished loading space can lead to “super-saturation” of the micelle core, 

initiating drug release into the continuous phase and eventual crystallization/precipitation 

of the drug [97]. This may have been the case where drug feed was increased to 15% 

DOX in both POE-g-PSA and 33DPP-g-PSA formulations. As the DOX content 

increases, there is also an indication that DOX may physically aggregate together as a 

result of chemically bonding with itself and forming a dimer [160]. As a result, more 

careful consideration should be taken when selecting the amount of drug to load within 

the micelle as, in this case, less is more. 

 Larger core size has been suggested to have a positive influence on the ability of 

the carrier to solubilize the drug [97]. While loading may be increased with longer chain 

lengths [87, 162], a saturation point is ultimately reached due to enhanced crystallinity of 

the longer chain, a negative for drug loading [90]. For example, Hyaluronic acid-g-

PLGA5-10k micelles composed of a much longer hydrophobic segment (5-10 kDa) 
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exhibited a LC of 4.8-7.2 wt% DOX and EE of 20.2-31.0 wt% [163], both of which were 

met or exceeded using the simple short-chain PTAG variations presented here. This may 

potentially mean that the composition of the chain, and not necessarily the length, is the 

most important factor when designing micelles. While less than than covalent or ionic 

bonds (500 kJ/mol), a synergistic approach combining Hydrogen bonding (10-40 kJ/mol), 

π-π stacking (8-9 kJ/mol), van der Waal forces (1 kJ/mol) and entropic/hydrophobic 

interactions may be potent enough to enhance drug loading [84]. The loading of the drug 

within the micelle can only take place on a limited amount of sites if the core is 

composed of groups of sufficiently small chain length. In the case of these PTAG-g-PSA 

micelles, we believe that the DOX is loaded via a potential synergistic effect between its 

attraction to the PTAG chain (“free chain”) as well as other loaded DOX molecules 

which have already interacted with the chain (“saturated chain”). This can allow for DOX 

to load in upon itself via sequential π-π stacking to the saturated chain, thereby allowing 

for more drug to be loaded. This DOX-DOX π-π stacking has been noted previously with 

linear-dendritic DOX-PEG drug-polymer conjugates [95].  

  Secondarily, this PTAG/DOX1-DOX2---DOXn stacking can be seen as a 

collective cohesive effect where DOX molecules may potentially “sandwich” together. 

The PTAG chains can act as initiator or stabilizer sites where the sequential π-π stacking 

can start as a result of enhanced hydrophobicity stemming from the formation of 

PTAG/DOX1-DOX2---DOXn “sandwich” chains. This DOX “sandwiching” continues, 

effectively stabilizing the micelle core from other PTAG/DOX1-DOX2---DOXn sandwich 

chains arising from other PTAG-g-PSA amphiphiles. Ultimately, a condensed micelle 
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core of multiple PTAG/DOX1-DOX2---DOXn chains can be formed, resulting in the 

DOX stabilized micelles seen in both the size and PDI measurements. Yet, as a result of 

these lack of “binding” or “initiating” sites due to the short-chain length, DOX which is 

already stabilized within the micelle may diffuse out or interact with other free DOX not 

associated with the micelle core, effectively limiting the amount of DOX which can be 

loaded inside. Problems arise when the micelle reaches this point of micelle core super-

saturation where the drug will begin to precipitate out and no longer be encapsulated. 

This, again, makes the selection of the correct feed rate of drug essential towards 

maximizing drug loading and carrier stabilization. Any more excess drug added may 

exceed the core capacity of these micelles to load. Excess free drug can then potentially 

form large aggregates and act as a drug leaching or sequestering agent, aggregating with 

drug that could have been inside the core but instead interacted with these free drug 

aggregates. 

 In the same vein, intra- or inter-polymer interactions within the PTAG core may 

have excluded DOX and limited loading potential. Pendant phenyl groups from either the 

same PTAG-g-PSA amphiphile (“intra”) or other PTAG-g-PSA amphiphiles (“inter”) 

may have preferentially interacted within one another rather than the drug. That is why 

selecting a type of interaction to be exclusive between drug and carrier would be 

preferential so as to eliminate this potential competitive inhibition. The ability to 

maximize drug loading may simply come down to designing a micelle core that would 

match the properties of the drug. This match would entail selecting a group that would 

enhance interactions with the drug and maximize loading. The discrepancy between the 
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composition of POE-g-PSA and 33DPP-g-PSA in hydrophobicity is significant, with 

POE-g-PSA even containing polar elements which can hinder micelle formation, yet 

these both loaded almost the same amount of DOX. This can be attributed to both the 

strength of additional hydrogen bonding (10-40 kJ/mol) over additional π-π stacking (8-9 

kJ/mol)/hydrophobicity, the strength of hydrogen bonding within a non-polar 

environment and the interaction probability. There are more hydrogen bonding donors 

and acceptors than π-π stacking sites (anthracene rings) on DOX, thereby making the 

addition of a hydrogen bond acceptor/ether of POE-g-PSA more valuable than the 

addition of alkyl and phenyl groups of 33DPP-g-PSA. Therefore when tailoring a 

delivery vehicle towards exploiting a specific drug/carrier interaction (e.g. π-π stacking), 

there should be sufficient sites on both the drug and carrier for sufficient exploitation. 

Release studies also indicated a trend towards stronger interactions between 

POE/DOX than 33DPP/DOX. This strongly implies that the specific non-covalent 

attraction between DOX and the selected PTAG group will dictate how the drug will be 

released once in circulation. Hydrogen bonding is known to be stronger than π-π stacking 

and, as stated previously, is stronger in non-polar environments such as the micelle core 

than in polar environments where water can interfere. This would explain the reason for 

less DOX being released from the POE-g-PSA micelles as compared to the 33DPP-g-

PSA formulations. The small discrepancy between the two at pH 7.4 was enhanced to an 

even greater extent at pH 5.0. The solubility of DOX is strongly dependent upon pH 

where the solubility can increase nearly 6 fold from 0.0625 mg/mL at pH 7.4 to 0.37 

mg/mL at pH 5.0 [160]. As the solubility of the DOX in the buffer increases, the drug 
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partition coefficient in the polymeric media will decrease and result in enhanced drug 

release into the buffer [160]. DOX release has been shown to be faster and nearly 50% 

greater at pH 5.0 than 7.4 in release studies performed with PLA-b-PEG micelles [160]. 

These results were comparable to our formulations.  

 Release of drugs from the polymer matrix is governed by a combination of pure 

diffusion and erosion control, that of which are affected by a significant number of 

processes. These include polymer composition, molecular weight, hydrophilicity, 

crystallinity, micelle size, porosity, surface character, possible swelling of the matrix, 

polymer erosion or degradation, dissolution of the drug and internal/external mass 

transport of the dissolved drug [160, 164]. The drug release from micelles occurs in two 

phases — a burst, or induction, phase, and a diffusion phase. The induction phase 

consists of an initial burst of drug release due to desportion from mesopores and from the 

outer surface of the particle. The diffusion phase involves diffusion of the drug out of the 

PSA shell as the shell degrades through pores forming during hydration, degradation, and 

erosion of particles. Parameters 𝜑!!"#$%, kd, 𝐷!∗  and td play an important role in regulating 

the release profiles. In particular, 𝜑!!"#$%regulates the final value of frelease; kd influences 

the slopes of the release profiles over time; 𝐷!∗  changes the curvature of frelease. These 

were estimated via a nonlinear least square approach to minimize the difference between 

the model prediction of frelease and the experimental release profiles. 

 Yet the most important part of drug release may lie in the basic drug/core 

interactions. In comparison of the release of DOX PCL-b-PEG and PLA-b-PEG, it was 

found that the group which interacted the most with DOX (PCL; 5-6 hydrogen bonds 
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with DOX) released significantly more than the group which interacted the least (PLA; 3-

4 hydrogen bonds with DOX). This leads to less attractive force between the DOX and 

PLA and thereby the reason for its larger release. In the case of 33DPP-g-PSA, which 

only had one area for hydrogen bonding (carbonyl), the release was less than POE-g-PSA 

which had another (ether). This indicates it is not just the length but the composition of 

the internal chain that matters. 

 

3.5 Conclusion 

Here we have modified poly(sialic acid) (PSA) with short-chain phenyl-

terminated alkyl groups (PTAGs) to form PTAG-g-PSA which self-assemble under 

aqueous conditions to form micelles. PTAG variations included changes in group 

hydrophobicity (alkyl chain addition), polarity (internal core hydrogen bonding sites) and 

π-π stacking sites to exploit non-covalent interactions between the chemotherapeutic 

DOX and the respective PTAG group. These small alterations resulted in large 

characterization changes of the micelles such as size, stability, cellular toxicity, loading, 

and release. The relative instability of unloaded formulations was stabilized through the 

addition of DOX upon drug loading. The % DOX-loaded proved to be a crucial 

parameter in the amount of drug which could be loaded as either too little (insufficient 

payload/micelle stability) or too much (drug crystallization and precipitation) proved 

detrimental towards the loading and stability of the micelle. Drug loading was relatively 

similar in PTAG chains which benefited from additional hydrogen bonding (POE-g-PSA) 

or π-π stacking (33DPP-g-PSA), indicating that similar loading can be accomplished 
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based upon differing drug/chain interactions. DOX release from POE-g-PSA was 

significantly inhibited compared to 33DPP-g-PSA as a result of stronger drug/chain 

hydrogen bonding interactions in comparison to additional π-π stacking. Based upon 

these results, we believe that the interactions between the drug and core-forming segment 

should be an essential design parameter. By doing this, a new generation of “custom-

designed” carriers can maximize the potential of nanoparticles as therapeutic delivery 

platforms. 

Secondarily, the hydrophilic coating should be of the same utmost importance 

given its significance in protecting the carrier from premature clearance and providing a 

relative means of controlled carrier targeting. Given their characteristics, we are currently 

investing these PTAG-g-PSA micelles as potential intracellular delivery agents for the 

treatment of various types of cancer. 
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CHAPTER 4 

4. POLY(SIALIC ACID) MICELLES AS 

CHEMOTHERAPEUTIC DELIVERY VEHICLES 

4.1 Introduction 

In the treatment of cancer the administration of chemotherapeutics can lead to 

significant patient side effects, a result of sufficiently poor tumor targeting and water 

insolubility. This solubility issue is one which will be frequently encountered as 25% of 

drugs currently on the market and 50% within development are water-insoluble [149]. 

Drugs with limited aqueous solubility often show poor bioavailability, high clearance 

post-administration and biodistribution to non-targeted areas, often resulting in off-target 

side effects, low therapeutic efficacy and induced cytotoxicity with systemic dosing [94]. 

In order to offset these problems a wide variety of chemotherapeutic carriers have 

been developed, such as nanoparticles [165]. The success of these carriers is based 

greatly on their ability to effectively reach the tumor site prior to release of the 

chemotherapeutic, effectively avoiding detection by the immune system and premature 

clearance [2]. Polysaccharides have gained sufficient interest as nanoparticle coatings due 

to their ease of modification, biodegradation, and biocompatablity [149]. 

Polysaccharides, in contrast to synthetic formulations, exhibit multiple inherent 

properties which make then amiable as nanoparticle coating agents. They can often 

initiate the same protective “watery cloud” [48] exhibited by other long-circulating 

systems as well as provide tumor-targeted moieties within their inherent structure to aid 

in passive and active tumor targeting respectively [149]. Poly(sialic acid) (PSA), an 
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anionic linear homopolymer of 2,8-linked 5-N- glycolyneuraminic acid (Neu5Ac), has 

been viewed with great interest as a next-generation polysaccharide surface coating agent 

due to its multifaceted properties [51]. PSA is known to be found on the surface of many 

“natural” long-circulating systems such as bacteria [137], metastatic tumor cells [145] 

and red blood cells [139].  Through expression on the surface of eukaryotic cells, SA 

plays a vital role by inhibiting self-tissue removal by low-level alternative complement 

activation [2], in essence acting like a natural “stealth” shield. Erythrocytes treated with 

sialidase, an enzyme known to degrade PSA, were shown to decrease circulation times 

from 120 days to only a few hours [166], indicating the importance of PSA in cellular 

circulation and lifetime. Circulation times have been enhanced through the addition of 

PSA in many therapeutic formulations, including liposomes [47], pro-drugs [148, 167] 

and nanoparticles [138]. In addition to enhanced carrier circulation times [51], PSA is 

also known to exhibit tumor targeting elements [152], a pH-responsive nature [136] as 

well as inhibition of cancer metastasis [51].  

While seemingly multifaceted and well-suited for use in nanoparticle-based 

cancer applications, little has been explored in absolutely vital areas of understanding the 

response to pH-values encountered upon delivery and the specific pathway of entry of 

PSA-coated nanoparticles. Exploring these areas would shed light on two specific facets 

of PSA usage in cancer applications. First, how the PSA exterior would respond once 

uptaken into intracellular organelles and the resulting change in particle properties. 

Second, if the pathway of cellular entry would be advantageous to benefit from the pH-

responsive nature of PSA. Nanoparticles are most often internalized via endocytosis, yet 
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the type of endocytotic pathway can vary based upon particle size, charge, and receptor-

targeting [32, 42, 124]. While including clathrin- and caveolae-mediated endocytosis, 

phagocytosis, macropinocytosis, and pinocytosis[168], only the low pH route of clathrin-

mediated endocytosis would aid in taking advantage of the pH-responsive properties of 

PSA. 

The current work here builds upon our previous optimization of chemotherapeutic 

loading in PSA micelles where additional hydrogen-bonding and π-π stacking between 

the 2-phenoxylethylamine (POE) core and the anthracycline doxorubicin (DOX) was 

shown to greatly enhance loading. Here we have further evaluated the properties of this 

formulation (POE-g-PSA) as a delivery platform for DOX to MCF-7 human breast 

carcinoma cells. We hypothesized that the presence of the PSA shell would provide rapid 

micelle uptake [148, 152], pH-responsive shell degradation [136, 153] and cellular uptake 

via clathrin-mediated endocytosis as a result of interactions with cell surface selectin 

[51].  In order to test this hypothesis, we incubated POE-g-PSA micelles in various pH 

environments comparable towards those found upon intracellular uptake and evaluated 

changes in micelle size. Titration of these micelles was also performed in order to 

determine the carrier pKA. To test for pathway of entry, MCF-7 cells were treated with 

DOX-loaded formulations in the presence of various endocytotic inhibitors. By 

understanding the pH response, therapeutic carrier capability and route of endosomal 

uptake of PSA micelles we aimed to gain further understanding of its usage in cancer 

applications.  
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4.2 Materials and Methods 

4.2.1 Materials 

Chemicals and solvents of analytical grade were purchased and used as received. 

Eagle's Minimum Essential Medium (E-MEM with Earle's Balanced Salt Solution, non-

essential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1500 mg/L 

sodium bicarbonate) and MCF-7 human breast carcinoma cells were purchased from 

ATCC. Fetal Bovine Serum (FBS) was purchased from Atlanta Biologicals. Colominic 

acid sodium salt (PSA, 30 kDa isolated from E. coli) was obtained from Carbosynth. 

Dimethylsulfoxide (DMSO) was obtained from Fisherbrand. Phosphate Buffered Saline 

(pH 7.4, Without Calcium/Magnesium/Phenol Red) (PBS), Penicillin-Streptomycin (Pen-

Strep) and Trypsin-EDTA (0.25%, phenol red) were purchased from Gibco. Vybrant™ 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) Cell Proliferation 

Assay Kit was obtained from Invitrogen. N-(3-Dimethyl-amino propyl)-N’-

ethylcarbodiimde (EDC), 5-(N-ethyl-N-isopropyl)-amiloride; (EIPA), Hydrochloric Acid 

(HCl), N-hydroxysuccinimide (NHS), Cytochalasin D (CytD), Filipin (FIL), Formalin 

(10%), Nocodazole (NOC), Phosphate Buffered Saline 1x (PBS), 2-Phenoxyethylamine 

(POE), Sodium Hydroxide (NaOH) and Triethylamine (TEA) were purchased from 

Sigma-Aldrich (St. Louis, MO) and used as received. 0.45 µm PVDF-L Filters (13 mm 

diameter) were purchased from Simsii. Hoechst 33342 Solution (20 mM), NucBlue™ 

Live ReadyProbes™ , Snakeskin MWCO 3.5 kDa Dialysis Tubing were purchased from 

Thermo Scientific. Doxorubicin (Hydrochloride Salt, >99%) was purchased from LC 

Labs and used as received.  
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4.2.2 Synthesis of POE-g-PSA Micelles 

POE-g-PSA amphiphiles were synthesized via EDC/NHS chemistry at a molar 

substitution of 90-100% of the available carboxylic acids of the PSA backbone. In short, 

PSA was resuspended in water at 6 mg/mL and allowed to dissolve via mixing. EDC     

(4 mg/mL) and NHS (2.4 mg/mL) were added and reacted for 30 minutes. The total 

reaction volume was 4.2 mL. Once complete, 10.8 µL of POE was added and stirred 

under vigorous mixing (1000 RPM). Following filtration the following day (0.45 µm 

PVDF filters), the resulting micelles were placed on dialysis (MWCO 3.5 kDa) against 

water for 24 hours. Buffer changes were made twice in the first 6 hours with a final 

change at the 18 h mark. Following dialysis, micelles were filtered again and frozen at -

80°C for 1 hour followed by lyophilization for 72 h. Micelles were stored under 

desiccation at 4°C.  

 

4.2.3 Preparation of DOX-Loaded Micelles 

DOX-loaded micelles were prepared using the dialysis method. DOX-HCl was 

resuspended in DMSO at a concentration of 1 mg/mL. To this, 10 mg of dry POE-g-PSA 

was added and stirred vigorously for 5 minutes. Once done, 5 µL of TEA was added and 

allowed to mix at 300 RPM in the dark for 2 h. This solution was added drop-wise using 

a 21 g needle to 5 mL of water under gentle stirring and mixed for 5 minutes at 300 RPM. 

After transfer to a pre-swollen dialysis bag (MWCO 3.5 kDa), micelles were dialyzed for 

24 hours (protected from light) in order to remove unloaded DOX/TEA/DMSO.  Dialysis 

changes were made twice over the first 6 h and once more at 20 h. The resulting DOX-
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loaded micelles were filtered through 0.45 µm PVDF filters and lyophilized in a similar 

fashion as performed in micelle synthesis. The amount of DOX-loaded within the 

micelles was performed by resuspending the dried micelles in DMSO, recording the 

absorbance at 481 nm and comparing against a DOX standard curve. Drug loading 

content (DLC; MDOX-encapsulated / MDOX-loaded micelles) and encapsulation efficiency (EE; 

MDOX-encapsulated / MDOX-Feed) were calculated respectively. 

Loading Capacity =
M!"#!!"#$%&'($)*+

M!"#$%%$&!!""#
× 100% (1)  

where MDox-Encapsulated is the weight of DOX in the micelles and MMicelles-Feed is the weight 

of DOX-loaded micelles. 

Encapsulation Efficiency =
M!"#!!"#$%&'($)*+

M!"#!!""#
× 100% 

(2)  

 

where MDox-Encapsulated is the weight of DOX in the micelles and MDOX-Feed is the weight of 

DOX in the feed. 

 

4.2.4 Size and Dispersity Measurements of Micelles 

Lyophilized, dried micelles were resuspended in DD2O so as to yield the required 

concentration. These were filtered through a 0.45 µm PVDF filter to remove potential 

aggregates. Both unloaded and DOX-loaded micelles were treated in the same fashion. 

Size and PDI measurements were performed at 25°C using a Brookhaven sizing 

instrument (scattering angle 90°; wavelength 657 nm). ζPOT of the micelles were 
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evaluated in a similar fashion but were assessed through the use of a Malvern Zetasizer 

Nano ZS. 

 

4.2.5 Titration and pH-Dependent Size Change 

In order to determine the pKB, POE-g-PSA micelles were resuspended at 4 

mg/mL in DD2O, filtered through 0.45 µm PVDF filters and brought up to a pH of 10.5 

using 1 M NaOH. Under gentle spinning, small microliter amounts of 0.1 M HCl were 

introduced to the micelle suspension and the pH was recorded. This process was repeated 

until the pH of the suspension reached a pH of 3.0.   

To assess the response of these POE-g-PSA micelles to variations in pH, a similar 

procedure was performed as above. In brief, the micelles were suspended at the same 

concentration but adjusted first to a pH of 7.4 rather than 10.5. At each pH adjustment, 

the micelles were allowed to sit for 20-30 minutes before sizing was performed using a 

DLS. Each pH was selected so as to simulate the conditions in certain vesicles within the 

endosomal to lysosomal transition. These included pH 7.4 (physiological/blood 

conditions), pH 6.8-6.0 (early endosomes) and pH 5.5-4.5 (late endosomes and 

lysosomes). 

 

4.2.6 Cytotoxicity 

 MCF-7 cells were seeded on plasma treated 96-well tissue culture plates at 10,000 

cells/well and incubated overnight at 37°C / 5% CO2. 1 hour before particle introduction 

the following day, 150 µL of fresh media was added to the plate. In order to obtain proper 
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micelle concentrations within each well, micelle suspensions in PBS (10 mM, pH 7.4) of 

each POE-g-PSA formulation were made at 4x the assayed concentration. These 

suspensions were then filtered through 0.45 µm PVDF filters and 50 µL of each 

suspension was added to their respective wells. The remaining suspension was serially 

diluted with PBS and added to the plate in the same fashion. This resulted in final 

concentrations within the wells ranging from 0.13-10 mg/mL. Control cell populations 

were administered PBS. The plate was then incubated (37°C / 5% CO2) for 48 h. Upon 

completion of incubation, the media was removed and the wells were washed thrice with 

warm PBS with a final addition of 100 µL new fresh media. To this, 10 µL of MTT 

reagent (5 mg/mL in 1x PBS) was added to each well and the plate was incubated for 

another 4 h. In order to stop the reaction, the MTT/DMEM was removed from each well 

and replaced with 200 µL of DMSO. Formazan produced by live-cells was dissolved 

through multiple triturations and the plate was measured at 590 nm via the use of a 

BioTek Synergy HT Microplate Reader. Cell viability (%) was assessed by comparing 

the absorbance values of treated micelle populations to the absorbance of untreated PBS-

control wells. DOX-loaded micelle studies were performed in a similar fashion with a 

few differences. DOX-loaded POE-g-PSA micelles were resuspended at 4x the assayed 

concentration (4 mg/mL) and added to the wells to give a final concentration of 1 mg/mL 

particles and 45 µg/mL DOX. Blank micelles (1000 µg/mL) and free DOX (45 µg/mL) 

were used as controls. These were allowed to incubate for 24/48 h and assayed the same 

as micelle cytotoxicity studies using MTT.  
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4.2.7 Fluorescent and Confocal Imaging 

MCF-7 cells were plated at 16k cells/well on a 12-well plate and allowed to 

incubate overnight. The following day, media was replaced in each one of the wells 1 h 

before particle introduction. DOX-loaded POE-g-PSA micelles were resuspended at 4x 

the assayed concentration and filtered through a 0.45 µM PVDF filter. Micelle dosage 

was 800 µg/mL (40 µg/mL of DOX equiv). Once introduced, the micelles were allowed 

to incubate for a specified amount of time (1-6 h) at either 37°C or 4°C. After incubation, 

wells were washed 3x with PBS and stained with NucBlue™ Live ReadyProbes™ 

Reagent as per the instructions from the supplier. Cells were then imaged with a Nikon 

Eclipse Ti-Fluorescent Microscope. All images were taken at 20x magnification. 

 Confocal imaging was performed in a similar fashion with the following 

exceptions. MCF-7 cells were plated at 20k cells/well in an 8-well chamber slide and 

allowed to incubate overnight. Media was replaced and micelles were introduced the 

same as fluorescent imaging studies. After 2 h incubation, wells were washed 3x with 

PBS and media containing 16.2 µM Hoechst was placed within each well (300 µL) and 

allowed to incubate for 40 minutes at 37°C. After incubation, cells were again washed 3x 

with PBS, fixed with 300 µL 10% formalin for 15 minutes, washed 3x with PBS and 

stored at 4°C until viewing. Confocal imaging was performed on a Leica laser scanning 

confocal microscope at 60x magnification. Colocalization analysis of both the DAPI and 

DOX images was performed using ImageJ, 
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4.2.8 Endocytotic Inhibition 

MCF-7 cells were plated at 10k cells/well and allowed to come to confluency in 

96-well plates. Stock concentrations of each selective inhibitor were made in EMEM 

media as follows: Cytochalasin D (2.5 µM), 5-(N-Ethyl-N-isopropyl)amiloride (25 µM), 

Nocodazole (2.5 µM) and Filipin (1.25 µg/mL). These stock inhibitors were added to 

respective wells within the plate and allowed to incubate for 30 minutes at 37°C in a 

humidified incubator with 5% CO2. Control plates meant for temperature inhibition 

experiments were pre-incubated at 4°C for 30 minutes. Before addition to the plates, 

POE-g-PSA micelles were resuspended at 4x the required concentration of 500 µM 

DOX/3.7 mg-mL POE-g-PSA (2000 µM DOX, 14.8 mg/mL POE-g-PSA), filtered 

through a 0.45 µM PVDF filter and sized. 50 µL of the micelle suspension was then 

added to the 150 µL of media within the wells already containing the respective 

inhibitors. Control wells followed the same procedure with the exception that no inhibitor 

was present within the media. Plates kept at 4°C were also administered micelles to 

media with no inhibitor. 

Following 2 h of incubation at 37°C (+ inhibitors) or 4°C, wells were washed 3x 

with PBS and replaced with 150 µL of 16.2 µM Hoechst stain and allowed to incubate for 

40 minutes at 37°C in a humidified incubator with 5% CO2. Following incubation, cells 

were washed 3x with PBS and 150 uL of 10% formalin was added and cells were allowed 

to incubate for 15 minutes at room temperature in the dark. Following fixation, cells were 

washed 3x with PBS with a final replacement of 150 uL of PBS. Both DOX (Ex/Em 

470/570 nm) and Hoechst (Ex/Em 358/461 nm) fluorescence were measured through the 
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use of a BioTek Synergy HT Microplate Reader. % DOX uptake was normalized by 

dividing the DOX fluorescent intensity value with that of the Hoechst signal for each well 

assayed, thereby taking into account variations in cell number and density. 

 

4.2.9 Cell Culture 

MCF-7 human breast carcinoma cells were grown on 75 cm2 tissue culture flasks 

in EMEM with 10% FBS, 4.5 g/L glucose, 4 mM L-glutamine, 1% non-essential amino 

acids, 100 U/mL penicillin and 100 µg/mL streptomycin. Cells were kept at 37°C in a 

humidified incubator with 5% CO2.  

 

4.2.10 Statistics 

All experiments were carried out independently and in triplicate with data 

presented as the mean ± SD. Data was analyzed through the use of JMP Statistical 

Analysis Software and expressed as the mean ± standard deviation of three independent 

experiments. Quantitative comparison between two specific groups was performed 

through the use of a F-Test followed by a Student’s t-test assuming equal or unequal 

variance. Significance thresholds of obtained p-values were set as follows. * p<0.05; ** 

p<0.01; *** p<0.001; **** p<0.0001; n.s. no significance. 
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4.3 Results 

4.3.1 Preparation and Characterization of DOX-loaded Micelles 

POE-g-PSA amphiphiles were synthesized at a molar substitution of 90-100% of 

the PSA backbone. Upon resuspension in an aqueous environment, these amphiphiles 

self-assembled to form micelles less than 200 nm (190 ± 23 nm), exhibiting sufficient 

stability (0.26 ± 0.03 PDI). The dialysis method was used to encapsulate the 

chemotherapeutic DOX within the micelle core. Upon loading at 10% DOX feed, 

micelles decreased from almost 200 nm to 158 nm and exhibited higher stability (PDI 

0.17 ± 0.01 PDI) compared to unloaded formulations. It has been shown previously that 

hydrophobic drug such as DOX can act as core-filler molecules [108] and enhance 

micelle stability. Sizes such as these are deemed suitable for nanoparticle in cancer 

applications (70-200 nm) [22], with 200 nm viewed by many groups as the threshold 

cutoff to take advantage of the EPR effect and passive tumor targeting [91]. The sub-200 

nm size range of these micelles indicate potential low uptake by the RES and avoidance 

of renal filtration, ultimately allowing for build up at the tumor size via permeation of 

fenestrations at the tumor site (the EPR effect) [87]. Loading capacity and encapsulation 

efficiency of DOX were fairly high for such relatively short hydrophobic groups, being 

6.7 ± 1.0 % and 52.0 ± 5.0 % respectively. This is a result of a synergy of attractive 

forces between the POE chain and the DOX molecule, including π-π stacking, hydrogen 

bonding, and hydrophobic attraction. 
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4.3.2 In Vitro Cytotoxicity of DOX-Loaded Micelles 

Cytotoxicity is a result of sequential steps of the micelles journey from the 

extracellular to the intracellular environment. These include particle internalization, 

lysosomal trafficking, release of the drug out of the polymer matrix and lysosomal drug 

escape [148]. POE-g-PSA micelles were shown to be exceptionally cytocompatible 

towards MCF-7 human breast carcinoma cells, reaching just above a detectable LD50 

value at the high assayed concentration of 10 mg/mL (Figure 10). The lack of cellular 

proliferation detected by the MTT assay at >10 mg/mL may be a result of excess micelles 

impeding cellular movement. The LD50 value obtained at such a high micelle 

concentration far surpasses those obtained using other carriers assayed with MCF-7 cells 

such as stearate-g-dextran (200-400 µg/mL) [23] and other formulations which designate 

cytocompatability as low as 200-250 µg/mL [22] [40]. High cytocompatability of the 

drug carrier allows for increased dosages in vivo and a greater chance of eliciting a 

therapeutic effect. In the cases of disease which require continual treatment and repeated 

dosing such as cancer, this carrier characteristic is essential. 
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Figure 10. Cell viability of MCF-7 cells incubated with blank POE-g-PSA 
micelles. Micelles did not reach LD50 value even at significantly high 
concentrations. Data presented as the mean ± SD (n=3). 

 

In order to evaluate uptake efficiency compared to free drug, DOX-loaded 

micelles and free DOX were administered to MCF-7 cells and allowed to incubate for 24 

or 48 h (Figure 11). Through evaluation of changes in cellular proliferation and viability 

post-treatment, POE-g-PSA micelles effectively delivered DOX to MCF-7 cells but with 

consistently less effect than free drug. This discrepancy between micelle and free DOX is 

a result of pathway of entry. Free DOX is known to permeate the cell and nuclear 

membrane via passive diffusion and accumulation within the cell nucleus [21, 162], a 

result of being sufficiently smaller than the 1000 Da cutoff of the cell membrane [23]. In 

comparison, micelles enter via the comparatively slow route of endocytosis. Drug 

delivery via nanocarriers often results in lower in vitro activity than normal small 
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molecular drugs due to required release from the carrier [21]. There is often a larger 

discrepancy in therapeutic effect between the free drug and the drug encapsulated within 

the micelle core due to the extra step of particle endocytosis [169]. The values obtained 

indicate that the drug is releasing relatively fast from the carrier while still maintaining 

therapeutic efficacy.  

 

 
Figure 11. Cell viability of MCF-7 cells incubated with blank POE-g-PSA 
micelles, free DOX or DOX-loaded POE-g-PSA micelles for 24 or 48 h. The 
relatively close proximity of cellular proliferation inhibition between both 
DOX-loaded and free drug formulations indicates that the micelle was uptaken 
and the drug released in a relatively fast fashion. Comparison between DOX-
loaded micelles and free DOX was performed through the use a Student’s t-test. 
Significance thresholds of obtained p-values were set as follows: * p<0.05; ** 
p<0.01; *** p<0.001; **** p<0.0001. Data presented as the mean ± SD (n=3). 
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4.3.3 pH-Response of Micelles 

The pH response of micelles was assessed by evaluating size-dependent 

properties at various pH conditions (Figure 12). These conditions were selected in order 

to simulate pH values that the micelle will experience in physiological circulation, 

ultimate build up at the tumor site and eventual cellular uptake. Micelles were incubated 

for 20 minutes at pH 7.4 (physiological/blood conditions) followed by pH 6.8-6.0 (early 

endosomes), pH 5.5-4.5 (late endosomes and lysosomes) [170] respectively. These values 

were selected in order to allocate equal incubation time within all compartments before 

lysosomal conditions were reached. No significant size difference was noted until the 

simulated lysosomal environment was reached after 2 h. Endosomal vesicles can appear 

within 30 minutes of uptake with transport to lysosomes complete within 2 hours [171]. 

After 40 minutes of incubation time at lysosomal conditions, micelle sizes dropped nearly 

30% from the size first measured upon introduction to the pH 4.5 environment. This size 

continued to drop for the remaining time duration.  

This size change is a result of the natural pH-responsive properties of PSA. PSA 

is linked together through a continuous serious of ester bonds, that of which are highly 

susceptible to acid hydrolysis at lysosomal pH values [153]. It has been shown previously 

that hydrolysis of ester bonds within micelles can sufficiently decrease micelle size [92], 

thereby reaffirming the obtained results. While this degradation study concentrated on 

strictly the pH-dependency of PSA micelles, degradation of the PSA backbone would be 

further aided within actual intracellular environments. Enzymes present within the 
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lysosome such as glycosidases, esterases and proteases would enhance degradation of the 

PSA backbone and help in drug release post-endocytosis [149]. 

 

 
Figure 12. Size-dependent changes of one batch of POE-g-PSA micelles 
based on incubation time at specific pH conditions meant to simulate 
cellular uptake. Micelle size dropped drastically once inside lysosomal pH 
ranges as a result of degradation of the PSA backbone via ester bond 
hydrolysis.  The following pH conditions were assessed: pH 7.4 (dark blue 
triangle), pH 6.8 (light blue diamond), pH 6.0 (light orange square), pH 5.5 
(dark orange square with x), pH 5.0 (light red square with cross), pH 4.5 (dark 
red circle). Data presented as the mean of three experiments. 

 

The hydrolytic degradation process of PSA is believed to be a result of the high 

pKA values of the internal carboxyl groups with protonated carboxyl groups acting as 

proton donors for general mild acid catalysis [153]. PSA pKA values will differ based 

upon the variant pKA values of their carboxyl groups. For example, monomeric sialyic 

acid and PSA exhibited pKA values of 2.2-3.0 and 3.91-5.53 respectively [153]. Titration 
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of our POE-g-PSA micelles yielded a pKB of 9.49 and therefore a pKA 4.51 (Figure 13), 

that of which would be in the lysosomal pH range. The carboxylate groups of the PSA 

mostly likely protonate to form a carboxylic acid at lysosomal pH, resulting in the 

internal carboxyl group donating a proton to the adjacent glycosidic oxygen, forming an 

oxycarbonium ion intermediate and leading to general acid catalysis [153]. Interestingly, 

it has also been shown that longer chained PSA at a higher degree of polymerization 

(DOP) can degrade significantly faster than short-chain counterparts. This size 

discrepancy is due to more liable internal glycosydic bonds, that of which can be 

comparable towards pH and temperature conditions found within physiological scenarios 

[153]. The rate of hydrolytic degradation of PSA is strongly dependent upon the length of 

the chain, with larger chains degrading faster due to more internal liable bonds. For 

example, PSA with a DOP>100 has been shown to cleave 72% of units while short 

oligochain version did not cleave at all [153]. This indicates the internal linkages are 

much less stable than terminal end units. Therefore, the use of longer chained PSA such 

as that used in these POE-g-PSA formulations aid in its usage as a micelle coating agent 

due to the enhanced degradation properties arising from its large molecular weight.  
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Figure 13. Titration of POE-g-PSA using 0.1 M HCl. A pKA of 4.51 
indicates that PSA degradation would most likely be accelerated in pH 
environments analogous towards those found in the lysosome. Data presented 
as the mean of three experiments. 
 

4.3.4 Qualitative Cellular Uptake 

DOX-loaded micelles were administered to MCF-7 cells and allowed to incubate 

both at 4°C and 37°C (Figure 14), conditions selected which would both inhibit and 

promote endocytosis respectively. Within 1 h, drug-loaded micelles were already shown 

to be faintly present within the cells and accumulated respectively over 3 h and 6 h. 

Interestingly, there was significant DOX presence when both the DOX and DAPI signals 

were overlaid, indicating that the particles had already made not just significant leeway 

into the cell but also delivery of the drug to the nucleus [172]. In contrast to 37°C, the 

4°C control did not indicate any DOX signal after 6 h of incubation. Endocytosis is an 

example of active transport, requiring ATP to accomplish the envelopment of the plasma 

membrane to form vesicles for nanoparticles to gain entry into the cell. Nearly all 
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endocytotic pathways are energy-dependent and can be inhibited through low-

temperature (4°C) conditions [173]. Low-temperature treatment of cells has been shown 

to stop all energy-dependent movement across the cell membrane [174] as the 

endocytotic/pinocytotic mechanism of cellular entry is arrested [175]. This indicates that 

the pathway of entry of these POE-g-PSA micelles is endocytotic in nature. 
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(a) 37°C 

 

(b) 4°C 

 

Figure 14. Cellular uptake of DOX-loaded POE-g-PSA micelles incubated 
with MCF-7 cells show both promotion (37°C; a) and inhibition (4°C; b) of 
nanoparticle endocytosis. DOX-loaded POE-g-PSA micelles were not uptaken 
at low-temperatures, a main inhibitor of endocytosis. 
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Confocal imaging confirmed that DOX was released exceptionally fast (Figure 

15), with DOX present within the nucleus within the 2 h time frame assessed. 

Endocytotic vesicles can appear in as little as a half an hour with complete transition 

from endosomes to lysosomes within 2 h [171]. This indicates that the drug is being 

released most likely at complete lysosomal transformation. Our previous studies have 

shown that nearly three times the amount of DOX is released from POE-g-PSA micelles 

at lysosomal pH conditions (pH 5.0) compared to physiological conditions (pH 7.4). This 

enhanced release, paired with the fast uptake properties of PSA carriers and short 

diffusion distance of the drug from the core to the surrounding environment upon micelle 

dissociation may account for the fast DOX penetration to the nucleus. 

Normally, condensed pockets of fluorescent DOX normally indicate that the drug 

is still contained within the carrier or trapped within an intracellular vesicle (e.g. 

endosome/lysosome). This is not present within these images as the fluorescent DOX 

signal is nearly completely diffuse, indicating that DOX, being a drug targeting the 

nucleus, can effectively be released from the carrier, penetrate through the membrane of 

the endosomal/lysosomal vesicle and be delivered from the cytoplasm to the nucleus. 

Colocalization of both the DAPI and DOX dyes were analyzed using Pearson’s 

correlation and Manders split coefficients, two common methods of pixel intensity spatial 

correlation analysis. Both Pearson’s correlation (RAbove-Threshold =0 .95) and Manders split 

coefficients approached 1 (Manders’ tM1 = 0.776; Manders’ tM2 = 0.791), indicating 

close to perfect channel correlation and dye colocalization. This confirms that both the 

DOX and DAPI stains overlapped and were colocalized together within the cell nucleus. 



 

 123 

 

 
Figure 15. Confocal imaging of DOX-loaded POE-g-PSA micelles 
incubated with MCF-7 cells after 2 h. The presence of DOX within the 
nucleus indicates fast uptake and drug release. Panel labeling indicates nuclei 
staining (DAPI), doxorubicin fluorescence (DOX), differential interference 
contrast imaging (DIC) and DIC/DOX overlays (MERGE) at 60x 
magnification.  
 

4.3.5 Evaluation of Cellular Uptake Pathway 

In order to understand the exact uptake pathway of POE-g-PSA micelles, drug-

loaded carriers were incubated with specific inhibitors of endocytosis (Figure 16). These 

included inhibitors of clathrin-mediated endocytosis (Nocodazole; NOC), lipid raft-

dependent caveolae endocytosis (Filipin; FIL), macropinocytosis (5-(N-ethyl-N-

isopropyl)-amiloride; EIPA), clathrin/caveolae endocytosis as well as macropinocytosis 



 

 124 

(Cytochalasin D; CytD). As performed previously, all energy-dependent movement 

across the cell membrane was inhibited via low-temperature (4°C) [171].  

 

 
Figure 16. Effect of endocytotic inhibitors on cellular uptake of DOX-
loaded POE-g-PSA micelles in MCF-7 cells. % DOX uptake was significantly 
inhibited at low-temperatures as well as with the addition of inhibitors for all 
endocytosis (CytD) and clathrin-mediated endocytosis (NOC), indicating that 
the micelles were uptaken via clathrin-coated pits. Statistical significance was 
noted in comparison between inhibitor-treated samples and the normal control. 
Significance thresholds of obtained p-values were set as follows: * p<0.05; ** 
p<0.01; *** p<0.001; **** p<0.0001. Data presented as the mean ± SD (n=3). 
 
 

 Micelle sizes were assessed immediately before particle addition, yielding small 

and monodisperse carriers (163.3 ± 5.7 nm, 0.12 ± 0.04 PDI). Rejman et al. have 

demonstrated that non-targeted fluorescent latex nanoparticles with diameters > 200 nm 

were uptaken via clathrin-coated pits while larger sized particles relied on caveolae-

mediated endocytosis as the main route of entry in non-phagocytotic mouse melanoma 

B16 cells [176]. % DOX uptake was significantly inhibited at low-temperatures as well 

as with the addition of clathrin-mediated endocytosis inhibitor NOC, indicating that the 
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micelles must be uptaken via clathrin-coated pits. This was reaffirmed in groups 

containing another clathrin-mediated inhibitor (CytD). This route of entry is essential as 

uptake via caveolae or lipid rafts lead to neutral pH compartments [177], potentially 

detrimental given the pH-responsive elements of both the drug and carrier. Clathrin-

mediated routes contain ATP-dependent proton pumps which generate a significant 

H+ concentration gradient, that of which would be beneficial for POE-g-PSA DOX-

loaded micelles. 

 

4.4 Discussion 

Effectively designing a micelle carrier that can both be uptaken fast to the 

targeted cell population and release its payload as quickly as possible is the current goal 

of nearly every novel design. Carriers such as micelles must overcome a significant 

number of barriers. These include sufficiently long enough circulation times to build up 

at the targeted tumor site, efficient uptake within the tumor cell population and eventual 

controlled release of the drug payload to the selected intracellular site of action. This 

requires an external composition which can evade immune system recognition, target 

tumor cells and respond towards intracellular environmental changes to aid in drug 

release. Many groups focus in on designing one specific aspect of the carriers to meet 

these criteria. Hydrophilic coatings such as PEG have enhanced circulation times [178], 

antibodies conjugated to the carriers for site-specific targeting [179] and pH-responsive 

elements included for environmental triggered release [180]. While successful, meeting 

these criteria requires a multi-faceted approach which can lead to complicated and 

irreproducible designs. Therefore, more careful consideration should be taken towards the 
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selected groups which are used to construct the carrier. PSA has been shown to meet all 

three of these criteria. Long-circulating systems have been well documented using PSA 

and its derivatives [157, 158, 181], greatly enhancing circulation times via RES evasion 

and passive build up at the tumor site. The natural targeting properties of PSA have been 

demonstrated via its ligand binding affinity to selectin, a cell adhesion molecule known to 

be overexpressed on the surface of tumor cells. Through this, the addition of PSA has 

aided in enhancing nanoparticle uptake in tumor cell populations [152]. Lastly, PSA has 

been proposed to be pH-responsive in nature [136], resulting in a pKA approaching 

lysosomal pH values [153]. This aids in acid-catalyzed hydrolysis of the ester bonds of 

once inside the lysosome, thereby enhancing degradability and ease of drug release. The 

synergistic effect of all of these properties makes PSA a highly attractive candidate for 

use in drug delivery applications. 

As previously noted, the rapid uptake of these micelles encountered here may be 

due to the natural affinity of PSA towards selectin. Selectins are adhesion molecules 

which mediate cell-cell interactions among leukocytes, platelets, and endothelial cells and 

are involved with the adhesion of tumor cells to endothelial cells, allowing for tumor 

metastasis [154]. SA has been known to bind to selectin found on the cell surface of 

tumor and endothelial cells [20, 148, 154, 159, 182-184]. Due to its strong affinity, SA 

has been proposed to be used as a targeting agent towards tumors which overexpress 

selectin [20]. In many cases, SA is expressed by the tumor cell itself [141]. Resulting 

from the presence of SA-containing glycosphingolipids on the tumor cell surface known 

as gangliosides, SA has been used as a target and cancer-specific antigen [142, 146, 185]. 
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These have been used for inhibition of tumor progression, metastatic inhibition as well as 

immunotherapy targets [20]. Yet another targeting possibility involves a type of lectin 

known as C-lectins, including both selectins and pentraxins. Both are known to be 

present on the cancer cell plasma membrane [20, 186]. Many of these C-type lectins 

initiate receptor-mediated endocytosis to deliver the bound ligands towards lysosomal 

compartments [187], a pathway which can take advantage of the pH-responsive nature of 

PSA due to low pH environment encountered. This type of SA-tumor targeting was 

demonstrated by Jayant et al. through the development of a PEG prodrug of DOX 

containing a citric acid spacer and the use of SA as a cancer-specific targeting moiety 

[20]. The rate of uptake of the prodrug by A2780 human ovarian carcinoma cells was 

increased through the addition of the targeting SA moiety, thereby switching the pathway 

of entry from “simple” to receptor-mediated endocytosis and substantially increasing the 

cytotoxicity of the anticancer drug [20]. Approaches such as this can lead towards high 

specificity towards the tumor site as well as strong receptor affinity, increasing drug 

uptake and overall therapeutic effect. 

The exceptionally fast uptake seen here may be a result of the large surface 

density of PSA. PSA-coated selenium nanoparticles developed by Zheng et al. enhanced 

cancer cell targeting and cell-penetrating ability preferentially in HeLa cells over healthy 

cell populations, resulting in greater selenium-induced apoptosis [152]. Normally, 

targeting ligands are placed on the surface of nanoparticles at a certain density that 

potentially leaves some unconjugated sites on the particle. Given their nature, these PSA 

micelles are fully coated on the outside, leading to a greater amount of potential ligand-
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receptor interactions. DOX-loaded micelles also initiated a relatively fast cytotoxic 

response, even when compared to free DOX. We believe this is probably due to the fast 

uptake and degradation of the micelle, in essence due to the nature of PSA itself. 

In this current application, our results are a cumulative effect of the benefits of the 

external PSA as well as the design of the internal core composition. The selection of the 

core-forming segment should be evaluated in order to maximize the interaction properties 

between the drug and the core. The POE internal group was selected based upon 

maximizing non-covalent drug loading between DOX and POE via π-π stacking between 

benzene rings of DOX and POE, hydrogen bonding between donors and acceptors found 

respectively on both as well as natural drug-core hydrophobic interactions. This 

accounted for the high loading values obtained, indicating that selecting group 

functionality within the core is essential. Many groups have reported high loading 

through the addition of long-chain core forming segments yet encountered difficulty in 

release [84]. In order to offset this issue, we selected short-chain segments which may 

have had a significant effect. The selection and orientation of these POE chains in a 

grafted, as compared to block, conformation allowed for maximized loading yet also 

eliminated the long diffusion step from the core to the external milieu known to inhibit 

micelle release [84]. The fast intracellular release may be partially attributed to this short 

diffusion distance as well as two other important aspects. First, DOX is an amphoteric 

drug which contains both protonatable amino and deprotonatable phenolic groups within 

its structure, thereby providing a continuous equilibrium between positively charged, 

negatively charged, neutral and zwitterionic states [188]. At a pH range between 0-6, the 



 

 129 

amino groups become protonated, shifting from NH2 to NH3
+, sufficiently increasing the 

water solubility of DOX and enhancing its release from drug-loaded carriers. Release of 

DOX at neutral conditions, such as at physiological pH, from micelles will be driven by 

the concentration gradient between the micelles and the external PBS milue [189]. In 

contrast, upon a decrease in pH towards lysosomal conditions (pH 5.0) the DOX will 

shift towards its protonated/hydrophilic state, greatly aiding in the cumulative release of 

DOX. Second, the release of the DOX can be aided by potentially eliminating the 

diffusion limiting step associated with the hydrophilic coating. Through experiments 

performed here, we believe that these PSA micelles will start to degrade at pH values 

close to those found within lysosomal environments. This break down of PSA is in great 

contrast to common surface coatings such as PEG which do not degrade [190] and can 

severely inhibit drug release [191].  

While not involving direct targeting of tumors, an alternative approach towards 

cancer therapy involves decreasing the growth potential of highly aggressive and 

metastatic cancers. Direct and indirect tumor cell secretion of pro-inflammatory 

cytokines such as IL-1β, IL-6, TGF-β, and TNF-α stimulate endothelial expression of 

CAMs (e.g. E-selectin) within the region proximal to the tumor [154]. SA-expressing 

tumor cells migrating from the primary tumor site target these receptors on endothelial 

cells as a means of metastatic progression [155]. This results in tethering and rolling of 

the tumor cells along the endothelial layer of blood vessels in and around the tumor, 

serving as a “roadmap” towards secondary sites such as the lung and bone marrow. 

Secondary targeting of E-selectin on these endothelial cells through PSA-coated 
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nanoparticles has been hypothesized to compete with tumor cell progression and inhibit 

metastasis [51], exemplified in studies performed with sialylated liposomes as an 

approach towards hindering metastatic growth in leukemia [156]. Examples such as these 

demonstrate the wide variety of approaches seen with PSA-coated systems [51] and 

future directions which can be taken. 

 

4.5 Conclusion 

The next generation of materials for the delivery of cancer therapeutics should 

aim to deliver drugs using a multifaceted approach, allowing for long circulations times, 

targeted/fast delivery and quick release. In order to streamline development as quickly as 

possible from benchtop to bedside, the materials which comprise these carriers should 

remain as simple and natural as possible to avoid unnecessarily complicated synthesis 

steps as well as potential immunogenicity. PSA, a naturally occurring polysaccharide, 

follows the criteria of an efficient surface coating by meeting these three essential 

principles.  

Here, we have demonstrated that micelles comprised of a PSA shell and POE core 

(POE-g-PSA) effectively delivered DOX towards MCF-7 cells in a fast and efficient 

manner. Rapid uptake observed when administered to cells may largely be related to the 

surface density of PSA on the micelle exterior, allowing for greater interaction 

probability via tumor cell surface selectin and resulting intracellular uptake. Fast 

intracellular release was most likely a result of both micelle core design (reversible non-

covalent bonding, short diffusion distance between core and external milue), enhanced 
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DOX release at low pH conditions due to a hydrophobic-to-hydrophilic transition as well 

as external PSA degradation via acid-catalyzed hydrolysis at lysosomal conditions. Given 

our results, we believe PSA meets the criteria of an effective drug delivery coating and 

should be highly considered in future nanoparticle designs. 
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CHAPTER 5 

5. TAILORING SWELLING PH OF POLY(SIALIC ACID) 

MICELLES BASED ON CORE HYDROPHOBICITY  

5.1 Introduction 

 Drug release from the micelle is critical as many formulations suffer from poor 

drug release from the micelle core and decreased drug efficacy [88]. To aid in this drug 

release, the addition of a “smart” element within these micelles has become a mainstay in 

many new formulations [192-194]. Smart polymeric materials are constituted as those 

which can significantly change their properties due to small changes in their environment 

[180]. These environmental changes include temperature, pH, chemicals, and light [195]. 

The pH of tumors is inherently lower at both intracellular (7.0-7.2) and extracellular (6.8) 

conditions compared to normal cells [120]. This allows for the development of carriers 

which can exploit the properties of the tumor microenvironment to enhance payload 

delivery [83]. Along the route of physiological administration, chemotherapeutic-loaded 

carriers/micelles will encounter various pH-environments based upon variations between 

these normal and tumor conditions. This pH values drops to a weakly acidic value 

ranging between 6.2-6.9 within the tumor microenvironment [196] and again drops even 

further once up taken into intracellular organelles. Nanoparticles, such as micelles, have 

the ability to be “eaten” (endocytosed) by cells if they can make sufficient contact which, 

due to their small size and functionalities, colloidal particles inevitably do [197]. 

Interactions with the cell surface will result in cellular membrane wrapping and uptake 

[42]. Various numbers of endocytotic pathways are available for which eukaryotic cells 
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can internalize substances, all of which ultimately affect their final destination. These 

include phagocytosis, macropinocytosis, clathrin-mediated endocytosis and non-clathrin-

mediated endocytosis such as caveolae-based internalization [176]. Clathrin- and 

caveolae-mediated routes result in low-pH and neutral-pH compartments respectively. 

Upon uptake via clathrin-mediated endocytosis, nanoparticles will transition from early 

to late endosomes and eventually to lysosomes. In comparison to the neutral pH found 

within the cytosol (7.0), this endosomal to lysosomal transition is marked by a drastic pH 

drop from 6.5 to 4.5 as a result of ATP-dependent proton pumps found in the membrane 

of these organelles [198]. 

In order to take advantage of this variable pH, many groups have focused in on 

developing micelles that are responsive to this environmental stimulus [164, 199, 200]. 

The goal of these responsive carriers is to maintain stability until a certain pH is reached 

which would be suitable for micelles to fall apart or “swell” and release their payload 

(Fig. 5.). Commonly used in many of these studies is poly(2-(diethylamino)ethyl 

methacrylate (PDEAM) [201-203]. Due to an unsaturated nitrogen found on its tertiary 

amine structure, PDEA can shift between water-insoluble at basic or neutral pH 

conditions and water-soluble in acidic environments based upon the protonation of the 

tertiary amine group, thereby acting as a weak cationic polyelectrolyte at a pH<7. This 

hydrophobic-to-hydrophilic shift allows for micelles to form in alkaline media and fall 

apart in low pH environments, such as the tumor or intracellular vesicles [164]. While 

holding great potential for use as an acid triggered antitumor vehicle, its pKA of 7.3 [204] 
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is sufficiently too close to that of physiological media [164]. This can lead to core 

instability once in circulation and premature drug release.  

The pKA of tertiary amines can be tailored based upon the presence of various 

functional groups which surround the ionizable group. A screen of the conjugate acids of 

14 amines performed by Rayer et al. found that pKA can be adjusted based upon steric 

hindrance, number of –OH groups and length of the alkyl chain [205]. Longer alkyl 

chains and an increase in the number of –OH groups were shown to decrease the pKA 

value. This was expanded into the realm of nanoparticles by Song et al. through the 

development of pH-sensitive poly(β-amino ester)s (PbAEs) with tunable pKB values for 

usage in PbAE-b-PEG micelles [135]. PbAE is a pH-responsive biodegradable polymer 

with an abundant number of “tiratable” tertiary amines, thereby allowing the polymer to 

have a high buffer capacity. By changing the alkyl groups of the amine monomer, the 

pKB was tuned across a pH range comparable towards that found within physiological 

scenarios (3.5-7.2). 

Drug release is essential within any drug delivery system, but only at the correct 

time. Carriers, such as micelles, should remain stable when in physiological circulation, 

but efficiently release as much drug cargo as possible once the target site has been 

reached. Upon uptake along the endosomal to lysosomal route, continual acidification of 

the drug-loaded within the micelle can effectively degrade the drug and inhibit its release 

to the targeted site of action (e.g. cytosol, nucleus, etc.), thereby sufficiently decreasing 

its therapeutic effect. Using pH-responsive nanoparticles is particularly useful in delivery 

of drugs to intracellular targets, where pH varies greatly between the extra- and 
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intracellular environments. The nanoparticle should remain stable at physiological 

conditions (pH 7.4) but release the drug as fast as possible once inside the cell (pH 7.2-

4.0) to avoid acid degradation of the payload. This makes tailoring the point of swelling, 

and thereby drug release, essential. The addition of pH-responsive groups (e.g. tertiary 

amines) within the micelle core allows for a hydrophobic-to-hydrophilic core transition 

and micelle swelling, effectively aiding in drug release. The extent of core ionization is 

dependent upon water penetration as increased core hydrophobicity will inhibit water 

penetration and change swelling pH values 

Here we have developed poly(sialic acid) (PSA) micelles composed of cores of 

varying hydrophobicity (Figure 17) which all contain tertiary amines (Variable 

Hydrophobicity Ionized Group: VHIG) (VHIG-g-PSA). Enhancing core hydrophobicity 

can inhibit water inclusion to the core and slow protonation of the ionizable tertiary 

amine groups, thereby allowing tailored swelling points. These pH-responsive micelle 

cores can then allow for water inclusion once the swelling point is reached due to an 

increase in core hydrophilicity resulting from core protonation. Short grafted polymers 

were used in order to reduce the number of hydrophobic forces which could hold the 

micelle together and to isolate small changes in the backbone in regards to pH-

responsiveness. This altered swelling point can lead to a tailored release at potentially 

different points along the endosomal-to-lysosomal transition and rapid drug release. Here 

we gained to understand where this micelle swelling point is reached within different pH 

ranges meant to model those found within organelles upon intracellular uptake (early/late 

endosomes, lysosomes) and if that point can be tailored based upon core hydrophobicity.  
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Figure 17. Addition of Variable Hydrophobicity Ionized Groups (VHIG) 
on the PSA backbone (VHIG-g-PSA) allows for tailored pH-dependent 
swelling of VHIG-g-PSA micelles upon self-assembly. 
 

5.2 Materials and Methods 

5.2.1 Materials 

Chemicals and solvents of analytical grade were purchased and used as received. 

Eagle's Minimum Essential Medium (E-MEM with Earle's Balanced Salt Solution, non-

essential amino acids, 2 mM L-glutamine, 1 mM sodium pyruvate, and 1500 mg/L 

sodium bicarbonate) and MCF-7 human breast carcinoma cells were purchased from 

ATCC. Fetal Bovine Serum (FBS) was purchased from Atlanta Biologicals. Colominic 

acid sodium salt (PSA, 30 kDa isolated from E. coli) was obtained from Carbosynth. 
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Dimethylsulfoxide (DMSO) was obtained from Fisherbrand. Phosphate Buffered Saline 

(pH 7.4, Without Calcium/Magnesium/Phenol Red) (PBS), Penicillin-Streptomycin (Pen-

Strep) and Trypsin-EDTA (0.25%, phenol red) were purchased from Gibco. Vybrant™ 

MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) Cell Proliferation 

Assay Kit was obtained from Invitrogen. Doxorubicin (Hydrochloride Salt, >99%) was 

purchased from LC Labs and used as received. N,N-Diethylethylenediamine (DIE), N,N-

Diethyl-p-phenylenediamine (DIEPA), N,N-Dimethylethylenediamine (DIM), N,N-

Dimethyl-p-phenylenediamine (DIMPA), N-(3-Dimethyl-amino propyl)-N’-

ethylcarbodiimde (EDC), Hydrochloric Acid (HCl), N-hydroxysuccinimide (NHS), 

Formalin (10%), Pyrene, Sodium Hydroxide (NaOH) and Triethylamine (TEA) were 

purchased from Sigma-Aldrich (St. Louis, MO) and used as received. 0.45 µm PVDF-L 

Filters (13 mm diameter) were purchased from Simsii. Hoechst 33342 Solution (20 mM) 

and Snakeskin MWCO 3.5 kDa Dialysis Tubing were purchased from Thermo Scientific.  

 

5.2.2 Synthesis of VHIG-g-PSA Micelles 

VHIG-g-PSA amphiphiles were synthesized via EDC/NHS chemistry at a molar 

substitution of 90-100% of the available carboxylic acids of the PSA backbone. In short, 

105.6 mg PSA was resuspended in 17.6 mL of water and allowed to dissolve via mixing. 

69.9 mg of EDC and 42.0 mg of NHS were added and allowed to react for 30 minutes. 

Once complete, the resulting solution was allocated into four vials (4 mL each total 

solution volume) and purged with nitrogen to remove any excess air followed by addition 

of the respective VHIG. Included VHIG were: N,N-Diethyl-p-phenylenediamine 
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(DIEPA; 13.6 µL), N,N-Dimethyl-p-phenylenediamine (DIMPA; 11.3 mg), N,N-

Diethylethylenediamine (DIE; 11.6 µL) and N,N-Dimethylethylenediamine (DIM; 9.1 

µL). These were then allowed to react overnight under vigorous mixing (1000 RPM) 

followed by filtration the following day using 0.45 µm PVDF filters. After filtration, the 

resulting micelles were placed on dialysis (MWCO 3.5 kDa) against water for 24 hours. 

Buffer changes were made twice in the first 6 hours with a final change at the 18-hour 

mark. Following dialysis, micelles were filtered again and frozen at -80°C for 1 hour 

followed by lyophilization for 72 hours. Micelles were stored under desiccation at 4°C.  

 

5.2.3 Critical Micelle Concentration 

Pyrene was dissolved in acetone so as to yield a stock concentration of 0.06 M. 

This acetone stock was then added to water pH adjusted to 7.4, resulting in 12 x 10-7 M 

pyrene. Acetone was removed from this 12 x 10-7 M (pH 7.4) stock by evaporation with 

mixing for 1 hour. Dried micelles were then resuspended in this stock and serially diluted 

so as to yield concentrations ranging from 2000 µg/mL to 7.9 µg/mL. Following mixing 

at 100 RPM for 48 hours to allow for equilibration, samples were transferred to a black 

96-well plate and the change in the intensity ratio (I339/I337) [19] of the pyrene in relation 

to VHIG-g-PSA concentration was plotted from excitation spectra at 300-360 nm at an 

emission of 390 nm [131].  
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5.2.4 Size, Dispersity, and Zeta (ζ)-Potential Measurements of Micelles  

Lyophilized, dried micelles were resuspended in DD2O so as to yield the required 

concentration. These were filtered through a 0.45 µm PVDF filter to remove potential 

aggregates. Both unloaded and FITC-Albumin loaded micelles were treated in the same 

fashion. Size and PDI measurements were performed at 25°C using a Brookhaven sizing 

instrument (scattering angle 90°; wavelength 657 nm). ζPOT of the micelles were 

evaluated in a similar fashion but were assessed through the use of a Malvern Zetasizer 

Nano ZS. 

 

5.2.5 Titration and pH-Dependent Size Change 

In order to determine response to pH change, VHIG-g-PSA micelles were 

resuspended at 4 mg/mL in DD2O, filtered through 0.45 µm PVDF filters and brought up 

to a pH of 12.0 using 1 M NaOH. Under gentle spinning, small microliter amounts of 0.1 

M HCl were introduced to the micelle suspension and the pH was recorded. This process 

was repeated until the pH of the suspension reached 3.0.  

To assess the size response of these micelles to variations in pH, a similar 

procedure was performed as above. In brief, the micelles were suspended at the same 

concentration but the pH was adjusted to values at both highly basic conditions (pH 10.0 

and 9.0) as well as those that the micelle would encounter once within circulation and 

eventual intracellular uptake (endosomal-to-lysosomal transition). These included pH 7.4 

(physiological/blood conditions), pH 6.8 (early endosomes), pH 5.0 (late endosomes) and 



 

 140 

pH 4.0 (lysosomes). At each pH adjustment, the micelles were allowed to sit for 10 

minutes before sizing was performed using a DLS to allow for equilibration. 

 

5.2.6 Cytotoxicity 

MCF-7 cells were seeded on plasma treated 96-well tissue culture plates at 10,000 

cells/well and incubated overnight at 37°C/5% CO2. 1 hour before particle introduction 

the following day, 150 µL of fresh media was added to the plate. In order to obtain proper 

micelle concentrations within each well, micelle suspensions in 1x PBS (10 mM, pH 7.4) 

of each PTAG-g-PSA formulation were made at 4x the assayed concentration. These 

suspensions were then filtered through 0.45 µm PVDF filters and 50 µL of each 

suspension was added to their respective wells. The remaining suspension was serially 

diluted with 1x PBS and added to the plate in the same fashion. This resulted in final 

concentrations within the wells ranging from 4000 µg/mL to 8 µg/mL. Control cell 

populations were administered 1x PBS. The plate was then incubated (37°C/5% CO2) for 

48 h. Upon completion of incubation, the media was removed and the wells were washed 

thrice with warm 1x PBS with a final addition of 100 µL new fresh media. To this, 10 µL 

of MTT reagent (5 mg/mL in 1x PBS) was added to each well and the plate was 

incubated for another 4 hours. In order to stop the reaction, the MTT/DMEM was 

removed from each well and replaced with 200 µL of DMSO. The formazan produced by 

live-cells was dissolved through multiple triturations and the plate was measured at 590 

nm via the use of a BioTek Synergy HT Microplate Reader. Cell viability (%) was 
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assessed by comparing the absorbance values of treated micelle populations to the 

absorbance of untreated PBS-control wells.   

 

5.2.7 Doxorubicin Loading 

 Micelle loading was performed by a commonly established dialysis method. DOX 

loading was evaluated so as to 10 wt./wt.% DOX to VHIG-g-PSA. In brief, 1 mg of 

DOX-HCl (e.g. 10 wt./wt.%) and 10 mg of VHIG-g-PSA were dissolved in 1 mL DMSO 

and vortexed at 3000 rpm for 1 minute. 5 µL of TEA was added to remove the HCl from 

DOX, thereby resulting in free DOX in its purely hydrophobic form. This solution was 

mixed at 300 rpm at room temperature overnight and added the following day in a drop-

wise fashion to 5 mL 1x PBS (pH 7.4) using a 21g needle to initiate micelle formation. 

After mixing for 2 hours at 300 rpm, the resulting micelle suspension was quickly 

transferred to a pre-swollen dialysis bag (MWCO 3.5 kDa). The DOX-loaded micelles 

were then dialyzed against DD2O for 48 hours (300x dialysate volume) to remove 

unloaded DOX, TEA-HCl, and TEA. Four dialysate changes were performed over the 

dialysis period. The product was then filtered through a 0.45 µm PVDF to remove 

unloaded DOX and DOX-PSA aggregates, frozen at -80°C and lyophilized until a dry 

product was obtained. These were stored dry at 4°C until further use. Loading Capacity 

(LC; Eqn. 1) and Encapsulation Efficiency (EE; Eqn. 2) were determined via dissolution 

of DOX-loaded micelles in DMSO and assessing absorbance at 485 nm via a DOX 

calibration method. 

Loading Capacity =
M!"#!!"#$%&'($)*+

M!"#$%%$&!!""#
× 100% (1)  
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where MDox-Encapsulated is the weight of DOX in the micelles and MMicelles-Feed is the weight 

of DOX-loaded micelles. 

Encapsulation Efficiency =
M!"#!!"#$%&'($)*+

M!"#!!""#
× 100% (2)  

 

where MDox-Encapsulated is the weight of DOX in the micelles and MDOX-Feed is the weight of 

DOX within the feed stream. 

 

5.2.8 Fluorescent Imaging 

MCF-7 cells were plated at 60k cells/well on 24-well plates and 10k cells/well on 

96-well plates for fluorescent and quantitative cell uptake respectively. Following 

incubation for 48 h, media was replaced in each of the wells 1 hour before particle 

introduction. DOX-loaded VHIG-g-PSA micelles were resuspended at 4x the assayed 

concentration and filtered through a 0.45 µM PVDF filter. Micelle dosage within each 

well was 4 mg/mL (DOX-equiv. were 37, 47, 63 and 93 µg/mL for DIM-g-PSA, DIE-g-

PSA, DIMPA-g-PSA and DIEPA-g-PSA respectively). Once introduced, the DOX-

loaded micelles were allowed to incubate for a specified amount of time (3 or 6 h) at 

37°C / 5% CO2. After the designated incubation time, 24-well plates were washed 3x 

with PBS and stained with NucBlue™ Live ReadyProbes™ Reagent as per the 

instructions from the supplier. Cells were imaged with a Nikon Eclipse Ti-Fluorescent 

Microscope. All images were taken at 20x magnification. In a similar fashion, 96-well 

plates were evaluated at the same time points. Likewise, these were washed 3x with PBS 
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and run on a BioTek Synergy HT Microplate Reader (Ex. 490 / Em. 525). Colocalization 

analysis of both the DAPI and DOX images was performed using ImageJ, 

 

5.2.9 Cell Culture 

MCF-7 human breast carcinoma cells were grown on 75 cm2 tissue culture flasks 

in EMEM with 10% FBS, 4.5 g/L glucose, 4 mM L-glutamine, 1% non-essential amino 

acids, 100 U/mL penicillin and 100 µg/mL streptomycin. Cells were kept at 37°C in a 

humidified incubator with 5% CO2.  

 

5.2.10 Statistics 

 All experiments were carried out independently and in triplicate with data 

presented as the mean ± SD. Data was analyzed through the use of JMP Statistical 

Analysis Software and expressed as the mean ± standard deviation of three independent 

experiments. Quantitative comparison between two specific groups was performed 

through the use of a F-Test followed by a Student’s t-test assuming equal or unequal 

variance. A one-way ANOVA was used in instances where more than 3 groups were 

compared with individual p-values obtained via the use of a post-hoc Tukey HSD test. 

Significance thresholds of obtained p-values were set as follows. * p<0.05; ** p<0.01; 

*** p<0.001; **** p<0.0001; n.s. no significance.  

 

 

 



 

 144 

5.3 Results 

5.3.1 Synthesis and Characterization of Micelles 

 VHIG-g-PSA amphiphiles were synthesized at a feed molar substitution of 90-

100% of the PSA backbone. Each VHIG group evaluated after purification (post-dialysis) 

yielded similar micelle sizes around 200 nm yet with differences in stability (Figure 18), 

indicated by decreasing polydispersity index (PDI) values. Enhanced stability was noted 

in groups exhibiting longer pendant alkyl groups off of the ionizable tertiary amine as 

well as those containing benzene rings. Both of these traits increased core hydrophobicity 

and the exclusion of water, thereby resulting in higher stability values. 

 

 
Figure 18. Size vs. PDI of VHIG-g-PSA micelles. Micelles with higher core 
hydrophobicity formed more stable suspensions. Micelles evaluated in water post-
purification. Data presented as the mean ± SD (n=3). 
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 To determine the point at which micelle self-assembly occurred the critical 

micelle concentration (CMC) was evaluated through the use of pyrene (Figure 19), a 

fluorescent probe which partitions between the hydrophobic environment of the micelle 

core and the surrounding aqueous hydrophilic environment. Upon partitioning into the 

hydrophobic core, a shift in the excitation spectrum as well as the relative intensities of 

the vibrational bands at both 337 and 339 nm of pyrene are noted [19]. The point at 

which this shift occurs was be used to mark the CMC of micelles.  

Figure 19. Change in I339/I337 of the fluorescent probe pyrene in VHIG-g-PSA 
micelles. The shift in excitation of the vibrational peaks of the fluorescent probe 
pyrene at both 337 nm and 339 nm mark the critical micelle concentration (CMC) 
for DIM-g-PSA (A), DIE-g-PSA (B), DIMPA-g-PSA (C) and DIEPA-g-PSA (D). 
CMC values varied based upon core hydrophobicity. Measurements were taken at 
a pH of 7.4 over a range of concentrations (mg/mL). Data presented as the mean 
of three experiments. 
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CMC values varied based upon the VHIG group evaluated. Comparison between groups 

containing benzene rings (DIEPA-g-PSA and DIMPA-g-PSA) indicated much earlier 

micelle formation in the VHIG containing pendant ethyl chains (DIEPA-g-PSA) as 

compared to methyl chains (DIMPA-g-PSA). This signifies the importance of longer 

hydrophobic chains to initiate micelle formation [89]. Interestingly, comparison between 

groups with (DIEPA-g-PSA and DIMPA-g-PSA) and without (DIE-g-PSA and DIM-g-

PSA) benzene rings tended to counteract this idea. Ring containing groups, while more 

hydrophobic, yielded unexpectedly higher CMC values than ring-free structures. This 

may be a result of the natural variation in the self-assembly of the micelle. For example, 

DIEPA-g-PSA yielded larger micelle sizes as compared to DIE-g-PSA. This indicates 

that the number of amphiphiles which need to be present for micelle formation may be 

lower in DIE-g-PSA formulations, therefore leading to lower CMC values in comparison 

to DIEPA-g-PSA. 

 

5.3.2 Response of Micelles Towards Variations in pH  

In order to assess the pH-responsive nature of each formulation, VHIG-g-PSA 

micelles were resuspended at 4 mg/mL and the pH was adjusted to 10.0. Size 

measurements were taken at decreasing pH conditions in order to model physiological 

conditions that the micelles will encounter upon administration and ultimate intracellular 

uptake (Figure 20). These included pH conditions found within circulation (7.4), early 

endosomal (6.8), late endosomal (5.0) and lysosomal (4.0) conditions. Each formulation 

displayed variations in sizes between one another until micelle swelling occurred. This 
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swelling point, as well as the extent of swelling, varied between each VHIG group. Large 

deviations in size normally preceded or accompanied the swelling point as the micelle 

loses the ability to stabilize based upon the core hydrophobicity decreasing when 

approaching the swelling point. Interestingly, at physiological pH (7.4) the micelles with 

the greatest amount of hydrophobicity within their core forming section (DIEPA-g-PSA) 

formed the smallest (<200 nm) and most stable (PDI~0.1) micelles in comparison to the 

other formulations. In contrast, DIM-g-PSA formulations containing the least amount of 

core hydrophobicity formed the largest micelles. The size of DIE-g-PSA micelles 

remained around 300 nm at basic and physiological pH while increasing in size within 

the pH range of the endosomal to lysosomal transition (pH 6.8-4.0). These micelles 

displayed a wide size dispersity throughout pH variation (PDI~0.4), hindering their 

usage. DIEPA-g-PSA micelles continued the stability the longest, eventually swelling at 

a lysosomal pH of 4.0. This is potentially a result of enhanced core hydrophobicity 

excluding water from the core and inhibiting core ionization until much later than other 

formulations. Both DIMPA-g-PSA and DIE-g-PSA swelled much earlier at early 

endosomal pH (6.8) with complete disassociation within late endosomal conditions (pH 

5.0). At basic conditions, these micelles displayed good stability (PDI~0.3) until the 

critical swelling point was reached (PDI~0.4-1.0), indicating micelle destabilization. 

DIM-g-PSA micelles did not display any significant swelling at all pH ranges assessed, 

indicating that the tertiary amine may have already been ionized at every pH assessed. 

This implies that the core composition of the micelles may be a strongly determining 
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factor as to when the micelle will swell and release drug-loaded payload once inside the 

cell. 

 

 
Figure 20. pH-response of VHIG-g-PSA micelles. The intracellular swelling 
point of micelles can be altered based upon the core hydrophobicity of the 
micelle. Variations between VHIG groups at selected pH values were compared 
via a one-way ANOVA. The presence of an * over a single error bar designates 
the first significant point of swelling (p<0.05) over the previous micelle size 
determined via a Student’s t-test. No errors bars designate sizes greater than 1400 
nm. Significance thresholds of obtained p-values were set as follows: * p<0.05; 
** p<0.01; *** p<0.001; **** p<0.0001. Data presented as the mean ± SD (n=3). 
 

The volume swelling ratios (Qs) of each formulation (Table 4) between each 

respective pH change were evaluated by the following: 
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where dpH current dpH previous were the micelle diameters at n+1 and n respectively (e.g. 9.0 

and 10, 7.4 and 9.0, etc). The swelling point of the micelles was designated as Qs>5 with 

insignificant variation in micelle size at Qs<3. Based upon the internal group 
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composition, this swelling point was obtained at different pH values with VHIG groups 

containing greater core hydrophobicity reaching these points at lower pH conditions. 

Table 4. Volume swelling ratios of VHIG-g-PSA micelles at various pH 
conditions. The volume of swelling (Qs) was evaluated by comparison of the 
current and previous pH values as the pH of the suspension was lowered. Qs>5 
(designated in bold italics) was deemed to be the swelling point of each 
respective formulation. Data presented as the mean of three experiments. 

 

5.3.3 Relation Between Zeta Potential, Size and Stability at Varying pH 

To further understand the relation to pH, micelles were resuspended at 4 mg/mL 

and the zeta potential, size and stability were assessed as pH values decreased. Zeta 

potential relates to the surface charge on the surface of the micelle as a result of 

interactions with counterions within the medium [19]. Zeta potential can thereby act as an 

indication of the stability of a colloidal system, with a large negative or positive reading 

(+/- 30 mV) associated with low aggregation between particles in aqueous medium [22] 

A threshold of colloidal stability has been shown to be at an absolute value between 30-

40 mV [94]. There seemed to be a correlation between the pH at which the micelle began 

to swell and the zeta potential values. As the zeta values started to approach the “poor” 

stability threshold of -20 to -30 mV, micelle swelling behavior was noted (Figure 21a). 

The lack of micelle stability near this zeta threshold was also exemplified in correlating 

zeta values to PDI (Figure 21b). Once this point was reached, PDI values began to 

 
Qs 

pH DIE-g-PSA DIM-g-PSA DIEPA-g-PSA DIMPA-g-PSA 
10 - - - - 
9 1.9 2.4 0.9 2.0 

7.4 0.9 0.9 1.0 1.0 
6.8 5.4 1.5 1.0 7.4 
5 2.8 0.8 1.1 - 
4 2.6 1.6 24.9 - 

	



 

 150 

increase significantly. This indicated a significant increase in size dispersity as the 

micelles could no longer maintain their shape upon self-assembly due to core ionization. 
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(a) Size 

 

(b) PDI 

 
Figure 21. Zeta Potential vs. (a) Size and (b) PDI of VHIG-g-PSA micelles. 
Micelles reach their swelling point upon reaching a threshold of -20 to -30 mV. 
Each one of the VHIG-g-PSA micelles reached this threshold at different pH 
values based upon their core hydrophobic composition. Data presented as the 
mean of three experiments. 
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5.3.4 Titration of VHIG-g-PSA 

In order to understand the buffering capacity of the micelles and their relation to 

their swelling ability, all formulations were evaluated under acid titration (Figure 22).  

 

 
Figure 22. End of inflection points of VHIG-g-PSA micelles correlates with 
micelle swelling pH during titration. Titration of micelles with 0.1M HCl 
indicates that the micelle swelling pH (pHSWELL) was found to be closely related 
to the pH at which the end of the inflection point was reached (pHEND-INFLECTION). 
Arrows indicate end of inflection region. Data presented as the mean of three 
experiments. 

 

A significant relation was found between the pH at which the micelles swelled (pHSWELL) 

and the pH at which the inflection point ended on the titration curve (pHEND-INFLECTION). 

This sharp decrease in pH relates to the point at which the micelles are now destabilized 

and can allow water within the weakened core, thereby allowing for VHIG protonation. 

This protonation/buffering region was noted to begin at the end of inflection point. Both 

DIE-g-PSA and DIM-g-PSA indicated small buffering regions within the range normally 
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found for tertiary amines in PDEAEM micelles (pH~7.2) [206]. The small buffering 

region is most likely due to a low amount of ionizable groups, given that there can be no 

more than 96 at a time per amphiphile within pendant confirmation due to the number of 

available carboxylic acids for modification. The inflection points of counterparts with 

increased core hydrophobicity were modified slightly and drastically for DIMPA-g-PSA 

and DIEPA-g-PSA respectively. Both regions of non-linearity were extended far beyond 

the buffering capacity normally associated with PSA, with the latter exhibiting a baseline 

buffering capacity starting just above a pH of 5.5 (pHEND-INFLECTION). DIMPA-g-PSA 

exhibited a similar buffering profile as PSA while DIEPA-g-PSA far surpassed the 

inflection point (pHEND-INFLECTION 4.62). 

 

5.3.5 Optical Evaluation of DIEPA-g-PSA 

This swelling behavior was further explored using DIEPA-g-PSA formulations 

(Figure 23), selected due to noted changed in physical properties and high micelle yield 

attributed to the highest hydrophobicity of the selected VHIG groups. At both below (pH 

4.0) and at (pH 4.6) pHSWELL, DIEPA-g-PSA became noticeably transparent with low 

micelle count rates and absorbance values resulting from micelle swelling. In contrast, 

increasing the pH past pHSWELL resulted in a dark, opaque change and a corresponding 

increase in both count rate and absorbance due to stable micelle formation.  
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Figure 23. DIEPA-g-PSA micelles exhibit optical change once below critical 
swelling pH (pHSWELL). DIEPA-g-PSA micelles changed their visual properties 
based upon pH values, becoming partially transparent both below (A; pH 3.0) and 
at (B; pH 4.6) pHSWELL. At values above pHSWELL (C; pH 12.0), the optical clarity 
decreased due to micelle formation. These observations were confirmed by 
increasing absorbance and count rate past pHSWELL (D). Data presented as the 
mean of three experiments. 
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5.3.6 Cytotoxicity of VHIG-g-PSA Micelles  

 Varying concentrations of VHIG-g-PSA micelles were introduced towards MCF-

7 human breast carcinoma cells (Figure 24). Those containing benzene rings exhibited 

significantly more toxicity than their benzene-free counterparts. This was most likely due 

to interactions with the cellular membrane. Even though most of these values were below 

the CMC associated with the specific VHIG, indicating these were either in their pre-

micellar or free-amphiphile stages when uptaken by the cell, the overtly dominant 

negative charge most likely offset any nonspecific interactions via ionization of any of 

the VHIG groups. This allowed for groups like DIM-g-PSA and DIE-g-PSA to illicit 

sufficiently less cytotoxicity than their ring containing counterparts. The great increase in 

toxicity in formulations containing these benzene rings was most likely due to 

partitioning into the plasma membrane. Groups of significant hydrophobicity have been 

shown to insert themselves into the plasma membrane and result in fluidization [19], 

leading to destabilization of the membrane and to cell death. 
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Figure 24. Cytotoxicity of VHIG-g-PSA micelles towards MCF-7 cells is 
dependent upon presence of ring structures. VHIG-g-PSA cytotoxicity is 
significantly enhanced in formulations containing benzene rings due to insertion 
into the plasma membrane and membrane fluidization. Data presented as the 
mean ± SD (n=3). 

 

5.3.7 Cell Uptake of DOX-Loaded VHIG-g-PSA Micelles  

 VHIG-g-PSA micelles were loaded with the chemotherapeutic doxorubicin 

(DOX) via the dialysis method. DIEPA-g-PSA loaded significantly higher DOX than the 

other VHIG groups assessed, a function of having the highest core hydrophobicity and 

lowest swelling pH (Table 5).  
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Table 5-Loading values of VHIG-g-PSA micelles for the chemotherapeutic 
doxorubicin (DOX). Enhancing core hydrophobicity and decreasing swelling pH 
enhances loading of DOX. LC and EE represent Loading Capacity and 
Encapsulation Efficiency respectively. 

 

 
Figure 25-Loading of the chemotherapeutic DOX stabilizes micelles. Loading 
of DOX within VHIG-g-PSA micelles results in a noticeable decrease in micelle 
size over unloaded formulations. PDI was also effectively decreased, thereby 
indicating an increase in stability due to the presence of DOX within the micelle 
core. Data presented as the mean ± SD (n=3). 

 

 Loaded micelles were administered to MCF-7 human breast carcinoma cells at the 

same micelle dosage (Figure 26) to illustrate this discrepancy in loading. Sizing of these 

immediately before administration indicated a narrow size range (PDI 0.05-0.15) and 

sub-200 nm sized micelles (Figure 25). A sufficiently weak signal was noted from both 
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DIM-g-PSA and DIE-g-PSA due to poor loading ability. In contrast, DIMPA-g-PSA 

formulations indicated uptake and release of loaded DOX while DIEPA-g-PSA exhibited 

the greatest ability to load as demonstrated by the strongest fluorescent signal. Overlap 

with nuclear staining (DAPI) indicates successful DOX delivery but significant lack of 

overlap was noted. Colocalization of both the DAPI and DOX dyes were analyzed using 

Pearson’s correlation and Manders split coefficients, two common methods of pixel 

intensity spatial correlation analysis. Pearson’s correlation reached 1 (RAbove-Threshold 

=1.00) while Manders split coefficients approached 0 (Manders’ tM1 = 0.018; Manders’ 

tM2 = 0.037). As Manders split coefficients range from 0 to 1 and express the fraction of 

intensity in a channel that is located in pixels where there is above zero (or threshold) 

intensity in the other color channel, this indicates inconsistent dye colocalization. This 

confirms that both the DOX and DAPI stains were overlapped and colocalized together 

within the cell nucleus in some regions while poorly colocalized in others. 
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(a) DIM-g-PSA 

 

(b) DIE-g-PSA 
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(c) DIMPA-g-PSA 

 

(d) DIEPA-g-PSA 

 
Figure 26. DOX-loaded VHIG-g-PSA micelles vary in drug encapsulation 
upon administration to MCF-7 human breast carcinoma cells. DIM-g-PSA 
(A) and DIE-g-PSA (B) micelles load less doxorubicin (DOX), in contrast to 
counterparts containing benzene rings, such as DIMPA-g-PSA (C) and DIEPA-g-
PSA (D), which effectively load and delivery more drug to MCF-7 human breast 
carcinoma cells. All formulations introduced to cells for 6 h. DAPI and BF 
indicate nuclear staining and bright field imaging respectively (20x 
magnification). 
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Quantified cellular uptake of DOX (Figure 27) confirms that all formulations containing 

ring structures delivered DOX more efficiently than their ring-free counterparts.  

 

 
Figure 27. Release of DOX in MCF-7 cells from VHIG-g-PSA micelles 
dependent upon the VHIG-g-PSA administered. DIM-g-PSA released all of its 
DOX payload within 3 h due to its swell-free behavior. Those groups which 
swelled at lower pH values such as DIE-g-PSA and DIMPA-g-PSA (pH 6.8) as 
well as DIEPA-g-PSA (pH 4.5) benefitted from extra incubation time to enhance 
their payload delivery. This was necessary due to the additional pH drop needed 
for the micelles to swell. Data presented as the mean ± SD (n=3). 

 

5.4 Discussion 

Effectively designing a micelle which can release its payload is essential for any 

drug delivery application. Without release, the loaded drug will suffer from continual 

acidification along the endosomal to lysosomal transition and eventual drug degradation 

[124, 132].  Swelling at the correct pH is key. Doing so too close to physiological pH  

(7.4) will lead to premature systemic drug release while swelling at too low a pH will not 
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allow for the proper time or environment for drug release before complete lysosomal 

degradation [135]. The swelling point of micelles can be tailored by carefully selecting 

groups which are both ionizable while also providing enough hydrophobicity to maintain 

micelle stability down to a certain pH [207]. The stability of micelles is predicated based 

upon the amount of water which will penetrate the micelle core [208]. Weakly 

hydrophobic cores are unstable and highly susceptible to dilution due to core water 

penetration [84]. Core-forming groups of greater hydrophobicity will repel water from 

making its way inside the micelle, thereby providing greater stability [92]. This was seen 

in VHIG-g-PSA formulations where additional benzene rings were added over their ring-

free counterparts. In order for ionization to occur, protons must “backpack” with water to 

their eventual destination. Therefore, highly hydrophobic cores which repel water will 

also not allow for core ionization. Correspondingly, decreases in core hydrophobicity will 

result in easier water penetration and protonation of available ionizable groups. This 

effect can allow for tailored swelling points based upon the hydrophobic composition and 

ionization potential of the selected core-forming group [135]. 

There is a fine equilibrium that the micelle must maintain between electrostatic 

repulsion of the ionizable tertiary amines and the hydrophobic attraction of the non-

ionizable groups such as alkyl chains and benzene rings. The former would attempt to 

allow in water while the latter would act to repel it. Thereby, this selection of the core-

forming group can drastically affect the inherent properties of the micelles. The CMC 

values obtained here are significantly higher than many micelle systems, a foreseen result 

due to the low molecular weight chains used. Many low CMC systems are block 
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copolymer formulations [89] as opposed to the grafted copolymers of these VHIG-g-PSA 

micelles. Block formulations allow for enhanced chain interactions among the 

hydrophobic chains simply due to the length and orientation. For comparison of other 

grafted formulations, Bader et al. synthesized DA-g-PSA micelles with CMC’s of 53.9 

µg/mL using long chained N-decylamine [19] while Zhang et al. grafted ursolic acid on 

PSA to form PSAU micelles with CMC values of 110 µg/mL [136]. In contrast to the 

hydrophobic groups used here, VHIG’s contain two characteristics which would result in 

the higher CMC values obtained. First, the hydrophobicity is significantly less than these 

previously mentioned formulations due to their inherent low molecular weight as well as 

groups comprising the chain. Second, the presence of an ionizable tertiary amine group 

can transition the micelle core between either hydrophobic or hydrophilic states 

depending upon the pH. These ionized groups can inhibit micelle formation due to 

interactions with water, thereby requiring a larger aggregation number of amphiphiles 

before micelle self-assembly can occur.  

The addition of core hydrophobicity also greatly impacted the overall relative zeta 

values. The added benzene ring of DIEPA-g-PSA sometimes doubled the zeta values at 

each pH in comparison to DIE-g-PSA. This resulted in DIEPA-g-PSA requiring a lower 

pH (4.0) in order to obtain micelle swelling/instability as compared to its DIE-g-PSA 

counterpart (6.8). Conversely, DIMPA-g-PSA and DIM-g-PSA varied very little in zeta 

values with the latter exhibiting no real pH-dependent swelling behavior. This may be 

due to protonation of the tertiary amine at higher pH values than those assessed. The 

addition of the benzene ring in the DIMPA-g-PSA formulation extended out the zeta 
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values in comparison to DIM-g-PSA before hitting the -20 to -30 mV threshold. The 

presence of the benzene rings can potentially act as an inhibitor to the penetration of 

water within the core. Water acting as a shuttling agent for protons which would 

protonate the tertiary amines at the terminal of each VHIG chain. Due to the water being 

prevented from coming in, the ionization of these groups would be inhibited. The more 

stable micelles, indicated by a low PDI, such as DIEPA-g-PSA would be key examples of 

this as the stable micelle core would be more prone towards water inhibition due to its 

tighter core structure. 

Decreasing core hydrophobicity often results in enhanced overall buffering of 

VHIG-g-PSA groups. VHIG with the lowest core hydrophobicity (DIE, DIM) buffered 

significantly over counterparts with enhanced core hydrophobicity (DIEPA, DIMPA) due 

to ease of water penetration into the micelle core and resulting VHIG ionization. Those 

containing benzene rings exclude water and sequestered fewer protons due to more 

hydrophobic and stable cores. Yet once the micelle swelling point was reached at the end 

of the inflection point, ionization of the tertiary amines could occur and these micelles 

could incur buffering effects. This may also explain why DIM-g-PSA was not pH-

responsive, at the core was too poorly defined and hydrophilic as group ionization was 

too prevalent to vary micelle sizes. 

Upon loading, the hydrophobic core of DIEPA-g-PSA retained more of the DOX 

due to water exclusion as well as other non-covalent interactions with the drug. The 

presence of ring structures in both DOX and DIEPA allow for π-π stacking between the 

corresponding benzene rings due to π-electron sharing. This type of non-covalent 
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interaction has been shown to effectively enhance drug loading in many micelle 

formulations [92, 209, 210]. The ionization and swelling parameters obtained for these 

micelles also indicate why the loading was not sufficient in the other formulations. DIM-

g-PSA and DIE-g-PSA loaded in effectively less drug due to the lack of sufficient 

hydrophobicity in their cores as well as higher swelling pH values. The presence of short-

chain alkyl groups can lead to potential loading sites [19], but the ionization of the 

amines results in pockets of hydrophilicity. These pockets can allow water to enter the 

core and block much of the DOX from loading. In contrast, both DIEPA-g-PSA and 

DIMPA-g-PSA loaded effectively more drug. As mentioned previously, the ring 

structures enhance the hydrophobicity of the core as well as drug-core interactions via π-

π stacking. While only slightly different in structure, the difference in swelling pH 

between DIEPA and DIMPA is sufficient enough that retaining large amounts of drug in 

the DIMPA core would be difficult given the lower micelle yield and higher CMC value. 

Relating intracellular drug release to the determined swelling pH of each also 

revealed how the micelles may be behaving once inside the cell. DIM-g-PSA released all 

of its payload within the 3 h time frame which, given the lack of pH-responsive swelling, 

would have been expected since no environmental change was needed to enhance release. 

In contrast, the extra 3 h of incubation time resulted in continually enhanced payload 

delivery for the remaining three groups which all exhibited pH-responsive behavior. The 

groups which swelled near early endosomal pH (6.8; DIE-g-PSA and DIMPA-g-PSA) 

enhanced their payload release by 44% and 68% respectively over the previous 3 h time 

point of the same formulation. DIEPA-g-PSA, swelling at lysosomal pH (4-5), resulted in 
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over a two-fold increase (113%) over the additional 3 h. This enhanced payload release 

indicates that the additional incubation time allowed for enhanced protonation of the 

micelles due to the continual acidification found along the endosomal-to-lysosomal 

transition. The micelles then, depending upon their formulation, were able to swell as 

these pH values dropped from the early endosome to the lysosome. DIE-g-PSA and 

DIMPA-g-PSA represented those which swelled at the early endosomal conditions. 

DIEPA-g-PSA needed longer incubation to release the payload due to the fact that it 

swelled at later pH conditions found within the lysosome. As imaging and colocalization 

analysis indicated, this may have resulted in micelles unable to release their payload. 

These may have remained within the organelles associated with the endosomal/lysosomal 

transition, thereby never successfully getting their DOX payload to the nucleus and the 

DAPI/DOX signal overlap associated with this. With the transition to lysosomes being on 

the time frame of around 2 h [171], this indicates that micelles may not have been 

immediately uptaken or encountered difficulty in payload release [211]. In order to 

effectively do this, most pH-responsive nanoparticles function off bursting or rupturing 

the endosome/lysosome to release the drug [212]. It is most likely that these formulations 

did not act in this manner simply due their inherent manner. Micelles cannot induce the 

pressure needed to burst intracellular organelles, most likely destabilizing (“swelling”) 

and releasing their payload while still in the endosome/lysosome. This leads to the drug 

still residing in the selected organelle based upon the formulation and diffusing out as 

much as possible before final degradation [213]. 
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5.5 Conclusion 

 Here we have modified Poly(Sialic Acid) (PSA) with short-chain Variable 

Hydrophobicity Ionized Groups (VHIG) (VHIG-g-PSA) to form micelles capable of 

swelling at various pH values based upon core hydrophobicity. These results indicate that 

the swelling behavior can be tailored based upon the hydrophobic nature of the VHIG. 

This allows for the development of micelles which will remain stable in circulation (pH 

7.4) and swell at specific physiologically relevant pH conditions. These include those 

found within the tumor microenvironment (6.2-6.9) as well as those encountered once 

uptaken into organelles in the intracellular environment (6.8-4.0) [211, 213].  

 The internal core stability, and thereby the swelling point, were shown to be 

related to both zeta potential and titration curve inflection points. Micelle swelling was 

vastly accelerated once a zeta potential threshold of -20 to -30 mV was reached due to 

ionization of the VHIG group affecting the colloidal stability of the micelle. Titration of 

micelles with 0.1M HCl indicates that the micelle swelling pH (pHSWELL) was found to be 

closely related to the pH at which the end of the inflection point was reached (pHEND-

INFLECTION). This indicated that the VHIG was mostly like ionized, thereby allowing for 

water to penetrate the core and complete the hydrophobic-to-hydrophilic transition to 

allow for micelle swelling. Loading of the chemotherapeutic doxorubicin (DOX) was 

found to be most effective in VHIG formulations with the highest core hydrophobicity 

(DIMPA-g-PSA and DIEPA-g-PSA) and successfully delivered to MCF-7 human breast 

carcinoma cells. 
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 Future studies include varying VHIG molar substitution as well as potentially 

mixing VHIG groups within the same formulation to tailor the micelle swelling pH to the 

most optimal value (pH 6.0), evaluating DOX release at varying pH values analogous 

towards those found within the body as well as loading in anionic therapeutics such as 

siRNA and DNA plasmids [214]. These exhibit sufficiently anionic charges, thereby 

allowing for electrostatic complexation with the cationic charges along the ionized VHIG 

backbone. If this were to be attempted, a longer polymeric version of each one of these 

would be better suited in order to provide more tertiary amines to act as electrostatic 

interaction/docking sites for the anionic payload.  
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CHAPTER 6 

6. CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE WORK 

6.1 Conclusions 

While many successes have been reached within the field of nanoparticle drug 

delivery, a fair number of obstacles still need to be overcome. Overtly complex 

formulations may offer convenient results in a controlled lab setting, but scaling these up 

to large batches capable of making a significant impact on cancer treatment 

methodologies pose quite a challenge. In this sense, the more simplistic approach may be 

that which makes it from benchtop-to-bedside. It is for reasons such as this that the 

carrier should be tailored to suit the application as effectively as possible. This carrier 

should be designed to not only deliver the drug at the targeted site but also release the 

drug as efficiently as possible. This makes the external surface coating as well as the 

groups which comprise the internal “drug depot” of equal importance. Therefore, the 

next-generation of carriers need to combine all of the benefits of previously developed 

systems (e.g. long circulation times, targeting elements, high loading and fast release) in 

as succinct and simple a system as possible. This makes understanding the underlying 

interactions between the drug and carrier as well as the carrier response to different 

environmental conditions of exceptional importance to develop this tailored carrier.  

The work performed here was broken apart into three specific aims. The first of 

these was to optimize the loading of a selected chemotherapeutic (doxorubicin) by 

assessing groups comprised of varying alkyl chain length, hydrogen-bonding capacity 
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and π-π stacking in PSA micelle formulations. This was done in order to determine which 

of these significantly contribute towards drug loading and tailored release via non-

covalent interactions between the drug and core-forming group. Through both loading 

and release experiments, it was determined that loading can be enhanced and release 

tailored in groups which contain additional hydrogen-bonding and π-π stacking groups. 

While loading was relatively similar between these two, release was significantly 

attenuated in micelle cores containing additional hydrogen-bonding groups due to the 

strength of interaction between the drug and core. These small changes within the 

composition of the micelle core forming groups indicate the importance of developing a 

customized drug carrier for next generation delivery as opposed to the one-size-fits-all 

approach of past methodologies. 

The second aim sought to evaluate the optimized formulations of PSA micelles as 

chemotherapeutic delivery vehicles in MCF-7 human breast carcinoma cells. DOX-

loaded formulations were found to demonstrate effective in-vitro cytotoxicity and 

released their drug payload to the targeted site of the nucleus. Uptaken via endocytosis, 

the specific route of endocytotic entry was found to be via the low pH route of clathrin-

mediated endocytosis, most likely via selectin expression on the tumor cell surface. This 

is exceptionally significant, as PSA micelles were also found to be responsive to low-

pH/lysosomal (pH 4.5) environments analogous towards those found within the pathway 

of cellular uptake and decreased in size. This is believed to be due to degradation of the 

PSA shell via hydrolytic degradation. Studies performed here indicate the true multi-
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faceted nature of PSA adding to its credance as a stealth, tumor targeting, and pH-

responsive external surface coating component. 

The third and last facet of the work performed here centered on developing PSA 

micelles which could swell at specific pH-values relevant towards those found within 

intracellular delivery compartments. By varying the hydrophobicity of the core 

containing groups, the swelling pH of the PSA micelle formulations assessed was found 

to range between early endosomal (pH 6.8) and lysosomal pH values (pH 4.0). It was 

determined that these swelling ranges were related significantly to their zeta-potential 

values, as both size and PDI began to vary greatly once a specific threshold of -20 mV 

was met, indicating sufficient destabilization of the colloid. Titration of micelles with 

0.1M HCl determined that the micelle swelling pH (pHSWELL) was found to be closely 

related to the pH at which the end of the inflection point was reached (pHEND-INFLECTION), 

a result of the buffering capacity of the respective groups and subsequent micelle 

destabilization once group buffering was no longer present. Loading of DOX was 

effectively poor in groups containing low hydrophobicity yet sufficient in those with 

additional benzene groups. Optimized micelle formulation effectively delivering DOX to 

the targeted site of the nucleus.  

PSA holds exceptional promise as a next-generation surface coating but the single 

most important factor relies on high drug loading and tailored/controlled drug release. 

Work performed here indicates how small changes in micelle core composition can result 

in large-scale changes in drug loading and release as well as inherent micelle 

characteristics. By using the information provided in these studies, new micelle 
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formulations can be carefully tailored to optimize the aforementioned parameters and 

bring a whole new dimension of carrier customization to the forefront of 

nanoparticle/micelle-based drug delivery. 

 

6.2 Recommendations for Future Work 

The studies performed here were most certainly not all-encompassing, allowing 

for potential enhancements to be made for future experimental endeavors. One of the 

main issues which continually arose was the effectively short-chains that comprised the 

hydrophobic component of the micelles, including both the PTAG and VHIG 

formulations. These hydrophobic groups were all continuously around 200 Da, 

exceptionally small in comparison to other formulations referenced in this dissertation. 

The low molecular weight of these groups most likely hindered both micelle self-

assembly, increasing CMC values and making the micelles susceptible to dilution, as well 

as drug loading [84]. The next logical step would be to branch out both these PTAG and 

VHIG groups to their polymeric/longer-chained versions. Doing so would offset the 

drawbacks of previously mentioned of high CMC values and low drug loading. A 

variation in the synthesis processes would be required in order to accomplish this, as 

EDC/NHS chemistry is not suitable for longer chain hydrophobic groups due to poor 

water solubility.  N,N'-Dicyclohexylcarbodiimide (DCC) would be a suitable substitute 

for EDC, acting in the same fashion as EDC but performed in solvents such as DMSO or 

DCM which can also likewise dissolve hydrophobic components [94].  
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A second approach to be derived from the work performed here would center 

around tailoring the swelling point of the micelles to the optimal pH for drug release. 

This, as mentioned in previous sections, has been proposed to be around 6.0 [135]. In 

studies performed with VHIG-g-PSA micelles, VHIG feed rate was kept at a constant 90-

100% and all micelle characteristics were evaluated at this specific DOS. While not 

particularly applicable to groups that swelled far above the required pH 6.0 value (DIM, 

DIE, DIMPA), this variation in DOS (20-30%, 50-60%) may be particularly helpful in 

DIEPA-g-PSA formulations where the micelles swelled below 6.0. Even of greater 

interest to tailor the swelling point would be the inclusion of both VHIG as well as PTAG 

groups. For example, total DOS would be kept constant at 90-100% but individual DOS 

may include 50-60% VHIG and 20-30% PTAG. If this approach was taken, drug loading 

could be enhanced and release tailored if the PTAG groups containing additional 

hydrogen-bonding (POE) or π-π stacking (33DPP) were used. To take this one step 

further, formulations could also include three groups derived from either VHIG or PTAG. 

An example would be a formulation comprised of 20-30% 33DPP (enhanced loading), 

20-30% POE (tailored release) and DIEPA (pH-responsive/swelling element). Here, the 

possibilities are limitless and truly allow for a relatively easily customized drug carrier 

given the simplicity of the chemistry involved.  

 The initial intent of the VHIG-g-PSA formulations was to load in genetic altering 

material such as DNA plasmids (pDNA) or siRNA. Doing so would provide a non-viral, 

intracellular delivery platform for these payloads and initiate genetic modification within 

the cell. Loading of the anionic payload involved the positively charged NH3
+ interacting 
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with the negative charge of the selected anionic payload (e.g. pDNA) below the critical 

swelling pH with the eventual raising of the pH to initiate micelle formation. Yet studies 

perform with a low cost alternative used as a model drug, FITC-albumin, indicated that 

little to no drug was loaded within the micelle no matter what formulation was used. This 

most likely had to do with the lack of cationic sites within the micelle resulting from the 

small size of the VHIG and potential lack of electrostatic interaction between the highly 

anionic drug and, in comparison, the weakly cationic core. Again, this is where the use of 

a polymeric, longer-chained formulation of a VHIG group would be exceptionally 

beneficial to enhance the cationic nature of the micelle core and aid in electrostatic drug 

loading. 

Lastly, and independent of the previous three enhancements, involves alteration of 

the selected chemotherapeutic. DOX was used in all of the experiments performed in 

order to streamline and compare formulations. The use of another drug would not have 

been within the scope of a study where too many variables were in play. The evaluation 

of other anthracyclines such as epirubicin, daunorubicin or idarubicin would indicate how 

structural differences (placement of hydrogen bond donor/acceptor groups as well as 

proximity of ring structures to these groups) in the drug would affect loading within the 

micelle core.  Chemotherapeutics of sufficiently different structural quality could also be 

evaluated (e.g. paclitaxel). 
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APPENDICES 

APPENDIX A-EQUATIONS 

 

Loading Capacity =
M!"#!!"#$%&'($)*+

M!"#$%%$&!!""#
× 100% (1)  

 

where MDox-Encapsulated is the weight of DOX in the micelles and MMicelles-Feed is the weight 

of DOX-loaded micelles. 

Encapsulation Efficiency =
M!"#!!"#$%&'($)*+

M!"#!!""#
× 100% 

(2)  

 

where MDox-Encapsulated is the weight of DOX in the micelles and MDOX-Feed is the weight of 

DOX in the feed. 

 

(3)  

 

where frelease is the model-predicted mass fraction of released drug, 𝜑!!"#$% is the mass 

fraction of drug involved in the burst phase, kd is the drug desorption rate constant, 𝐷!∗  is 

the effective drug diffusivity, td is the drug induction time (i.e., the time for micropores to 

form), and r0 is the initial micelle radius.  

 

 

 

)61)(1(

)1(

1
2

/)(

2

2
0

*22

∑
∞

=

−−

−

−
−−

+−=

j

rttDj
burst
d

tkburst
drelease

j
e

ef
dd

d

π

π
ϕ

ϕ



 

 206 

APPENDIX B-SUPPLEMENTARY TABLES 

Table 6. 1H-NMR peak shifts of PSA in D2O (50-60% DOS). 

 

Table 7. 1H-NMR peak shifts of PSA + EDC/NHS in D2O (50-60% DOS). 

 

Group δ ppm Letter Group δ ppm Letter 
HO-CH2-CHOH-

CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.18 c 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.65 d f h’ 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.11 e 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.68 a 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.90 g 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.09 i 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.83 h 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

1.75 b 

	

Group δ ppm Letter Group δ ppm Letter 
HO-CH2-CHOH-

CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.18 c 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.65 d f h’ 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.11 e 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.68 a 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.90 g 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.09 i 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.83 h 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

1.75 b 
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Table 8. 1H-NMR peak shifts of PEA-g-PSA in D2O (50-60% DOS). 

 

Table 9. 1H-NMR peak shifts of PPA-g-PSA in D2O (50-60% DOS). 

 

 

 

Group δ ppm Letter Group δ ppm Letter 
HO-CH2-CHOH-

CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.18 c 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.65 d f h’ 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.11 e 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.68 a 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.90 g 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.09 i 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.83 h 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

1.75 b 

	

Group δ ppm Letter Group δ ppm Letter 
HO-CH2-CHOH-

CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.18 c 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.65 d f h’ 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.11 e 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.68 a 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.90 g 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.09 i 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.83 h 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

1.75 b 
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Table 10. 1H-NMR peak shifts of PBA-g-PSA in D2O (50-60% DOS). 

 

Table 11. 1H-NMR peak shifts of POE-g-PSA in D2O (50-60% DOS). 

 

 

 

Group δ ppm Letter Group δ ppm Letter 
HO-CH2-CHOH-

CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.18 c 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.65 d f h’ 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.11 e 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.68 a 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.90 g 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.09 i 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.83 h 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

1.75 b 

	

Group δ ppm Letter Group δ ppm Letter 
HO-CH2-CHOH-

CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.18 c 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.65 d f h’ 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.11 e 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.68 a 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.90 g 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.09 i 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.83 h 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

1.75 b 
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Table 12. 1H-NMR peak shifts of 33DPP-g-PSA in D2O (50-60% DOS). 

 

Table 13. LD50 Values of PTAG-g-PSA micelles towards LBC3 GMB cell type 
are proportional to PTAG alkyl chain length and composition. LD50 values will 
decrease as increased hydrophobicity is added to the PTAG group either by longer 
chain length or added grafting (DOS) as a result of interaction with the cell 
membrane. 

 

 

 

 

 

Group δ ppm Letter Group δ ppm Letter 
HO-CH2-CHOH-

CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.18 c 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.65 d f h’ 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

4.11 e 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.68 a 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.90 g 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

2.09 i 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

3.83 h 

HO-CH2-CHOH-
CHOH-CHO-C2O2Na-
CH2-CHOH-CH-
CONH-CH3 

1.75 b 

	

PTAG-g-PSA LD50 (µg/mL) 
 20–30% 50–60% 90–100% 

PEA-g-PSA 1033 ± 99 751 ± 2 640 ± 7 
PPA-g-PSA 763 ± 26 556 ± 30 576 ± 44 
PBA-g-PSA 702 ± 78 699 ± 14 418 ± 155 
POE-g-PSA > 1000 > 1000 > 1000 
33DPP-g-PSA 278 ± 34 118 ± 2 - 
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Table 14. LC/EC of DOX-Loaded POE-g-PSA and 33DPP-g-PSA Micelles with 
Varying DOS. Differences between formulations of different DOS were 
compared for both POE-g-PSA and 33DPP-g-PSA formulations through a one-
way ANOVA with a post-hoc Tukey HSD test. 

 

Table 15. LC/EC of POE-g-PSA and 33DPP-g-PSA Micelles at Varying DOX 
Feed Rates (90–100% DOS). Differences between the same formulation though at 
different DOX feed rates were compared through a one-way ANOVA with a post-
hoc Tukey HSD test. 

 

Table 16. Sizes of POE-g-PSA and 33DPP-g-PSA Micelles at Varying DOX 
Feed Rates (90–100% DOS). Differences between the same formulation though at 
different DOX feed rates were compared through a one-way ANOVA with a post-
hoc Tukey HSD test. 33DPP D0; D5; D10; D15: post-hoc Tukey HSD test not 
performed based upon ANOVA results. 

 

 

 

 

POE-g-PSA 33DPP-g-PSA 
Group DOS p-value Group DOS p-value 
P1 20-30% vs. 50-60% n.s. D1 20-30% vs. 50-60% <0.0001 
P2 20-30% vs. 90-100% <0.01 D2 20-30% vs. 90-100% <0.0001 
P3 50-60% vs. 90-100% <0.05 D3 50-60% vs. 90-100% <0.0001 

	

POE-g-PSA 33DPP-g-PSA 
Group DOXFEED p-value Group DOXFEED p-value 
P1 5% vs. 10% <0.05 D1 5% vs. 10% <0.01 
P2 5% vs. 15% n.s. D2 5% vs. 15% n.s. 
P3 10% vs. 15% n.s. D3 10% vs. 15% <0.01 

	

POE-g-PSA 
Group DOXFEED p-value Group DOXFEED p-value 
P0 0% vs. 5% <0.01 P10 10% vs. 15% <0.01 
P0 0% vs. 10% <0.01 P15 15% vs. 0% <0.01 
P5 5% vs. 10% <0.01 - - - 
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Table 17. Stability of POE-g-PSA and 33DPP-g-PSA Micelles at Varying DOX 
Feed Rates (90–100% DOS). Differences between the same formulation though at 
different DOX feed rates were compared through a one-way ANOVA with a post-
hoc Tukey HSD test. 

 

Table 18. Colocalization threshold values for confocal imaging of DOX-loaded 
POE-g-PSA micelles incubated with MCF-7 cells after 2 h. 

 

 

 

 

 

 

 

 

 

 

 

POE-g-PSA 33DPP-g-PSA 
Group DOXFEED p-value Group DOXFEED p-value 
P0 0% vs. 5% n.s. D0 0% vs. 5% n.s. 
P0 0% vs. 10% <0.01 D0 0% vs. 10% n.s. 
P5 5% vs. 10% <0.01 D5 5% vs. 10% n.s. 
P10 10% vs. 15% <0.01 D10 10% vs. 15% <0.01 
P15 15% vs. 0% <0.01 D15 15% vs. 0% <0.01 

	

Mask ZeroZero Rtotal m b Ch1 thresh Ch2 thresh
ROI0 excl. 0.963 0.915 3.5 5 8

Rcoloc R<threshold M1 M2 tM1 tM2 Ncoloc
0.9616 -0.009 1 1 0.9944 1 786884

%Volume %Ch1 Vol %Ch2 Vol %Ch1 Int %Ch2 Int %Ch1 Int > thresh %Ch2 Int >thresh
75.04% 75.04% 76.06% 89.53% 89.87% 89.53% 90.30%
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Table 19. Colocalization values via Coloc2 test for confocal imaging of DOX-
loaded POE-g-PSA micelles incubated with MCF-7 cells after 2 h. 

 

 

% zero-zero pixels: 0.00
% saturated ch1 pixels: 0.00
% saturated ch2 pixels: 0.00

Channel 1 Max: 192.000
Channel 2 Max: 171.000

Channel 1 Min: 5.000
Channel 2 Min: 6.000

Channel 1 Mean: 17.616
Channel 2 Mean: 19.568

Channel 1 Integrated (Sum) Intensity: 18471954.000
Channel 2 Integrated (Sum) Intensity: 20518218.000

Mask Type Used: none
Mask ID Used: 1389679171

m (slope): 0.91
b (y-intercept): 3.45

b to y-mean ratio: 0.18
Ch1 Max Threshold: 8.00

Ch2 Max Threshold: 11.00 
Threshold regression: Costes

Pearson's R value (no threshold): 0.96
Pearson's R value (below threshold): -0.16
Pearson's R value (above threshold): 0.95

Li's ICQ value: 0.457
Spearman's rank correlation value: 0.68524885 

Spearman's correlation t-statistic: 963.4567
t-statistic degrees of freedom: 1048574.000

Manders' M1 (Above zero intensity of Ch2): 1.000
Manders' M2 (Above zero intensity of Ch1): 1.000
Manders' tM1 (Above autothreshold of Ch2): 0.776
Manders' tM2 (Above autothreshold of Ch1): 0.791

Kendall's Tau-b rank correlation value: 0.5837
Costes P-Value: 1.00

Costes Shuffled Mean: 0.00
Costes Shuffled Std.D.: 0.01

Ratio of rand. Pearsons >= actual Pearsons value : 0.00 
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Table 20. Colocalization threshold values for imaging of DOX-loaded DIEPA-g-
PSA micelles upon administration to MCF-7 human breast carcinoma cells for 6 h.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mask ZeroZero Rtotal m b Ch1 thresh Ch2 thresh
ROI0 excl. 0.879 1.612 -1.4 4 5

Rcoloc R<threshold M1 M2 tM1 tM2 Ncoloc
0.8128 0.051 0.9723 0.9985 0.952 0.9957 805313

%Volume %Ch1 Vol %Ch2 Vol %Ch1 Int %Ch2 Int %Ch1 Int > thresh %Ch2 Int >thresh
16.38% 81.26% 95.02% 94.56% 99.04% 95.56% 99.49%
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Table 21. Colocalization values via Coloc2 test for imaging of DOX-loaded DIEPA-g-
PSA micelles upon administration to MCF-7 human breast carcinoma cells for 6 h.   

 

% zero-zero pixels: 74.87
% saturated ch1 pixels: 0.11 
% saturated ch2 pixels: 0.11

Channel 1 Max: 255.000
Channel 2 Max: 255.000

Channel 1 Min: 0.000
Channel 2 Min: 0.000

Channel 1 Mean: 7.739
Channel 2 Mean: 12.051

Channel 1 Integrated (Sum) Intensity: 38039334.000
Channel 2 Integrated (Sum) Intensity: 59232620.000 

Mask Type Used: none 
Mask ID Used: 1723520583

m (slope): 1.73
b (y-intercept): -1.31

b to y-mean ratio: -0.11
Ch1 Max Threshold: 148.00
Ch2 Max Threshold: 254.00
Threshold regression: Costes

Pearson's R value (no threshold): 0.92
Pearson's R value (below threshold): 0.93
Pearson's R value (above threshold): 1.00

Li's ICQ value: 0.463 
Spearman's rank correlation value: 0.88825122

Spearman's correlation t-statistic: 4287.0155
 t-statistic degrees of freedom: 4915198.000

 Manders' M1 (Above zero intensity of Ch2): 0.972
 Manders' M2 (Above zero intensity of Ch1): 0.998
Manders' tM1 (Above autothreshold of Ch2): 0.018
 Manders' tM2 (Above autothreshold of Ch1): 0.037

Kendall's Tau-b rank correlation value: 0.8517
Costes P-Value: 1.00 

Costes Shuffled Mean: 0.00
Costes Shuffled Std.D.: 0.01

Ratio of rand. Pearsons >= actual Pearsons value : 0.00 
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Table 22. pH-response of VHIG-g-PSA micelles post-hoc Tukey HSD test 
values. Variations between VHIG groups at selected pH values were compared 
via a one-way ANOVA. 

 
 

 

 

 

 

pH 10.0 pH 6.8
p-value p-value

DIE-g-PSA vs DIM-g-PSA 0.4439 DIE-g-PSA vs DIM-g-PSA 0.8769
DIE-g-PSA vs DIEPA-g-PSA 0.1479 DIE-g-PSA vs DIEPA-g-PSA 0.0991
DIE-g-PSA vs DIMPA-g-PSA 0.1887 DIE-g-PSA vs DIMPA-g-PSA 0.9342
DIM-g-PSA vs DIEPA-g-PSA 0.0166 DIM-g-PSA vs DIEPA-g-PSA 0.2731
DIM-g-PSA vs DIMPA-g-PSA 0.0211 DIM-g-PSA vs DIMPA-g-PSA 0.9982

DIEPA-g-PSA vs DIMPA-g-PSA 0.9976 DIEPA-g-PSA vs DIMPA-g-PSA 0.2216

pH 9.0 pH 5.0
p-value p-value

DIE-g-PSA vs DIM-g-PSA 0.4009 DIE-g-PSA vs DIM-g-PSA 0.2436
DIE-g-PSA vs DIEPA-g-PSA 0.0993 DIE-g-PSA vs DIEPA-g-PSA 0.0410
DIE-g-PSA vs DIMPA-g-PSA 0.4510 DIE-g-PSA vs DIMPA-g-PSA 0.0658
DIM-g-PSA vs DIEPA-g-PSA 0.0101 DIM-g-PSA vs DIEPA-g-PSA 0.5981
DIM-g-PSA vs DIMPA-g-PSA 0.0489 DIM-g-PSA vs DIMPA-g-PSA 0.0042

DIEPA-g-PSA vs DIMPA-g-PSA 0.6665 DIEPA-g-PSA vs DIMPA-g-PSA 0.0010

pH 7.4 pH 4.0
p-value p-value

DIE-g-PSA vs DIM-g-PSA 0.2431 DIE-g-PSA vs DIM-g-PSA 0.0161
DIE-g-PSA vs DIEPA-g-PSA 0.0545 DIE-g-PSA vs DIEPA-g-PSA 0.0348
DIE-g-PSA vs DIMPA-g-PSA 0.3642 DIE-g-PSA vs DIMPA-g-PSA 0.3913
DIM-g-PSA vs DIEPA-g-PSA 0.0036 DIM-g-PSA vs DIEPA-g-PSA 0.9398
DIM-g-PSA vs DIMPA-g-PSA 0.0217 DIM-g-PSA vs DIMPA-g-PSA 0.0020

DIEPA-g-PSA vs DIMPA-g-PSA 0.5337 DIEPA-g-PSA vs DIMPA-g-PSA 0.0039
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APPENDIX C-SUPPLEMENTARY FIGURES 

(a) 20-30% 

 

(b) 50-60% 

 

 

 

 



 

 217 

(c) 90-100% 

 

Figure 28. Cytotoxicity of PTAG-g-PSA micelles towards LBC3 GMB cell 
type is highly dependent upon PTAG composition and DOS. Cell toxicity 
increases with higher DOS of each PTAG group; (a) 20–30%; (b) 50–60%; (c) 
90–100%. Decreasing the alkyl chain length or enhancing the polarity of the 
PTAG group effectively decreases the cytotoxic response of LBC3 cells. Data 
presented as the mean ± SD (n=3). 
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Figure 29. Size and stability of 33DPP-g-PSA/DOX micelles with varying 
DOS. Variation in the DOS (20–30%, 50–60%, 90–100%) of 33DPP-g-PSA 
results in tailorable sizes of both unloaded and DOX-loaded micelles. Stability 
was greatly increased as a result of DOX loading within the micelle core. 
Comparison of unloaded or loaded at varying DOS was performed using a one-
way ANOVA followed by a post-hoc Tukey HSD test. Analysis comparing 
unloaded to loaded formulations at the same DOS was performed using a 
Student’s t-test. Significance thresholds of obtained p-values were set as follows: 
* p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001; n.s. no significance. Data 
presented as the mean ± SD (n=3). 

 

Differences between loaded and unloaded samples at each DOS were statistically 

analyzed by an F-Test (p < 0.05) followed by a Student’s t-test assuming equal or 

unequal variance. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s. no 
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significance. Differences between formulations of different DOS were compared for both 

unloaded and DOX-loaded formulations through a one-way ANOVA with a post-hoc 

Tukey HSD test. 

 Size: L1: 20–30% (DOX) vs. 50–60% (DOX) p < 0.01; L2: 20–30% (DOX) vs. 90–

100% (DOX) p < 0.01; L3: 50–60% (DOX) vs. 90–100% (DOX) p < 0.01; UL1: 20–30% 

vs. 50–60% p < 0.01; UL2: 20–30% vs. 90–100% p < 0.01; UL3: 50–60% vs. 90–100% p 

< 0.01. Data presentation as the mean ± SD (n = 3). 

 PDI: L1: 20–30% (DOX) vs. 50–60% (DOX) n.s; L2: 20–30% (DOX) vs. 90–100% 

(DOX) n.s.; L3: 50–60% (DOX) vs. 90–100% (DOX) n.s.; UL1: 20–30% vs. 50–60% n.s.; 

UL2: 20–30% vs. 90–100% p < 0.01; UL3: 50–60% vs. 90–100% p < 0.01. Data 

presentation as the mean ± SD (n = 3). 
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Figure 30. Size and stability of POE-g-PSA/DOX micelles with varying DOS. 
Variation in the DOS (20–30%, 50–60%, 90–100%) of POE-g-PSA results in 
tailorable sizes of both unloaded and DOX-loaded micelles. Stability was greatly 
increased as a result of DOX loading within the micelle core. Comparison of 
unloaded or loaded at varying DOS was performed using a one-way ANOVA 
followed by a post-hoc Tukey HSD test. Analysis comparing unloaded to loaded 
formulations at the same DOS was performed using a Student’s t-test. 
Significance thresholds of obtained p-values were set as follows: * p<0.05; ** 
p<0.01; *** p<0.001; **** p<0.0001; n.s. no significance. Data presented as the 
mean ± SD (n=3). 

 

Differences between loaded and unloaded samples at each DOS were statistically 

analyzed by an F-Test (p < 0.05) followed by a student’s t-test assuming equal or 

unequal variance. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s. no 
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significance. Differences between formulations of different DOS were compared for both 

unloaded and DOX-loaded formulations through a one-way ANOVA with a post-hoc 

Tukey HSD test. 

 Size: L1: 20–30% (DOX) vs. 50–60% (DOX) p < 0.01; L2: 20–30% (DOX) vs. 90–

100% (DOX) n.s.; L3: 50–60% (DOX) vs. 90–100% (DOX) p < 0.01; UL1: 20–30% vs. 

50–60% p < 0.05; UL2: 20–30% vs. 90–100% p < 0.01; UL3: 50–60% vs. 90–100% n.s. 

 PDI: L1: 20–30% (DOX) vs. 50–60% (DOX) n.s; L2: 20–30% (DOX) vs. 90–100% 

(DOX) p < 0.01; L3: 50–60% (DOX) vs. 90–100% (DOX) p < 0.05; UL1: 20–30% vs. 

50–60% p < 0.05; UL2: 20–30% vs. 90–100% p < 0.01; UL3: 50–60% vs. 90–100% p < 

0.01. 
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Figure 31. Sizes of POE-g-PSA and 33DPP-g-PSA micelles at varying DOX 
feed rates (90–100% DOS). Micelles form at different sizes based upon the 
composition of the core. 33DPP-g-PSA formulations already contain sufficient 
hydrophobicity can form smaller micelles at higher feed rates due to earlier 
micelle formation. POE-g-PSA micelles are more polar within their cores, 
allowing for more DOX to be entrapped on a per micelle basis and leading to 
larger sizes upon DOX encapsulation based upon later micelle formation. The 
stabilizing of the micelle core is initiated only at a feed rate greater than 10% 
DOX. POE micelles stabilize greater than 33DPP formulations at 10% while both 
reach saturation at 15%. Comparison of POE-g-PSA or 33DPP-g-PSA at varying 
DOX/Micelle feed was performed using a one-way ANOVA followed by a post-
hoc Tukey HSD test. Analysis comparing POE-g-PSA or 33DPP-g-PSA 
formulations at the same DOX/Micelle feed was performed using a Student’s t-
test. Significance thresholds of obtained p-values were set as follows: * p<0.05; 
** p<0.01; *** p<0.001; **** p<0.0001; n.s. no significance. Data presented as 
the mean ± SD (n=3). 
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Differences between POE-g-PSA and 33DPP-g-PSA micelles at each feed rate were 

statistically analyzed by an F-Test (p < 0.05) followed by a student’s t-test assuming 

equal or unequal variance. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n.s. 

no significance. Differences between the same formulation though at different DOX feed 

rates were compared through a one-way ANOVA with a post-hoc Tukey HSD test. 

 Size: POE P0: 0% vs. 5% (DOX) p < 0.01; P0: 0% vs. 10% (DOX) p < 0.01; P5: 5% 

vs. 10% (DOX) p < 0.01; P10: 10% vs. 15% (DOX) p < 0.01; P15: 15% vs. 0% (DOX) p < 

0.01. 33DPP D0; D5; D10; D15: Post-hoc Tukey HSD test not performed based upon 

ANOVA results. Data presentation as the mean ± SD (n = 3). 

 PDI: POE P0: 0% vs. 5% (DOX) n.s.; P0: 0% vs. 10% (DOX) p < 0.01; P5: 5% vs. 

10% (DOX) p < 0.01; P10: 10% vs. 15% (DOX) p < 0.01; P15: 15% vs. 0% (DOX) p < 

0.01. 33DPP D0: 0% vs. 5% (DOX) n.s.; D0: 0% vs. 10% (DOX) n.s.; P5: 5% vs. 10% 

(DOX) n.s.; P10: 10% vs. 15% (DOX) p < 0.01; P15: 15% vs. 0% (DOX) p < 0.01. Data 

presentation as the mean ± SD (n = 3). 
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Figure 32. Scatterplot of pixel intensities between DOX channel and DAPI 
channel via analysis of colocalization threshold values for confocal imaging of 
DOX-loaded POE-g-PSA micelles incubated with MCF-7 cells after 2 h. 
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(a) DOX Channel 

 

 
(b) DAPI Channel 
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(c) 2-D intensity histogram 

 

Figure 33. Colocalization plot via Coloc 2 analysis between DOX and DAPI in 
DOX channel (a) and DAPI channel (b) followed by 2-D intensity histogram (c) 
for confocal imaging of DOX-loaded POE-g-PSA micelles incubated with MCF-7 
cells after 2 h. 
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Figure 34. Scatterplot of pixel intensities between DOX channel and DAPI 
channel via analysis of colocalization threshold values for imaging of DOX-loaded 
DIEPA-g-PSA micelles upon administration to MCF-7 human breast carcinoma 
cells for 6 h.   
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(a) DOX Channel 

 

 
(b) DAPI Channel 
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(c) 2-D intensity histogram 

 

Figure 35. Colocalization plot via Coloc 2 analysis between DOX and DAPI in 
DOX channel (a) and DAPI channel (b) followed by 2-D intensity histogram (c) 
for imaging of DOX-loaded DIEPA-g-PSA micelles upon administration to MCF-
7 human breast carcinoma cells for 6 h.   

 

 

 


