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 ABSTRACT  

Polymeric nanoparticles have been studied extensively for their use in drug delivery 

systems due to the observed increase in biocompatibility, high drug loading capacity and tunable 

drug release profiles. The incorporation of a perfluorinated block within a water soluble polymer 

can increase the nanoparticles in vivo stability and thus its circulating half-life, as well as 

providing a means to solubilize fluorous pharmaceuticals.  

However, recent environmental concerns of perfluorinated molecules, specifically C7 and 

higher, have caused a re-evaluation in industry and academic labs in terms of which 

perfluorinated compounds are benign. The search for degradable, non-bioaccumulable and 

nontoxic fluorinated compounds has increased in the industrial setting in the past decade due to 

these concerns. 

The synthesis of two classes of semifluorinated polymers was designed and executed to 

prepare environmentally benign amphiphiles for use in the delivery of hydrophobic 

chemotherapeutics and fluorous anesthetics. The emphasis on creating degradable and nontoxic 

fluorinated segments was studied, by introducing small fluorinated segments throughout a 

lipophilic block or using biodegradable, linear fluorinated oligoether blocks. The formulation of 

fluorous anesthetic nanoemulsions, was studied to evaluate the stabilization efficacy and relative 
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fluorophilicity of the polymers containing alternative fluorinated blocks compared to traditional 

straight chain fluorocarbons. The toxicity profile of these synthesized polymers was verified 

through in vivo testing with a wild type zebrafish model. 

The stability of polymeric nanoparticles is dictated greatly by dilution upon 

administration and interactions with blood serum proteins. To test these events in vitro, 

fluorescence studies have been created to estimate the kinetic stability of micellar systems. 

Current experiments require the encapsulation of two large hydrophobic dyes, which is not 

possible for all polymers due to small hydrophobic cores in some systems. An aggregation-

induced emission fluorophore was investigated to develop a comparative stability test for micelle 

systems, which only requires the encapsulation of one small dye. 
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Chapter 1: Biomedical applications of perfluorinated molecules and their environmental 

implications 

 

1.1 Perfluorinated Molecules 

1.1.1 Unique Properties of Perfluorocarbons 

The addition of fluorine to organic molecules can drastically alter their thermal and 

mechanical properties as well as the hydrogen bonding properties and metabolism. 

Perfluorocarbons (PFCs), as such, are regarded for their unmatched range of unique properties, 

which find applications in the agrochemical,1 fire-fighting,2 electrical,3 and medical industries,4 

to name a few.  

In regards to PFC biomedical uses and potential, the chemical and biological inertness 

constitutes the most important characteristics. The unreactive quality of PFCs is related to the 

strength of the C‒F bond, which is due to the high Coulombic force resulting from fluorine’s 

high electronegativity.5, 6, 7 To quantify this property, the bond dissociation energy (BDE) of a 

C‒F bond in fluoromethane (CH3F) is 115 kcal/mol, while the BDE is 104.9 kcal/mol for a C‒H 

bond is methane (CH4).
8 In addition, as the fluorine content increases, so does the BDE‒evident 

as this value increases to 130.5 kcal/mol for tetrafluoromethane (CF4).
9 

Other important qualities of the fluorine atom lead to interesting behaviors of 

perfluorocarbons that are not seen in hydrocarbons. Compared to aliphatic hydrogen, fluorine is 

more electronegative (3.98 (fluorine) vs. 2.20 (hydrogen) on the Pauling scale),10 has a larger 

mean van der Waals radius (1.47 Å vs. 1.20 Å)11, and has a lower polarizability (0.557 Å3 vs. 

0.667 Å3).12 Due to the steric repulsion of highly electronegative neighboring fluorine atoms, 

PFCs exhibit a rigid, helical structure compared to hydrocarbons, which are flexible and have 

antiperiplanar conformations. This rigidity results in higher melting points than for the 

corresponding hydrocarbons, and a narrower liquid phase domain.13 The low polarizability of 
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fluorine leads to low van der Waals interactions between PFC chains, which leads to physical 

properties such as low surface tension, low water solubility of liquids, and low intermolecular 

cohesion.14  

Perfluorocarbons, in turn, are also extremely hydrophobic due to low polarizability, low 

van der Waals interactions and their neutral electrostatic surface potential.14, 15  The van der 

Waals interactions of PFCs are so low that they also become lipophobic, which causes these 

molecules to segregate among themselves, leading to a new phase‒termed the “fluorous phase”, 

shown in Figure 1.1.16 Molecules that segregate into this third phase are termed fluorophilic,17 

and have been empirically found to have the following qualities: a minimum of 60 wt.% fluorine 

content, the presence of at least one perfluoroalkyl moiety, limited polar groups and little to no 

hydrogen bonding capabilities.18 The dual hydrophobicity and lipophobicity of PFCs prohibits 

them from interacting with many physiological materials, further adding to the biological 

inertness of these molecules.19 

 

Figure 1.1: Phase separation of lipophilic, hydrophilic and fluorophilic molecules. The 

separation shows three distinct phases after equilibration: cyclohexane (dyed red with 

tetraphenylcyclopentadienone), water (dyed blue with copper sulfate) and 

perfluoromethylcyclohexane (colorless).  

The outstanding inertness of perfluorocarbons is evidenced by the Federal Drug 

Administration’s (FDA) approval of the administration of perfluorooctyl bromide (C8F17Br) in 

liter-size doses as a contrast agent in magnetic resonance imaging (MRI).19, 20 In addition, many 
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fluoropolymers are used in everyday medical devices, such as tubing and membranes.21 The use 

of perfluorocarbons has extended into other fields such as biomedical imaging and drug delivery, 

which will be described in Section 1.3. 

1.1.2 Semifluorinated Polymers 

 The detailed properties of perfluorocarbons above lead to high thermal stability, low 

chemical reactivity, low friction, high specific gravity and oil and water repellency.22 

Fluoropolymers, or polymers which have a high fluorine content throughout, also possess these 

unique qualities, which can be advantageous for many industrial applications. The global 

fluoropolymer market was valued at $7.39 billion in 2016 and is expected to rise to $10.49 

billion in 2021.23 Interestingly, the start of the fluoropolymer market began with the fortuitous 

finding of polytetrafluoroethylene (PTFE) by Roy J. Plunkett of DuPont.24 The polymer was 

initially used in WWII in artillery shell fuses and after in the production of nuclear material for 

the Manhattan Project. Later, DuPont trademarked the polymer as Teflon, and commercialized it 

for use in home products and engineering markets.25 Numerous fluoropolymers are used in many 

different applications, evidenced in Table 1.1.  

 

Table 1.1: Common fluoropolymers and applications. Adapted from references 22, 26, and 27. 

Fluoropolymer Structural 

Repeating Unit 

Application 

PTFE 

 

Non-stick cookware, electrical wiring, 

microporous membranes, catheters, vascular 

implants 

PVDF 

 

Microporous membranes, coatings, solar 

panels 
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FEP 

 

Plastic labware, electrical wiring 

 

PFA 

 

Resistant tubing, containment vessels 

Nafion 

 

Batteries, fuel cells  

Fluoroacrylates 

 

Soft contact lenses 

 

1.1.3 Amphiphilic PFCs/Fluorosurfactants 

Perfluorocarbons can also be employed in amphiphilic molecules that contain both 

hydrophobic and hydrophilic segments. As described above, PFCs have strong hydrophobic and 

lipophobic effects, which constitutes powerful driving forces for segregation and self-

organization of fluorinated amphiphiles.15 The larger than usual hydrophobic effect leads to large 

interfacial effects. For example, fluorinated surfactants are more effective than comparable 

hydrogenated surfactants at reducing the surface tension of water. Fluorous surfactants reduce 

water’s normal 72 mN/m to 15-20 mN/m whereas hydrogenated analogs reduce the surface 

tension to a range of 24-50 mN/m.28 In the same regard, the critical micelle concentration (CMC) 

of fluorous surfactants is one to two orders of magnitude lower than their non-fluorinated 
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counterparts.19 Fluorosurfactants in turn favorably self-assemble into a multitude of 

nanostructures, such as micelles,29 inverse micelles,30 bilayers,31, 32 and vesicles33—all of which 

are based on the architecture of the hydrophobic and hydrophilic portions.34  

1.2 Environmental Persistence of PFCs 

 The unreactive quality of C‒F bonds leads to increased thermal and chemical resistance 

in PFCs, which have been utilized in many applications detailed above. However, this strong 

organic bond also makes these compounds resistant to degradation by metabolic,35 osmotic,36 or 

photolytic pathways.37 Because of this, PFCs have become environmentally persistent‒showing 

up in blood samples of the general U.S. population and even in remote areas such as the Arctic 

and Antarctica.38-40 At high concentrations, certain PFCs have been linked to adverse health 

effects in laboratory animals that may indicate connections between exposure to these chemicals 

and some human health issues such as low birth weight,41 delayed puberty onset,42 reduced 

immunologic responses to vaccination,43 and elevated cholesterol levels.44 

1.2.1 PFOA and PFOS 

The long-range use of perfluorocarbons in industry has been scrutinized due to the 

environmental persistence and toxicity of certain PFCs heavily produced as waste in their 

production. In particular, perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid 

(PFOS) have been extensively studied for their biological accumulation and toxicity (Figure 1.2). 

PFOA was commonly used as a surfactant in emulsion polymerizations, such as with Teflon,45 

while PFOS was a key ingredient in many stain repellents, most notably 3M’s Scotchgard.46 

Both PFOA and PFOS are also main degradation products of other commonly used fluorinated 

molecules.45 Sources of PFOA and PFOS in water include aqueous fire-fighting foam, discharge 

from industrial facilities where it is made or used, effluent from wastewater treatment plants, and 
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landfill leachate.47, 48 In addition, PFOA has been established as a dangerous chemical, which 

may have toxic effects on the liver, immune and endocrine systems.49, 50 PFOA and PFOS do not 

degrade in the environment and cannot be metabolized in the body, leading to human half-lives 

of 3.6 and 5.4 years, respectively.51  

 

Figure 1.2: Chemical structures of perfluorooctanoic acid (PFOA) and perfluorooctane 

sulfonic acid (PFOS). 

 

The United States Environmental Protection Agency (EPA) constructed the 2010/2015 

PFOA Stewardship Program to reduce emissions with eight industry partners. By the program’s 

first deadline in 2010, 95% of residual content and emissions of PFOA and similar long-chain 

PFCs were to be cut, while the 2015 deadline called for complete elimination.52 All eight 

industrial partners have successfully followed these guidelines. With the use of PFCs for 

biomedical applications, the use of nontoxic and non-bioaccumulative molecules is of the utmost 

importance. 

1.2.2 Long-chain PFCs 

The environmental persistence and bioaccumulation of PFCs have been correlated to the 

chain length.53, 54 It has been found that the unwanted environmental longevity of PFCs is 

observed for perfluoroheptyl moieties (C7) and above, whereas C6 and below are rapidly 

excreted.55 To date, no adverse effects in the general human population have been documented; 

however unfavorable results have been seen in laboratory animals as well as wildlife, as 

mentioned above. The long half-lives (on the year range) for many of these long-chain chemicals 

leads to increased exposure and ultimate toxic effects.  
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1.2.3 Industrial Alternatives 

Although most perfluorocarbons are not toxic, the search for alternatives that possess the 

same desirable qualities of long-chain PFCs is essential. Industry leaders that partnered with the 

EPA and its 2010/2015 PFOA Stewardship Program have shown initiative in using alternative 

fluoropolymers that pose a lesser threat to the environment and wildlife. It was found that levels 

of PFOS in U.S. adult blood donors dropped 60% between 2000 and 2006, while PFOA levels 

dropped 25%, in the same timeframe.56 

One strategy to increase potential for degradation is to introduce points of degradation 

with the use of weak bonds. This typically involves the replacement of a C‒F bond with a C‒H 

bond. A PFC alternative that uses this strategy is 3M’s fluorosurfactant, ADONA, that replaces 

one C‒F bond at the β position in relation to the carboxylate.57-59 Similar to this surfactant, 

oligo(vinylidene fluoride), consisting of alternating CH2 and CF2 groups is being used as an 

alternative to PFCs. These C‒H bonds are much more susceptible to degradation than the inert 

C‒F bonds.58, 60 

1.2.4 Perfluoroethers 

Another strategy adopted in industry replaces PFCs with perfluorooligoethers and 

perfluoropolyethers (PFPE). Perfluoropolyethers have emerged as an interesting alternative to 

polymeric PFCs, as long chains and high molecular weights can still be used. These 

perfluoroethers contain oxygen atoms throughout the chain, causing a disruption in the 

perfluorocarbon’s rigid helical structure. With this increased rotational freedom about the 

fluorous chain, it is hypothesized these molecules can degrade in the environment.61, 62 Three 

such PFPEs are 3M’s ADONA, DuPont’s Krytox® and Solvay’s Solvera®, which have similar 

properties to Teflon.60, 63 
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Table 1.2: Alternative fluorinated molecules used in industry. Adapted from references 57-60, 

63, 64, 66-69.    

Surfactant structure Company Trade 

Name 

 

3M ADONA™ 

 

DuPont Krytox®  

 

Solvay Solvera®  

 

3M Novec™ 

 

DuPont Capstone™/

Forafac®  

 

Merck Tivida®  

 

OMNOVA Polyfox®  

 

1.2.5 Short Chain PFCs 

Bioaccumulation from PFCs are primarily seen with long chain molecules‒specifically 

C7 and above. Short chain PFCs (C6 and below) have shown to be excreted rapidly in multiple 

organisms and thus have been explored for their use as alternatives in the fluoropolymer and 
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fluorosurfactant industry.55 In 2003, 3M switched their Scotchgard recipe and replaced PFOS 

with a perfluorobutane sulfonate-based surfactant, Novec™ FC-4434, which has a half-life in 

humans of about one month.64, 65 In lieu of these changes, the reported presence of 

perfluorobutane sulfonic acid has increased in environmental water, no doubt partially due to the 

conversion to shorter chain PFCs.65 DuPont has also brought short chain fluorosurfactants to the 

market, with multiple options from the Capstone™/Forafac® lines.66 These sulfonic and 

carboxylic acid surfactants utilize a perfluorohexyl group to afford the unique surface properties 

of PFCs. Many other companies have switched to short chain PFCs, including Merck’s Tivida® 

line of surfactants and OMNOVA’s Polyfox® line of polymers.67-69 

 Although the bioaccumulation of short-chain PFCs is much less than longer analogues, 

the toxicity profile may be comparable to longer chain analogues. For example, DuPont’s 

Forafac®  1157 induced stress and immunosuppression in juvenile turbot, but its overall toxicity 

profile was much less harmful than PFOS.70 In general, little work has been done to study the 

toxicological profile of these alternative fluorinated molecules. 

1.2.6 Fluorous Anesthetics 

 Over the past decade, the atmospheric concentrations of fluorinated anesthetics 

sevoflurane, isoflurane and desflurane have increased globally by 0.13 parts per trillion (ppt), 

0.097 ppt and 0.30 ppt, respectively.71 Emissions of these anesthetics is worrisome due to their 

contribution to the greenhouse effect, and potential destruction of the ozone layer due to their 

long atmospheric lifetimes. Halogenated inhalational anesthetics undergo little metabolism 

during clinical application; 5%, 0.2 %, and <0.02 %, for sevoflurane, isoflurane, and desflurane, 

respectively.72 For the protection of hospital and clinic personnel, the exhaled drug is vented to 

the outside without any current means of waste capture. Although the emitted amounts seem 
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small in contrast to carbon dioxide (CO2, ~400 ppm), these anesthetics have a much higher 

global warming potential. For example, every 1 kilogram of desflurane is equal to 2500 

kilograms of CO2.
71 In one study, the bottom-up estimates show the annual emission of the three 

fluorous anesthetics were equivalent to ~4.4 million tons CO2.
73 The increasing atmospheric 

concentrations of these greenhouse gases have some scientists looking for ways to capture and 

recycle the drug during clinical use.   

1.3 Biomedical Applications 

 Perfluorocarbons have been studied over the last few decades for biomedical applications 

due to their high chemical and thermal stability, high gas solubilization, and spectroscopic 

properties. Below are some areas of biomedical research in which perfluorocarbons have been 

utilized.  

1.3.1 Oxygen Delivery to Tissues  

Blood substitutes, also known as artificial blood, have been the focus of relentless 

research, due to many areas of the world with blood shortages as well as the poorly understood 

risk of allogeneic (donor) blood transfusions on host defenses.74 Since the demonstration by 

Clark and Gollan in 1966 that mice and cats could live while breathing an oxygen-saturated 

liquid PFC, the utilization of these molecules as blood substitutes has been investigated.75 PFCs 

and gases show similar low intermolecular cohesion, as expressed by similar Hildebrandt 

coefficients, which allows large concentrations of gases, such as oxygen, to dissolve in them.76, 77 

Unlike other oxygen delivery systems, such as peroxides and cross-linked hemoglobin that 

chemically interact with the gas and which can be toxic, PFCs carry physically entrapped oxygen 

that can be easily released.78 However, PFCs are hydrophobic and cannot be administered 

directly into the body. To successfully mix them with hydrophilic fluids, many PFCs must be 
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emulsified with amphiphilic surfactants, and subsequently introduced into blood or other 

biological fluids.79 Once these PFC emulsions are flushed with oxygen and injected into tissues, 

physically caged oxygen is released via diffusion.78 Perfluorocarbon-oxygen emulsions have 

been successful in animal models and have shown promise in humans, without severe side 

effects. 

Perfluorooctyl bromide (PFOB) has been tested experimentally for liquid breathing. It 

was found that partial liquid ventilation lead to clinical improvement and survival in some 

human infants with severe respiratory distress syndrome that were not expected to survive.80  

1.3.2 Contrast Agents 

 Liquid PFCs have been studied as contrast agents‒substances used to increase the 

contrast of structures or fluids within the body for ultrasonography and magnetic resonance 

imaging (MRI) since the late 1970s.81 In 1977, Liu and Long reported the use of PFOB as an 

orally-administered diagnostic contrast agent medium for gastroenterography. Due to the hydro- 

and lipophobicity of PFOB, oil-in-water emulsions were formulated to better deliver the 

fluorophilic agent.82 This PFC has also been studied as an MRI contrast agent for cell tracking 

applications.83 

 Additionally, perfluoro-15-crown-5 ether (PFCE) has been investigated as a 19F-MRI 

contrast agent.84 The fluorine present in the body is mostly in the form of solid fluoride in bones 

and teeth. Since this endogenous fluorine is immobilized, it exhibits a very short spin–spin 

relaxation time (T2) that is not visible to conventional MRI methods. Thus, the absence of 

naturally occurring fluorine in the body allows for two advantages using PFCs in imaging: 1) 

very small amounts of fluorous imaging agent are needed to produce a signal and 2) the derived 

signal is from one compound, making it much less complex than a comparable proton image 
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where there are multiple components adding to the signal.85 Additionally, PFCE contains 20 

equivalent 19F spins, equating to a single resonance in the MRI.84 In practice, dendritic cells used 

to treat cancers and immunological disorders have been labeled with PFCE for theranostic 

applications.86 In another study, PFCE-labelled macrophages were used to study the invasive and 

evasive phase of the macrophage in adoptive transfer experimental allergic encephalomyelitis by 

19F-MRI in rats.87 

1.3.3 Anesthetic Emulsion Delivery 

Early anesthetics, namely diethyl ether and cyclopropane, were highly flammable and 

explosive.88 Chloroform, also previously used to induce anesthesia, suffered from cardiac and 

hepatic toxicity.89 Modern anesthetics are fluorous in nature and do not suffer from chemical 

flammability, explosiveness or extreme toxicity.90 Some common anesthetics in use today are the 

fluorous molecules sevoflurane, isoflurane, and desflurane, shown in Figure 1.3.  

 

   

Sevoflurane Isoflurane Desflurane 

 

Figure 1.3: Structure of fluorous anesthetics. 

These anesthetics are commonly used to induce and maintain general anesthesia through 

a vaporizer. However, the induction and recovery times using this machinery are slow and can 

lead to pain experienced by patients. This had led to the development of anesthetic emulsions, 

which eliminates the need for equilibration with the lungs.91 Oil-in-water (o/w) nanoemulsions 

are appealing delivery systems for hydrophobic pharmaceuticals, such as anesthetics, because of 

their high-loading capability.92, 93 
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Nanoemulsions are non-equilibrium, metastable delivery systems. For an o/w mixture, a 

separated phase is thermodynamically most stable.94 Therefore, energy must be input into the 

system to emulsify a dispersed oil-in-water phase (Figure 1.4). Nanoemulsions used in 

biomedical applications are formed through high-shear stirring,95 ultrasonic emulsification,96 

homogenization,97 or microfluidization,98 which disrupt the oil and water phases to produce o/w 

nanodroplets. To be clinically relevant, the United States Pharmacopeia (USP) requires 

nanoemulsions to maintain an average particle size less than 500 nm, with a twelve month shelf 

life recommended by the US Food & Drug Administration (FDA).99 

 

 
 

Figure 1.4: Schematic representation of the formation of an emulsion. An oil-in-water 

mixture spontaneously phase-separates, so that energy must be input into the system to disrupt 

the two phases, resulting in nanodroplets, which are stabilized by a surfactant. 

Nanoemulsions are thermodynamically unstable systems, and their long-term stability is 

the main problem in formulation. Given the heterogeneity in particle sizes, emulsion 

nanodroplets have different chemical potential velocities. Flocculation is the trapping of smaller 

particles by larger particles, forming particle aggregates. Due to their higher curvature, smaller 

droplets have greater chemical potential than do larger droplets. To reduce the chemical potential 

of the system, average particle size will increase through either droplet combination 

(coalescence) or the diffusion of the oil phase from smaller to larger droplets (Ostwald 
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ripening).92, 93 Once large enough particles or particle aggregates are formed, creaming, or 

sedimentation, will occur. Due to the small size of nanoemulsions, Brownian motion is able to 

overcome flocculation and limit creaming. Coalescence can also be prevented through 

electrostatic or steric repulsion, by choice of surfactant. Therefore, Ostwald ripening is the only 

observed mechanism for nanoemulsions to coarsen and decompose (Figure 1.5).93 

 

Figure 1.5: Nanoemulsion destabilization process. Nanoemulsion particles can grow in size 

through flocculation, coalescence or Ostwald ripening. This leads to sedimentation or creaming, 

with eventual phase separation. 

 

Nanoemulsions have been explored for the delivery of fluorous anesthetics, due to the 

ability of administration through intravenous (IV) injection. This allows for the rapid onset and 

recovery of anesthesia, when compared to the slow induction associated with inhalation 

methods.91 Work in the Mecozzi lab has shown successes in utilizing novel, synthesized 

fluorosurfactants, with the fluorous additive PFOB, to stabilize fluorous droplets of sevoflurane 

(up to 30 vol. %).100-102 Likewise, these polymers were studied to emulsify the same 

concentration of isoflurane, a slightly more lipophilic molecule than sevoflurane, but were 

unsuccessful. For traditional biphilic (hydrophilic/lipophilic) systems as well as triphilic 

(hydrophilic, lipophilic, fluorophilic) amphiphiles, 15 vol. % isoflurane emulsions have been the 

limit in nanoemulsion formulations. The problem seems to arise from the dual lipo- and 

fluorophilicity of isoflurane, with the increased lipophilicity coming from the solo chloride 
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substituent. The development of a stable 20 vol. % isoflurane emulsion has recently been 

achieved by using a polymer that utilizes pendant fluorophilic chains off of a lipophilic 

backbone, and will be discussed further in Chapter 2.103 

1.3.4 Chemotherapeutic Delivery 

 A persistent challenge confronted by the pharmaceutical industry is the low solubility of 

promising drug candidates. One study estimated that 40% of currently marketed drugs and 70% 

of those in the pipeline are poorly water-soluble.104 These hydrophobic agents suffer from low 

and variable adsorption upon oral administration, thus leading to poor bioavailability.105 

Additionally, administration of these poorly water-soluble drugs through parenteral routes can 

lead to localized precipitation, hemolysis, pain and toxicity upon injection.104 Unfortunately, the 

development of water-soluble formulations remains a challenge for these extremely hydrophobic 

therapeutic agents, which results in few candidates making it to the clinic. 

One strategy to mitigate these solubility issues is using polymeric micelles as a delivery 

vehicle. Within these colloidal nanoparticles, the cytotoxic agent is protected within a 

hydrophobic core while a hydrophilic corona allows for water solubility,106 increased circulation 

times,107- 108 and controlled release of the active agent.109 Recently, amphiphilic polymers 

containing fluorous moieties have been studied for the delivery of small molecules and proteins 

by forming micellar delivery systems. When dissolved in water, these polymers spontaneously 

self-assemble into micelles, due to the hydrophobic effect (Figure 1.6).15, 19 In these systems, a 

lipophilic segment of the polymer affords drug encapsulation while a fluorophilic block 

contributes to micelle stability and drug release kinetics.110 Due to the increased hydrophobicity 

the fluorous block offers, nanoparticles that contain this fluorophilic segment have been shown 

to dissociate slower than those without one.111 
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Figure 1.6: Polymer unimer-micelle equilibrium. Schematic representation of the equilibrium 

that exists between unimer and micelle in solution. Polymer contains a fluorophilic core (green), 

a lipophilic shell (red) and hydrophilic corona (blue). 

The leading targets for nanoparticle drug delivery are solid, cancerous tumors. For the 

delivery of chemotherapeutics, micelle sizes range from 5-100 nm, as to take advantage of the 

enhanced permeation and retention (EPR) effect, i.e. passive targeting. Within this phenomenon, 

as tumors develop, new vasculature is formed that is characterized as porous and lacking an 

effective lymphatic system. Due to the large spaces between endothelial cells in the tumor 

vasculature, small nanoparticles can permeate into the tumor tissue and then accumulate in 

concentrated amounts, due to poor lymphatic drainage (Figure 1.7).112, 113  

 
Figure 1.7: Schematic representation of the EPR effect. Tumor angiogenesis leads to the 

growth of new, leaky vasculature that allows for the permeation of nanoparticles that are too 

large to pass through endothelial junctions of healthy blood vessels. The lack of effective an 

effective lymphatic system allows for retention of nanoparticles. Adapted from reference 113. 
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Piccionello et al. studied polyaspartamides partially functionalized with a side chain 

containing a fluorocarbon. These polymeric micelles encapsulated flutamide, a 

chemotherapeutic, and successfully delivered the active drug to cells in vitro.114 Again, the 

fluorocarbon block of these polymers was not added to encapsulate the anticancer drug, but 

instead led to stabilization of the aggregate by utilizing the fluorophilic effect.  

In one study, Nystrom and others synthesized eight semifluorinated linear and star-

shaped polymeric nanoparticles for the encapsulation and delivery of cancer agent, doxorubicin. 

However, in this study the fluorinated segment was incorporated in the hydrophilic corona to 

afford 19F-MRI imaging potential instead of increasing the colloidal stability.115  

Another study presents a versatile carrier, low molecular weight fluorodendrimers, for the 

co-delivery of fluorinated drugs and therapeutic genes for combination cancer therapy. These 

carrier systems displayed both high drug loading efficacy and high gene transfection efficacy. It 

was found that the co-delivery of fluorinated anticancer drugs (sorafenib or 5-Fluorouracil) and 

TNF-related apoptosis-inducing ligand (TRAIL) causes a synergistic effect on ablating breast 

cancer cells.116  

 In addition, the Mecozzi group has utilized polymeric micelles containing a fluorophilic 

block to successfully encapsulate the anticancer drug, paclitaxel. These triphilic polymers are 

designed with a hydrophilic block, typically polyethylene glycol (PEG), to afford water 

solubility and biocompatibility, a hydrocarbon block to encapsulate the hydrophobic 

pharmaceutical and finally a fluorocarbon to stabilize the assembly. One such system, containing 

a perfluoro-tert-butyl block, showed improved in vitro release kinetics for paclitaxel over the 

comparable non-fluorinated polymer.111 This system could also be used as a 19F-MRI contrast 

agent, as all the CF3 groups accounted for one signal.  In a recent study, triphilic nanoemulsions 
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with the lipophilic oil, medium chain triglyceride, have been able to solubilize massive amounts 

of paclitaxel (up to 4 mg/mL), with remarkable release kinetics, when compared to traditional 

micellar delivery. Addition of the contrast agent PFCE to these nanoemulsions further improves 

these drug release kinetics by sealing the fluorous shell, as well as adding a diagnostic 

component to the system.117 

1.4 Outlook on PFCs  

 The rising fluoropolymer market and widespread industrial applications of fluorous 

chemicals are indicative of the need for materials that possess the unique chemical and physical 

properties of PFCs. Due to their successes in biomedical applications, the need to further 

characterize the environmental impact and toxicological profile of these PFCs is of the utmost 

importance. Even though the use of long chain PFCs has diminished substantially after 

regulations imposed by the U.S. EPA, in-depth studies on the environmental fate of short-chain 

perfluorocarbons have yet to be initiated. In addition, the capture and recycle of fluorinated 

anesthetics is becoming rising problem due to their alarming greenhouse effect.  

1.5 Thesis Objectives 

 This thesis serves to investigate new short-chain and biodegradable alternative PFCs as 

viable fluorous segments for polymers in drug delivery. The scope of this work includes the 

design, synthesis, and physicochemical study of semifluorinated polymers utilizing 

environmentally benign PFC blocks. To study the polymer’s lipophilic and fluorophilic 

characteristics, fluorous oil-in-water emulsions were formulated and particle size observed over 

time (Chapter 2 & 3). The toxicity of the polymers containing alternative fluorinated blocks was 

also investigated using a zebrafish model (Chapters 2 & 3). In addition, the measurement of 

kinetic stability for our amphiphilic polymers has been a constant problem for the group, due to 
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irreproducible results gained from the standard experimental method. Thus, Chapter 4 details the 

study of aggregation-induced emission dyes as probes to study polymeric nanoparticle stability. 
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Synthesis and characterization of environmentally benign, semifluorinated polymers and 

their applications in drug delivery 

 

Abstract 

Herein, we describe the synthesis, physicochemical studies and pharmaceutical 

assessment of a class of PEGylated semifluorinated amphiphilic block-polymers based on short 

pendant fluorinated side chains attached to moderately hydrophobic units. These polymers 

allowed us to investigate how the balance between hydrophobicity and fluorophilicity in the 

polymer can be tuned to match that of small molecules to be used in drug delivery. Remarkably, 

we found that using short perfluoroethyl groups in the polymer allows the preferential 

stabilization of nanoemulsions based on isoflurane, a fluorinated anesthetic made partly 

hydrophobic by the presence of a chlorine atom. In comparison, nanoemulsions of sevoflurane, a 

purely fluorophilic anesthetic, were not as stable. The lipophilicity of the polymers was also 

investigated in regards to solvation of hydrophobic molecules. Surface properties such as critical 

micelle concentration (CMC) and surface tension demonstrated the uniqueness of these 

fluorinated amphiphiles. Finally, the use of short perfluoroethyl chains makes these polymers 

environmentally benign in terms of bioaccumulation and toxicity. 

 

2.1 Introduction 
 

Perfluorinated compounds are heavily utilized in fire-fighting applications, cosmetics, 

paints, lubricants and pharmaceutical formulations.1, 2 However, longer chain fluorocarbons have 

been replaced for general use in the US with short-chain perfluoroethers. This was done out of 

concern for bioaccumulation and general toxicity.3 Specifically, perfluorooctanoic acid (PFOA) 

and perfluorooctanesulfonic acid (PFOS), which were used as surfactants during the synthesis of 

perfluorinated polymers, have received the most attention after their detection in places ranging 
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from remote areas in the Arctic to blood samples of the general U.S. population.4, 5 

Perfluorocarbon bioaccumulation and toxicity tend to increase with longer chain length, with 

groups composed of six perfluorinated carbons (perfluorohexyl) or less being considered safe for 

humans.2-4 

Short fluorocarbons are used in a variety of industrial materials. For instance, the 

OMNOVA Polyfox© line lists polymers in which short perfluoroethers are used for the purpose 

of achieving optimal properties in paints and coatings. The Polyfox© surfactants are synthesized 

commercially by polymerization of fluorinated oxetane monomers, using a Lewis acid catalyst 

and nucleophilic initiator.5, 6 The most common fluorocarbon used is a perfluoroethyl, a fluorous 

group significantly shorter than longer fluorocarbons that have shown toxicity and 

bioaccumulation.6, 7 These use of multiple perfluoroethyl groups throughout their polymer leads 

to similar properties seen when using a longer chain analogue. The Polyfox© line has undergone 

all required environmental and health related studies and has been granted full regulatory 

approval by The United States EPA, allowing for the manufacture and sale of these 

environmentally-benign products.8 

Pharmaceutical applications of perfluorocarbon derivatives are based on the unique 

physicochemical properties of fluorous compounds, including thermal and chemical stability, 

biological inertness, high surface tension, and the ability of dissolving large amounts of oxygen. 

Previous studies have shown that highly fluorinated amphiphilic diblock copolymers can 

successfully be used for emulsifying fluorous anesthetics in drug delivery applications.9-11 With 

the inclusion of perfluorooctyl bromide (PFOB), an FDA-approved additive, these polymers 

were shown to stably emulsify sevoflurane (Fig. 2.4) at concentrations up to 20–30% v/v, a 

significant increase over the 3.5% v/v concentration of sevoflurane that can be achieved with a 
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classical hydrophobic emulsion as Intralipid.11 In contrast, the same polymers were not able to 

properly stabilize emulsions of isoflurane , likely due to the increased lipophilicity of this 

compound as opposed to sevoflurane. As a result of a chloride substitution for one 

trifluoromethyl group, isoflurane has a lower fluorine content than sevoflurane (51% w/w vs. 

67% w/w), making the molecule more lipophilic. To date, the best formulations to emulsify 

isoflurane are based on classical surfactants and provide a concentration of anesthetic between 8 

and 15% v/v.12, 13 We reasoned that in order to stably emulsify this anesthetic, a surfactant must 

include a balance between fluorophilicity and lipophilicity that would be close or match that of 

isoflurane. The new diblock copolymer described below is composed of a very short 

hydrophobic backbone to which a pendant perfluoroethyl is attached, similarly to the 

composition of some of the OMNOVA Polyfox© polymers. PEGylation of this small oligomer 

leads to the formation of an amphiphilic polymer, which is highly water-soluble and can be used 

to efficiently emulsify isoflurane when using a specific size of the hydrophobic/fluorophilic 

perfluoroether moiety. 

 
 

Figure 2.1: Schematic representation of redesigned semifluorinated polymers. These 

triphilic polymers include a hydrophilic block (blue), usually poly(ethylene glycol), attached to a 

lipophilic hydrocarbon (red), which can then be attached directly to a fluorocarbon (green) in the 

traditional design, or have pendant fluorous groups off the lipophilic backbone in the redesigned 

architecture.  
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2.2 Results and Discussion 
 

2.2.1 Synthesis of semifluorinated polymers 

The synthesis of these block copolymers was adapted from patents,14, 15 and earlier work 

done in our group (Figure 2.1).16 In glacial acetic acid, the triol, 1,1,1-tris(hydroxymethyl)ethane 

(2-1), was treated with sulfuric acid and sodium bromide to generate hydrogen bromide in situ to 

give the dibrominated product, 3-bromo-2-bromomethyl-2-methylpropyl acetate (2-2), as the 

major substitution product. Under biphasic conditions, the acetate was cleaved with sodium 

hydroxide allowing for in situ cyclization to give 3-(bromomethyl)-3-methyloxetane (2-3). This 

was then functionalized with 1H,1H-pentafluoropropan-1-ol. This reaction was found to work 

best under phase transfer conditions. Both oxetane monomers (2-3 and 2-4) were purified by 

distillation, but yields were lower than expected due to the high volatility of these molecules. 

PEGylation was achieved by using the terminal alcohol of methoxy polyethylene glycol (mPEG) 

as a macroinitiator in the presence of boron trifluoride diethyl etherate to carry out a ring-

opening polymerization of the fluorous oxetane. Two methoxy polyethylene glycol molecular 

weights of 1000 and 5000 g/mol were used to synthesize different diblock copolymers (2-5 and 

2-6) and explore their ability at emulsifying and encapsulating lipophilic and fluorophilic 

molecules. 
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Figure 2.2: Synthesis of Mx(F2Ox)n. Note on nomenclature: M corresponds to mPEG, with the 

following number being the average molecular weight (1=1 kDa, 5=5 kDa). (F2Ox) indicates the 

opened oxetane monomer with a perfluoroethyl side chain, and n denotes the number of oxetane 

units added. 

 

Resulting polymers were purified by an automated CombiFlash® system. Polymerization 

yielded products with 3–10 oxetane monomers added. Using this system, different fractions of 

polymer, composed of a mixture of perfluoroether telomers added were isolated. The mPEG-

1000 polymers contain mostly 3–4 and 4–5 unit fractions, while the mPEG-5000 contains 

fractions composing mostly of 3–5 and 7–9 units added. This polydispersity agrees with similar 

behavior reported in the literature.17, 18 

It can be seen from the above synthetic scheme (Figure 2.1), that polymerization yields 

were not as high as expected, with the CombiFlash separation showing significant amounts of 

unreacted polyethylene glycol eluting just before the reaction product. Efforts were made to 

increase yield and selectivity of the polymerization by changing reaction conditions such as 

temperature, reaction time, solvent, and Lewis acid. Selected experiments are shown in Table 
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2.1. Note: pre-reaction time signifies the period of mixing between mPEG and Lewis acid, 

before the addition of oxetane monomer, which showed to be inconsequential in terms of 

monomers added or yield. 

Table 2.1: Selected oxetane polymerizations with varying experimental parameters. 

Solvent 
Temp. 

(°C) 

Lewis 

Acid 
Time 

% Yield 

(purified) 

DCM 0 BF3•OEt2 30 min pre-react, 24 h total 25 

DCM -20 BF3•OEt2 20 min pre-react, 1 h total 31 

DCM -78 BF3•OEt2 30 min pre-react, 2 h total 22 

DCM -78 BF3•OEt2 
30 min pre-react, syringe pump added 

oxetane over 12 h 
20 

DCM -78 BF3•OEt2 1 h pre-react, 2 h total 64 

DCM -78 BF3•OEt2 1 h pre-react, 5 h total 25 

DCM -78 BF3•OEt2 1 h pre-react, 24 h total 51 

THF 0 BF3•OEt2 2 h pre-react, 24 h total 56 

DCM 0 TiCl4 1 h pre-react, 24 h total No reaction 

DCM 0 LiCl 1 h pre-react, 24 h total No reaction 

 

After studying these variables, it was seen that yields were not consistent and fluctuated 

between 20 and 70 percent. Reaction time and temperature appeared to be unimportant in yield 

as well as selectivity‒always producing polymers with 3-10 oxetane united added. The fluorous 

oxetane was added via syringe pump for one experiment to see if the selectivity could be 

controlled. It was presumed that if added slowly, each polymer would react with the oxetane at 

equal rates and produce a monodisperse polymer with a predetermined amount of oxetane added, 

however this trial was not successful in affecting the dispersity. Although the varying of these 

conditions did not produce better yields, it was concluded that boron trifluoride diethyl etherate 
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was the most successful Lewis acid used, as the others yield no product. These results suggest 

the kinetics of polymerization do not depend on the size of the polymer and it is fast enough to 

only produce a polydisperse product. The necessity of using boron trifluoride diethyl etherate did 

not allow us to explore slower reaction kinetics.  

Another possible hindrance to the success of the reaction is the use of mPEG. This 

hydrophilic polymer can easily absorb water and cause low reactivity to oxetane polymerization. 

To explore this, 1-decanol, which is not hygroscopic, was employed instead as the 

macroinitiator, shown in Figure 2.3. After purification, it was seen that yields were comparable 

to the previous polymerization using mPEG as the macroinitiator, suggesting that the quality of 

mPEG used was not an issue. Selectivity was also similar in this reaction, as it was seen that 2-8 

oxetane units were added to the lipophilic alcohol. 

 

Figure 2.3: Synthesis of H10(F2Ox)n, starting from fluorous oxetane and 1-decanol. 

2.2.2 Physicochemical characterization 

Dynamic light scattering (DLS) was applied to measure the average hydrodynamic size 

of the amphiphilic aggregates in solution. The particle size data are summarized in Table 2.2. As 

expected, as the length of hydrophobic chain increases, so does the aggregate size. Most of the 

polymer sizes are consistent with known micelle-forming fluorocarbon polymers according to 

PEG size, besides M1(F2Ox)3-4 and M5(F2Ox)3-5.
9 The small size of these aggregates suggest 

the DLS measurement was probably the size of the monomer. This hypothesis is corroborated for 

M1(F2Ox)3-4, as the polymer does not form micelles to encapsulate the P3P probe for 
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microviscosity experiments. In contrast, M5(F2Ox)3-5, which also has a small hydrodynamic 

size, does in fact encapsulate P3P, suggesting the polymer does form micelles. This difference in 

encapsulation may be due to the slight increase in oxetane units added to this polymer (3-4 

versus 3-5). Interestingly, a CMC value could be calculated for M1(F2Ox)3-4, even though it may 

not be forming micelles, leading to a disagreement in data. It should be noted that cryogenic 

transmission electron microscopy (cryo-TEM) is commonly used to validate the aggregate shape. 

However, these amphiphiles contain a relatively small hydrophobic core compared to a large 

mPEG chain, which is highly solvated and indistinguishable from vitrified water.19 

Table 2.2: Physicochemical data of selected Mx(F2Ox)n polymers. aParticle sizes of 

fluoropolymer-based aggregates. Data are given with the standard deviation (n = 3). Each 

measurement was repeated in triplicate. bCritical micelle concentration determined by surface 

tension. Each measurement repeated four times. CMCs of M1(F2OX)7–9, M5(F2OX)6-7, and 

M5(F2OX)8-10 were not determined due to insufficient yields of these polymer fractions. Values 

commonly reported as pCMC (-log(M))  cMicroviscosity determined by P3P excimer 

fluorescence, repeated in triplicate. 

Polymer Particle Size (nm)a CMC (log (M)±SD)b Microviscosity (Im/Ie)c 

M1(F2Ox)3-4 4.35 ± 1.00 -5.01 ± 0.03 No P3P encapsulation 

M1(F2Ox)4-5 15.74± 0.63 -4.77 ± 0.03 2.4 ± 0.11 

M1(F2Ox)7-9 16.27 ± 0.39 N/A 7.30 ± 0.51 

M5(F2Ox)3-5 4.51 ± 0.75 -4.99 ± 0.08 3.40 ± 0.40 

M5(F2Ox)6-7 15.61 ± 0.32 N/A 5.43 ± 0.19 

M5(F2Ox)8-10 43.25 ± 0.95 N/A 18.08 ± 0.12 

 

The critical micelle concentrations (CMC) of these polymers were estimated by 

measuring the surface tension of polymer solutions at various concentrations in water. Increasing 

the concentration of the polymer under the CMC leads to a linear decrease in the surface tension. 

At the CMC, micelle formation begins and any additional surfactant will aggregate and not affect 

the surface tension any longer (Figure 2.4). It has been shown that substitution of fluorine atoms 
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for hydrogen decreases an amphiphile’s surface activity for aqueous solutions, which promotes 

micellization at lower concentrations.20 For these polymers, the CMC was unaffected by the 

length of hydrophilic segment (PEG),  but had a slight increase as more hydrophobic monomers 

were added.  

 

Figure 2.4: Schematic relating concentration, surface tension of water, and the critical 

micelle concentration (CMC). Region A corresponds to low adsorbed surfactant where surface 

tension is close to that of pure water. B is where surface tension drops as adsorbed surfactant 

concentration increases, beginning to form nanoparticles. Region C is where surface tension 

plateaus at surface saturation. 

 

The micelle core microviscosity, which is related to micelle stability, was then measured. 

Typically, increases in microviscosity are correlated with more crystalline micelles, which is a 

result of tighter packing of unimers or chain entanglement. A more viscous core is thought to 

dissociate more slowly, allowing for longer circulation times of the drug-loaded micelle. This 

property is investigated through the encapsulation of 1,3-(1,1’-Dipyrenyl)-propane (P3P), which 

is a small, hydrophobic fluorescent probe that segregates into the hydrophobic core of the 

micelle. P3P forms intramolecular pyrene excimers due to free rotation of the carbon bond 

between the pyrene fragments when excited. As P3P is encapsulated in the micellar core, this 

conformational change is restricted by core friction proportional to the viscosity of its 
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environment. A higher monomer to excimer fluorescence intensity ratio (IM/IE) is indicative of a 

microenvironment viscosity.21  Table 2.2 shows that as fluorophilic character increases, so does 

the microviscosity. As M1(F2Ox)3 did not encapsulate P3P, along with the small particle size, it 

can be suggested that this specific polymer did not form micelles, and the DLS was measuring 

size of monomer. Additionally, as the fluorous block become longer, 7-9 monomers added, the 

viscosity was much larger, owing to a more viscous and stable core. 

 

Figure 2.5: Chemical structure of 1,3-bis(1’-pyrenyl)propane (P3P). 

To further evaluate the lipophilicity of the aggregate’s core, and its potential for drug 

delivery applications, attempts at solubilizing a highly hydrophobic molecule were 

undertaken.  The anticancer agent paclitaxel was used as a model lipophilic small molecule to 

encapsulate within the nanoparticle core. PTX-loaded micelles were prepared by the solvent 

evaporation method (SEM) and the amount quantified using HPLC directly after preparation and 

then after 24 hours (Table 2.3).  

 

Figure 2.6: Chemical structure of paclitaxel. 
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It was found that the presence of short fluorocarbons in the micelle core prevents the 

binding and encapsulation of purely hydrophobic molecules (Table 2.3). This result suggests that 

the micellar core is not adequately lipophilic for drug encapsulation, which makes sense, as there 

are pendant fluorous chains throughout which repel molecules that are not fluorophilic.  

 

Table 2.3: Encapsulation of paclitaxel in polymeric micelles at 0 and 24h. Results are 

expressed as Mean ± S.D. (n=3). 

Polymer Initial solubility 

(μg/mL) 

Drug Loading 

Efficiency (%) 

Drug solubility 24 

h (μg/mL) 

% Retained 

at 24 h 

M1(F2Ox)3 68 ± 7.1 2.1 ± 0.2 5.6 ± 2.9 8.1 ± 3.3 

M1(F2Ox)5 94 ± 10.0 2.3 ± 0.2 2.3 ± 0.3 2.4 ± 0.5 

 

Upon addition to dissociative media, such as blood serum proteins, micelles display 

different rates of dissociation.22 Attempts were made to evaluate this rate, also termed the in vitro 

kinetic stability, of M1(F2Ox)5 using two FRET probes. In this experiment, the minimal 

fluorescence and eventual absence of fluorescence, after 15 minutes, indicated the FRET pair DiI 

and DiO were not encapsulated well within the hydrophobic core of the micelle. The results seen 

here are common problems with using FRET fluorophores as a way to measure kinetic stability 

of micelles, which will be further discussed in Chapter 4. 
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Figure 2.7: DiI/DiO chemical structures and the FRET ratio of M1(F2Ox)5 micelles 

measured over time in human serum at 22°C. 

2.2.3 Fluorous anesthetic emulsions 

The results on the poor loading of lipophilic molecules within the micellar core suggest 

that the polyoxetane block is more fluorophilic than lipophilic. To test this conclusion, the 

emulsification of fluorinated anesthetics was studied, specifically looking at possible differences 

between the fluorophilic sevoflurane and the more lipophilic isoflurane (Figure 2.5). Both of 

these anesthetics are liquid at room temperature and typically administered through inhalation 

techniques. However, the administration of these through IV in a nanoemulsion formulation has 

some advantages: i) eliminates the need for equilibration with the lungs, therefore induction of 

anesthesia is quicker and ii) IV administration leads to near 100% bioavailability, allowing for 

smaller doses.23 

     

Figure 2.8: Chemical structures of the fluorous anesthetics sevoflurane (left) and isoflurane 

(right). 
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Previous studies have shown that PEG-based copolymers with a fluorocarbon core can 

form stable emulsions with sevoflurane. The polymers used in those studies typically contained a 

purely fluorophilic chain with more than eight carbon atoms.9, 10 In contrast, use of polymers 

with perfluoroethyl groups attached as side chains of hydrophobic monomers led to a significant 

difference in stability between sevoflurane and isoflurane emulsions, the latter being remarkably 

more stable. The main mechanism of destabilization of fluorocarbon-based emulsions is 

molecular diffusion, better known as Ostwald ripening.24 In this mechanism, individual 

molecules of fluorous anesthetic diffuse out of smaller particles, due to the higher curvature of 

these particles and therefore higher chemical potential, to join larger growing droplets. The rate 

of increase of the droplets’ volume over time is a linear function of the interfacial tension, the 

solubility and diffusion of the dispersed perfluorocarbon in the aqueous phase, and the particle 

radius.24 Plotting particle size vs. time gives a fair representation of emulsion stability (Figure 

2.9). For practical use, IV injectable emulsions must maintain a mean diameter ≤500 nm within 

an 11-month period when stored at 5°C.10 

 
Figure 2.9: Change in particle sizes of fluoropolymer-based emulsions with time: (green) 

M5(F2Ox)7 with sevoflurane; (purple) M5(F2Ox)3 with sevoflurane; (blue) M5(F2Ox)3 with 

isoflurane, (red) M5(F2Ox)4 with isoflurane. All emulsions contained 20% of respective 

fluorous anesthetic and 10% perfluorooctyl bromide (a stabilizing additive) and were prepared in 

saline (0.9% w/w NaCl). Note standard error bars are removed for clarity.  
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Fig. 2.7 shows the ripening behavior with time of emulsions of sevoflurane and 

isoflurane made with the polymer containing either and average of 3, 4, or 7 units of the 

perfluoroether telomer. While the sevoflurane emulsion showed a quick increase in particle size 

and eventual phase-separation, isoflurane led to a much more stable formulation containing 20% 

v/v of anesthetic, with particle size staying around 400 nm for over a year. Polymers with longer 

fractions of polyoxetane were poorly water-soluble and thus unable to make sevoflurane or 

isoflurane emulsions. Possibly the use of a larger PEG and/or a different hydrophilic block could 

provide adequate water solubility for these amphiphiles to be used in various applications. 

The variation of particle size between the emulsions of polymer M5(F2Ox)3 can be 

explained when considering the chemical structure of both polymer and fluorous anesthetic. 

Sevoflurane has a greater fluorine content than isoflurane and will be solubilized better by a fully 

fluorophilic chain. The hydrophobic chain used in these polymers contains a short perfluoroethyl 

group, as well as a polyether backbone, giving the polymer both lipophilic and fluorophilic 

properties. Therefore, we ascribe the difference in stability between the two emulsions to a better 

match between the hydrophobicity/fluorophilicity balance of the polymer with that of isoflurane. 

2.3 Conclusions 

In summary, we have synthesized amphiphilic block polymers where a methoxy-PEG is 

attached to a short hydrophobic block with a lipophilic backbone and perfluoroethyl side chains. 

The size of the hydrophobic/fluorophilic moiety affected surface properties such as critical 

micelle concentration, hydrophobic drug encapsulation and nanoemulsion stability. It was found 

that the short pendant perfluoroethyl side chain induced a balance of hydrophobicity and 

fluorophilicity optimal for emulsification of isoflurane. In contrast, the more fluorophilic 

sevoflurane formed unstable emulsions and the encapsulation of purely hydrophobic molecules 
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was not possible at therapeutic concentrations, confirming the mixed lipophilic/fluorophilic 

environment provided by the perfluoro telomer block. 

Highly concentrated, 20% v/v emulsions of isoflurane were possible with the polymer 

containing up to three or four units of perfluoroether telomer. The emulsions were found to be 

stable over a period of 12 months. These results indicate that fluorophilic behavior can be 

induced using short, perfluoroethyl groups. Potential metabolism products of such short 

fluorocarbons do not bioaccumulate and therefore toxicity considerations will not be a limiting 

factor for their application.3, 4 

2.4 Experimental Section 

2.4.1 Materials 

Paclitaxel was purchased from LC Laboratories. Isoflurane was purchased from Piramel 

Healthcare. Sevoflurane was purchased from Abbott Labs and normal saline (AirLife sterile 

0.9% NaCl for irrigation USP) from Braun Medical Inc. Pooled normal human serum was 

purchased from Innovative Research, Inc. Fluorous alcohols and perfluorooctyl bromide were 

purchased from SynQuest. All other reagents and solvents were of ACS grade or higher, were 

purchased from Sigma-Aldrich, and were used as received, unless otherwise specified.  

2.4.2 Instrumentation and Methods 

1H, 13C and 19F NMR experiments were conducted on a Varian UNITY INOVA-400 NMR 

spectrometer at 25°C using deuterochloroform (CDCl3) as the solvent with TMS as an internal 

reference. 

Small molecules were purified with using regular phase chromatography, using Silicycle 

60 Å silica. Surfactants were purified by automated flash chromatography using a CombiFlash® 

Rf 4x system equipped with ELSD for compound visualization and a REDI-Sep Rf Gold C-18 
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silica high-performance aqueous reverse phase cartridge. Products were eluted with a 10–100% 

methanol in water (0.1% formic acid) gradient. 

2.4.3 Synthesis of 3-bromo-2-bromomethyl-2-methylpropyl acetate (2-2) 

1,1,1-Tris(hydroxymethyl)ethane (TME) (25.58 g, 212.9 mmol) was weighed into a 500 

mL round bottom flask and glacial acetic acid (100 mL) was added, stirring vigorously for 2 h to 

partially dissolve TME. Sodium bromide (65.75 g, 638.97 mmol) was added and reaction fitted 

with addition funnel and flushed with argon. Sulfuric acid (25 mL, 511 mmol) was added 

dropwise over 1 h, and the flask fitted with condenser and heated to 110°C. After 7d, heat was 

turned off and reaction came to room temperature. The reaction was then diluted with 250 mL 

H2O and layers separated. Organic layer was washed with H2O (100 mL), 0.5 M NaOH (2 x 200 

mL), and aq. NaCl (200 mL). The reaction was then dried over anhydrous magnesium sulfate 

and filtered. Crude oil was purified by flash column, packing with hexane and eluting with 5% 

ethyl acetate/hexane to collect first product only. Oil was isolated by rotary evaporation to give 

58.42 g (95% yield). 1H NMR (400 MHz, CDCl3): ẟ 4.06 (s, 2 H), 3.45 (dd, J = 12.8, 10.4 Hz, 4 

H), 2.08 (s, 3 H), 1.17 (s, 3 H). 13C NMR (100 MHz, CDCl3): ẟ 170.6, 67.3, 39.2, 38.5, 34.7, 

31.8, 25.5, 22.9, 21.0, 20.4, 14.3.  

2.4.4 Synthesis of 3-(bromomethyl)-3-methyloxetane (2-3)  

3-Bromo-2-bromomethyl-2-methylpropyl acetate (20.13 g, 69.92 mmol) was dissolved in 

CH2Cl2 (100 mL) and aq. NaOH (3 M, 100 mL). Tetrabutylammonium bromide (1.32 g, 4.09 

mmol) was added and reaction stirred vigorously under argon and heated to reflux. After 24h, 

reaction was stopped and layers were separated. Excess CH2Cl2 was gently removed under 

reduced pressure. Oil was purified by vacuum distillation, collecting fraction at 50 C to give 5.07 
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g (43.9%). 1H NMR (400 MHz, CDCl3): ẟ 4.38 (d, J = 6.4 Hz, 2 H), 4.33 (d, J = 6.4 Hz, 2 H), 

3.59 (s, 2 H), 1.37 (s, 3 H). 13C NMR (100 MHz, CDCl3): ẟ 80.74, 41.63, 40.79, 22.62. 

2.4.5 Synthesis of 3-(1H,1H-perfluoropropan-1-oxymethyl)-3- methyloxetane (2-4)  

3-(Bromomethyl)-3-methyloxetane (5.07 g, 30.76 mmol), pentafluoropropan-1-ol (4.73 

g, 31.49 mmol), tetrabutylammonium bromide (246.3 mg, 0.76 mmol) and water (4.5 mL) were 

added to a 100 mL round-bottom flask with stir bar, flask flushed with argon and heated to 95 C. 

Potassium hydroxide (4.36 g, 40% solution in water) was added over 10 min to the stirring 

reaction at 95 C. Reaction was left overnight under argon. Mixture was then allowed to cool to 

room temperature and CH2Cl2 (12 mL) was added and layers separated. The aqueous layer was 

extracted with dichloromethane (20 mL). Combined organic layers were dried over anhydrous 

magnesium sulfate and the solvent gently removed by rotary evaporation. The remaining oil was 

purified by vacuum distillation, collection fractions at 20°C to yield 1.05 g (57% yield). 1H NMR 

(400 MHz, CDCl3): ẟ 4.49 (d, J = 6 Hz, 2 H), 4.37 (d, J = 6 Hz, 2 H), 3.96 (tq, J = 12, 1.2 Hz, 2 

H), 3.69 (s, 2 H) 1.32 (s, 3 H). 13C NMR (100 MHz, CDCl3): ẟ 79.83, 78.32, 68.24 (t, J = 26.8 

Hz), 40.15, 21.11. Carbons containing F’s were not visible with the used acquisition scans. 19F 

NMR (376 MHz, CDCl3): ẟ 84.01 (s, 3 F), 123.59 (t, J = 12.4 Hz, 2 F). 

2.4.6 Synthesis of M1(F2Ox)n (2-5)  

Monomethoxy polyethylene glycol (430 mg, average molecular weight = 880 g/mol) was 

dissolved in 7 mL anhyd. CH2Cl2. Boron trifluoride–diethyl ether complex (75 mL) was added 

under argon and the mixture was allowed to stir for 30 min. Solution was then cooled in an ice 

bath and fluorous oxetane, 3-(1H,1H-perfluoropropan-1-oxymethyl)-3- methyloxetane, (1.00 g) 

dissolved in CH2Cl2 was added dropwise over the course of 30 min. The reaction was stirred 

under argon overnight and brought to room temperature. Reaction was then quenched with water 
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and diluted with H2O (5 mL) and aq. NaCl (5 mL) to break up emulsion. Layers were separated 

and the aqueous layer was extracted with CH2Cl2 (2 x 5 mL). Organic layers were combined and 

dried over anhyd. magnesium sulfate and filtered. The solvent was removed under low pressure 

and the residue was purified by reverse-phase flash chromatography to yield 563 mg (64% 

yield). 1H NMR (400 MHz, CDCl3): ẟ 3.84 (t, J = 12.8 Hz, 34 H), 3.65 (m, 80 H), 3.43 (m, 20 

H), 3.37 (m, 11 H), 3.18 (m, 5 H), 0.90 (m, 46 H). 19F NMR (376 MHz, CDCl3): ẟ 84.07 (m, 3 

F), 123.84 (m, 2 F). 

2.4.7 Synthesis of M5(F2Ox)n (2-6)  

Monomethoxy polyethylene glycol (2.24 g, average molecular weight = 4200 g/mol) was 

dissolved in 7 mL anhyd. CH2Cl2. Boron trifluoride–diethyl ether complex (55mL) was added 

under argon and the mixture was allowed to stir for 30 min. Solution was then cooled in an ice 

bath and fluorous oxetane, 3-(1H,1H-perfluoropropan-1-oxymethyl)-3- methyloxetane, (1.05 g) 

in dichloromethane solution was added dropwise over the course of 30 min. The reaction was 

stirred under argon overnight and brought to room temperature. Reaction was then quenched 

with water, diluted with H2O (5 mL) and aq. NaCl (5 mL) to break up emulsion. Layers were 

separated and the aqueous layer was extracted with CH2Cl2 (2 x 5 mL). Organic layers were 

combined and dried over anhyd. magnesium sulfate and filtered. The solvent was removed under 

low pressure. Polymer was purified by reverse-phase flash chromatography to yield 1.408 g 

(55% yield). 1H NMR (400 MHz, CDCl3): ẟ 3.84 (t, J = 12.8 Hz, 79 H), 3.65 (m, 480 H), 3.43 

(m, 41 H), 3.37 (m, 30 H), 3.18 (m, 124 H), 0.90 (m, 108 H). 19F NMR (376 MHz, CDCl3): ẟ 

84.07 (m, 3 F), 123.84 (m, 2 F). 
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2.4.8 Synthesis of H10(F2Ox)n (2-7) 

Decanol (60.1 mg, 0.37 mmol) was added to a dry 50 mL round bottom flask, followed 

by 20 mL CH2Cl2. BF3OEt2 (60 μL, 0.48 mmol) was added and the reaction was stirred under 

argon for 30 minutes. The fluorous oxetane, 3-(1H,1H-perfluoropropan-1-oxymethyl)-3- 

methyloxetane, (797.7 mg, 3.41 mmol) in a solution of CH2Cl2 was added dropwise and allowed 

to react for 3 hours. The reaction was quenched with water, layers separated, and the aqueous 

solution extracted with CH2Cl2 (2 x 50 mL). The combined organic layers dried over anhyd. 

MgSO4, rotovapped gently to remove solvent until a clear oil remained. MALDI distribution 

centered at [M+Na]+=883, with peaks corresponding to 2-8 units of oxetane added.  

2.4.9 Micelle preparation—solvent evaporation method (SEM)  

The polymer is dissolved in methanol or acetonitrile to a desired concentration. Polymer 

solution and additive (e.g., paclitaxel in acetonitrile) are added to a 25 mL round bottom flask 

and rotated for 5 min at 60°C on a rotary evaporator, no vacuum, and then the solvent was 

removed in vacuo with rotation for 15 min. The film was then dispersed with Millipore water 

heated to 60°C and filtered with a 0.45-mm nylon filter.  

2.4.10 Preparation of fluorous anesthetic nanoemulsions  

Polymer solution in normal saline solution (10 mM, 11.9 mL) was prepared freshly. 

Normal saline was made with 0.9% (w/w) of sodium chloride. Sevoflurane or isoflurane (3.4 

mL) and perfluorooctyl bromide (1.7 mL) were added to the polymer solution, for a total volume 

of 17 mL. The homogenizer and microfluidizer were previously cleaned with 70% and 100% 

ethanol, followed by 70% and 100% methanol, and finally with three rinses of Millipore water to 

remove any solvents from previous washes. Once prepared the mixture is then homogenized 

(Power Gen 500, Fisher Scientific, Hampton, NH) for 1 min at 21000 rpm at room temperature. 
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The crude emulsion made with the high speed homogenizer was further homogenized with a 

Microfluidizer (model 110 S, Microfluidics Corp., Newton, MA) for 1 min under 5000 psi with 

the cooling bath kept at 15°C. The final emulsion was then filtered with a 0.45mm nylon filter 

and stored in plastic centrifuge tubes (Corning Inc., Corning, NY) at 4°C.  

2.4.11 Particle size determination by dynamic light scattering (DLS)  

Particle sizes of polymeric micelles were analyzed by dynamic light scattering (Zetasizer 

Nano-ZS, Malvern Instruments, Worcestershire, UK). The polymer solution was measured 

directly without dilution and analyzed. Each particle size analysis was run at room temperature 

and repeated in triplicate with the number of scans of each run determined automatically by the 

instrument according to the concentration of the solution. The data was analyzed using Malvern 

software analysis and reported as volume weighted average diameters. Particle sizes of 

emulsions were analyzed by dynamic light scattering (NICOMP 380ZLS, Particle Sizing 

Systems, Santa Barbara, CA). The emulsions were diluted at the intensity factor of 300 by 

adding 60mL of the emulsion to 2.940 mL of Millipore water. Each particle size analyzing was 

run for 5 min at room temperature and repeated three times. The data was analyzed using 

Gaussian analysis and reported as volume weighted average diameters. 

2.4.12 Critical micelle concentration (CMC) determination—surface tensiometry 

Polymer was dissolved in Millipore water to a concentration of 1 mM and concentrations 

down to 1 nm were prepared by serial dilution and transferred to 20 mL disposable scintillation 

vials. After solutions were made, the samples were vortexed and sonicated and then heated in a 

water bath at 40°C for 2–3 h. Solutions were then allowed to equilibrate for 24 hours. Surface 

tensions were measured on a KSV sigma 701 tensiometer (KSV Instruments, Helsinki, Finland) 

equipped with a Julabo F12-MC circulator for constant temperature control. Custom round rod 
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made of platinum with a diameter of 1.034 nm with wetted length of 3.248 mm was used. First, 

the rod was submerged into absolute alcohol and flame dried with a Bunsen burner for 4 s, then 

repeated after 4 min and hung on instrument and allowed to cool to room temperature without 

touching any surface. Before running the experimental samples, the surface tension of Millipore 

water was measured as control to confirm vial and rod were fully cleaned and surface tension 

was within 1 of 78.2 mN/m. The surface tension measurements began with the least concentrated 

solution and proceed to successively more concentrated solutions. The surface tension at each 

concentration was measured in quadruplet and average recorded. The critical micelle 

concentration value was determined from crossover point of two lines: the baseline of minimal 

surface tension and the slope where surface tension showed linear decline; error determined by 

weighted least squares analysis. 

2.4.13 Measurement of Core Microviscosity-P3P encapsulation 

The relative microviscosity of the micelle core was estimated from the intensity ratio 

(IM/IE) of monomer and excimer emission of 1,3-(1,1’-Dipyrenyl)-propane (P3P) at 376 and 480 

nm, respectively, in response to excitation at 333 nm. P3P was dissolved in chloroform in an 

amber vial to achieve a final concentration of 2 x 10-7 M and 0.4 mM polymer solutions were 

prepared in ACN. Micelle solutions were prepared in triplicate via the solvent evaporation 

method. The samples were then redispersed with 60°C PBS (2 mL), shaken vigorously and 

filtered through a 0.45 μm filter and stored in amber vials. The fluorescence analysis was carried 

out on an AMINCO-Bowman Series 2 spectrometer with excitation at 333 nm, emission at 378 

nm and a spectral window of 350-500 nm. (Thermo Fisher, Madison, WI). 
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2.4.14 Paclitaxel Encapsulation  

Micelles were prepared in triplicate by the thin film evaporation method. Paclitaxel stock 

solution was generated by dissolving PTX in ACN, aided by sonication, at a concentration of 1 

mg/mL. Polymer was dissolved in ACN to give a final concentration of 2.4 mM. Micelle 

solutions were prepared by adding polymer solution (1 mL) to a round bottom flask, followed by 

PTX solution (230 μL). The thin film was rehydrated with 60°C PBS (1 mL) with gentle 

agitation. The sample was then centrifuged at 12,000 rpm for 5 minutes and filtered through 0.45 

μm nylon syringe filter to remove any insoluble precipitate. The content of paclitaxel loaded in 

the micelle was quantified by reverse phase HPLC. The HPLC system used for quantifying was a 

Shimadzu prominence HPLC system (Shimadzu, Japan), consisting of a LC-20AT pump, SIL-20 

AC HT autosampler, CTO-20 AC column oven and an SPD-M20A diode array detector. A 100-

μL aliquot of micelle solution was mixed with 900 μL of methanol, and 20 μL of the mixture 

was injected into a C18 column (Agilent XDB-C8, 4.6 Å x 150 mm), eluting with an isocratic 

mixture of 25% water in acetonitrile. The run time was 3 min, the flow rate was 1.0 mL/min and 

the detection was at 227 nm. 

2.4.15 In vitro micelle kinetic stability-FRET method 

Polymer was dissolved in MeOH to give a concentration of 1 mg mL-1. DiO and DiI were 

then separately prepared in MeOH to give concentrations of 0.1 mg mL-1.  Four micelle solutions 

were prepared by the solvent evaporation method: 1 solution contained only polymer solution (1 

mL), and was redispersed with 60°C PBS (1 mL) and filtered through a 0.45 μm nylon filter. 

Three solutions contained polymer solution (1 mL), DiI (46 μL) and DiO (44 μL) solutions. 

These were then redispersed with 60°C PBS (1 mL). The FRET experiment was performed by 

using AMINCO-Bowman Series 2 Luminescence Spectrometer (Thermo Fisher, Madison, WI). 
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The detector high voltage was adjusted for 50% of a maximum output signal. The sample was 

excited at 484 nm and emission spectra were measured from 495-600 nm. 150 μL of the micelle 

solution was mixed with 2.85 mL human serum. Fluorescence emission was measured every 20 

minutes for 2 hours. To remove baseline noise due to human serum, fluorescence of empty 

micelles in the presence of human serum was also measured and subtracted from the spectra. The 

stability change of FRET proves loaded micelles was monitored by calculating the FRET ratio: 

IR/(IG+IR), where IR and IG are the peak fluorescence intensities of DiI and DiO at 565 and 501 

nm, respectively, at t minutes in response to excitation at 484 nm. FRET ratio at each time point 

was then normalized to the initial FRET ratio. 
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Perfluorooligoethers vs. Long-Alkyl Chain Fluorocarbons. Physicochemical Differences 

and Toxicity Issues 

Abstract 

Long-alkyl chain fluorocarbon acids are inert to environmental degradation and highly 

bioaccumulative, resulting in a potential danger to aquatic life and those exposed to 

contaminated water. Perfluorooligoethers (PFE) and short perfluoroalkyl chain-containing 

polymers have been proposed as a benign alternative to perfluorocarbons (PFC) due to their 

quick metabolic degradation in vivo, thus eliminating bioaccumulation. Here we report how 

PFEs behave in terms of physicochemical properties and as alternatives to the use of pure PFCs 

in PEGylated diblock copolymers. The fluorophilicity of PFEs was analyzed both 

computationally through the calculation of electrostatic potential surfaces and experimentally 

through the effect that PEGylated PFEs (PEG-PFE) have on the stability of fluorous emulsions 

as compared to standard PEGylated perfluorocarbons (PEG-PFC). An attenuated fluorophilicity 

in PFE was identified.  Furthermore, the toxicity of PFE acids and their corresponding 

PEGylated derivatives was tested on a Zebrafish model. These toxicity tests were used to 

compare the toxicity of standard perfluorinated surfactants such as perfluorooctanoic acid with 

that of PFE acids as well as PEG-PFCs and PEG-PFEs. Toxicity results showed that both PEG-

PFCs and PEG-PFEs are nontoxic up to a 1 mM concentration, while all perfluorinated acids, 

including the PFE acids, showed increased mortality and morphological toxicity at much lower 

concentrations.  

3.1 Introduction 

Perfluorinated compounds have garnered increased attention in the past two decades for 

their reported bioaccumulation and toxicity.1,2 Perfluorinated polymers and surfactants used in 

industry typically degrade into shorter chain perfluorinated carboxylic (PFCA) and sulfonic 
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(PFSA) acids.3 However, these acids are not degraded by abiotic mechanism such as hydrolysis 

or photolysis in water to any significant degree. In particular, perfluorooctanoic acid (PFOA) and 

perfluorooctanesulfonic acid (PFOS) have been shown to be toxic to aquatic life and persistent in 

the environment. These industrial surfactants have also been detected in municipal water 

treatment plants, with average concentrations in human serum at 3.4 and 14.5 ng/mL 

concentrations, respectively.4 Specifically, extreme levels of PFOS and PFOA in human serum 

were detected in blood samples of workers in the fluorochemical manufacturing industry, 

ranging from 12.8 to 114 mg/mL, respectively.5 

Government regulations have been implemented due to the observed perfluoroalkyl 

environmental persistence of these chemicals. For example, the Environmental Protection 

Agency (EPA) 2010/15 PFOA Stewardship Program called for all long-chain PFCAs and their 

precursors from various industrial companies to be eliminated from products and emissions.6 

However, not all perfluorinated molecules are toxic, with most being physiologically inactive.7 

Interestingly, the most toxic fluorous chemicals are perfluorinated acids, where the acid 

functionality is directly linked to the strongly electron-withdrawing perfluorocarbon, leading to 

very acidic species. The pKa of octanoic acid is 4.9,8 whereas its fluorinated partner, 

perfluorooctanoic acid, has a calculated pKa of -0.5.9 Also, the toxicity and bioaccumulation 

become more prevalent with longer perfluorocarbon chain length, particularly with those of six 

fluorinated carbons or more.10 In addition, sulfonic acids tend to be more toxic than the 

corresponding carboxylic acids.11 

Due to these issues, attempts to alleviate environmental persistence of PFCs are 

underway. Alternative perfluorinated substances have been investigated in hopes to replace those 

that are toxic while maintaining advantageous properties. One common effort seen in Solvay 
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Solexis products,12 is introducing heteroatoms, usually oxygen, in between perfluoroalkyl 

segments. It is expected that these ether linkages will promote degradation to small, nontoxic 

perfluorinated derivatives, such as perfluoroethanol due to the increased reactivity of ether 

linkages between fluorine-bearing carbon atoms.2, 13, 14  

Despite their environmental pervasiveness, PFCs have admirable qualities such as low 

surface tension, high heat and chemical resistance and oil and water repellence. PFCs have been 

used in lubricants, fire-fighting applications, paints, polishes, adhesives and more.15, 16 These 

chemicals have also been utilized as polymeric blocks within water-soluble polymers in used in 

drug delivery. Although not water-soluble themselves, PFCs can be covalently attached through 

ether linkages to longer, hydrophilic chains to create amphiphilic systems, capable of 

encapsulating important pharmaceuticals. It has been shown that polymers incorporating a 

perfluorinated segment are capable of emulsifying volatile, fluorous anesthetics for intravenous 

delivery.17, 18 This mode of delivery is advantageous over inhalation techniques due to quick 

equilibration, no need for expensive equipment and fast recovery times from anesthesia. The 

water-soluble and biocompatible block of these polymers is usually a poly(ethylene glycol), 

which is commonly used in drug delivery polymers. PEGylation has been used in the past to 

improve water solubility and lessen the toxicity of certain molecules.19 We hypothesize this 

modification of PFCs consistently leads to decreased toxicity.  

Perfluoroethers (PFE) represent a class of fluorous molecules that has been chosen to 

replace perfluoroalkanes in industrial products. In the case of semifluorinated polymers for drug 

delivery, the use of PFEs must create equally stable nanoparticles as their PFC predecessors. 

Specifically, PFE PEGylated polymers must stably emulsify sevoflurane emulsions in a similar 

manner than their perfluroalkyl counterpart. Previous work has shown the polymer M1F13 
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(Table 3.1), can form a stable nanoemulsions of the fluorinated volatile anesthetic sevoflurane. 

We used the ability of PFE polymers to stabilize sevoflurane emulsions as a tool for 

experimentally comparing perfluorooligoethers to perfluoroalkyl chains. The stability of each 

formulation is assessed by measuring the particle size and growth kinetics by dynamic light 

scattering (DLS). Furthermore, we have used electrostatic potential surface calculations as a 

mean of comparing the polarity and fluorophilicity of PFCs and PFEs. 

Zebrafish toxicity studies have emerged as the premier way of efficiently looking at the 

toxicity of chemicals and nanoparticles.19-21 Wide recognition of zebrafish as a popular animal 

model is due to the excellent set of characteristics these studies possess. For example, the 

embryos and hatched fish are transparent allowing for observations at every cell stage. Zebrafish 

also produce large numbers of offspring that develop rapidly, allowing for a quick (5 day) study 

with a large sample population.20, 21 These features allow for rapid toxicity screenings of multiple 

chemicals while also being able to easily observe developmental malformations to young 

zebrafish. This model was used to screen the toxicity of perfluorinated acids and synthesized 

PEGylated perfluoroethers (PEG-PFEs) (Table 3.1).  
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Table 3.1. Fluorous acids and polymers evaluated in zebrafish toxicity studies. n=average 

repeating units of 23, x=average repeating unit 110, y=average repeating unit of 7. 

PFOA 

 

PFTDA 

 

FE2-COOH 

 

FE3-COOH 

 

bFE4-COOH 

 

M1F13 

 

M1FE2 

 

M1FE3 

 

M1bFE4 

 

M5(F2Ox) 
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3.2 Results and Discussion 

3.2.1 Synthesis and physicochemical characterization of PEGylated perfluorooligoethers 

Perfluorinated compounds are useful in many industrial applications, but have received 

increased examination due to environmental persistence. Recent modifications to perfluoroalkyl 

chains, such as introducing regularly spaced heteroatoms have reduced potential for 

bioaccumulation. This study examines the performance of PEGylated-perfluoroethers compared 

to traditionally used PEGylated-perfluoroalkanes in respect to fluorous emulsion stability. The 

synthesis of PEGylated perfluorooligoethers is rather straightforward, allowing us to investigate 

three different polymers, with varying lengths and side groups. Figure 3.1 shows the synthesis, 

which begins with converting the hydroxy-terminated end of hydrophilic poly(ethylene glycol) 

to a mesylate. This can then undergo a Williamson ether synthesis with the perfluoroether 

alcohol of choice to form the diblock polymer. 

 

Figure 3.2: Synthesis of PEGylated perfluorooligoethers (M1FE2, M1FE3 and M1bFE4).  

 

 Dynamic light scattering (DLS) was used to measure the average hydrodynamic size of 

the amphiphilic aggregates in solution. The particle size data are summarized in Table 3.2. As 

expected, as the length of hydrophobic chain increases, so does the aggregate size. The polymer 

sizes are consistent with known micelle-forming fluorocarbon polymers according to PEG size.  

To determine the critical micelle concentration (CMC), the concentration above which 

aggregates begin to form, surface tension analysis was used. Surfactant solutions were prepared 
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in deionized water at concentrations from 1 mM to 1 nM. The CMC was then determined as the 

crossover of two lines and the error was determined by weighted, least-squares analysis. These 

values are consistent with other semifluorinated polymers, in that they have a reduced CMC 

compared to those without a fluorocarbon. 

Polymer 

 

Particle Size (nm)a 

 

CMC (log (M)±SD)b 

M1FE2 8.99 ± 2.24 -4.34 ± 0.07 

M1FE3 9.69 ± 2.0 -6.03 ± 0.13 

M1bFE4 12.55 ± 3.36 -4.35 ± 0.14 

 

Table 3.2: Physicochemical data for PEGylated perfluorooligoethers (M1FE2, M1FE3 and 

M1bFE4). aParticle sizes of fluoropolymer-based aggregates. Data are given with the standard 

deviation (n = 3). Each measurement was repeated in triplicate. bCritical micelle concentrations 

determined by surface tension. Each measurement repeated four times.  

 

3.2.2 Fluorous anesthetic emulsions 

As a means of evaluating the fluorophilicity and potential for drug delivery of these PEG-

PFEs, the fluorous anesthetic sevoflurane was emulsified and the particle size was measured over 

time. Previous studies in the group show the PEGylated perfluoroalkyl polymer, M1F13, can 

stably emulsify 20% sevoflurane/10% perfluorooctyl bromide (PFOB) for around 3 months 

while maintaining an average particle size below 500 nm.22 The PEGylated perfluorooligoethers 

were also tested in their abilities to emulsify sevoflurane. Interestingly, these formulations 

exhibited an increased rate of particle growth, with eventual phase separation at week three 

(Figure 3.2). 
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Figure 3.2: Particle size growth for 20% sevoflurane emulsions stabilized by PEG-PFEs 

(left) and the cube of the radius (right). 

 

The Ostwald ripening rate of each polymer is displayed in Table 3.3. M1F13, which 

contains a rigid perfluoroalkyl chain that can effectively stabilize a fluorous droplet for emulsion 

stabilization. However, M1FE2, M1FE3 and M1bFE4, which contain perfluorooligoether chains, 

cannot stabilize the fluorous droplet. This behavior can be explained as due to a combination of 

decreased fluorophilicity as well as decreased rigidity 23-25 of the semifluorinated block. 

Polymer Ostwald ripening rate (nm3s-1) 

M1F13 1.38 ± 0.08 

M1FE2 4.84 ± 0.30 

M1FE3 3.69 ± 0.10 

M1bFE4 4.04 ± 0.22 

 

Table 3.3: PEG-PFE Ostwald ripening rate derived from first 21 days of particle growth. 

 

3.2.3 Electrostatic Potential Surfaces of Perfluorooligoethers 

The experimental studies based on the stabilization of fluorous nanoemulsions were 

supplemented with electrostatic potential surface (EPS) calculations to verify a difference in 

fluorophilicity between PFCs and PFEs. Figure 2 shows the EPSs of the fluorocarbon C12F26, the 
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perfluorooligo (ethylene glycol) C8F18O4, and the polyether C8H18O4 for comparison. A blue 

color identifies an excess of positive potential, while a red color identifies an excess of negative 

potential. Simple visual analysis of the three molecular electrostatic potential surfaces shows that 

the perfluorocarbon A (Figure 3.3) is the least polar of the three molecules consistent with 

fluorophilic behavior. Next is the perfluorooligo (ethylene glycol) B, which shows increased 

polarity due to the presence of the oxygen atoms. It is this additional polarity that reduces the 

fluorophilicity of the PFEs and makes impossible the stabilization of a purely fluorous 

nanoemulsions. Finally, the polyether C shows the standard high polarity present in oligo 

(ethylene glycol) molecules. 

 
Figure 3.3: Electrostatic potential surfaces of: A. The perfluorocarbon C12F26. B. The 

perfluorooligo (ethylene glycol) C8F18O4. C. The oligo (ethylene glycol) C8H18O4. Red 

indicates an excess of negative potential while blue indicates an excess of positive potential. The 

ether oxygens in the perfluorooligo (ethylene glycol) B, contribute an increased molecular 

polarity as opposed to a pure perfluorocarbon (A) and this explains the decreased fluorophilicity 

of the PFEs. Electrostatic potential was mapped within the range -30/30 kJ/mol. 

 

 

A

B

C
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3.2.4 Zebrafish Toxicity Studies 

The major reason for the transition in the chemical industry from pure perfluorocarbon 

surfactants to PFE surfactants is due to the bioaccumulation and toxicity of perfluoroalkyl 

derivatives. Previous toxicity studies on perfluorinated compounds have mostly focused on 

perfluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), which were major 

byproducts emitted into the environment from industrial applications. However, the production 

of these perfluorocarbon derivatives has halted and alternative PFCs are taking their place. 

Therefore, it’s important to also look into these compounds to see if they possess the same 

environmental effects. The zebrafish study focuses on the toxicity effect of heteroatom 

introduction as well as PEGylation of perfluorinated chains. The data suggests PEGylation of 

fluorinated alcohols imparts both water solubility and reduced toxicity.  

 From the zebrafish toxicity study, it can be seen that the all fluorinated acids have a toxic 

effect on developing zebrafish embryos. As previously seen, PFOA is toxic to zebrafish down to 

333 μM. While some zebrafish at this concentration survived up until 96 hpf, there were 

observable developmental malformations, a second sign of toxicity. Common signs of toxicity 

(at 333 μM) were pericardial edema (pe) and altered axial curvatures (aac) (Figure 3.5a). 

PFTDA, a longer chain perfluorinated acid showed decreased toxicity in relation to 

PFOA. However, it is important to note that PFTDA was not completely soluble at the highest 

exposure concentrations. Precipitate was observed in the exposure wells, indicating that the 

embryos were exposed to concentrations effectively lower than the target concentrations. 

Additionally, zebrafish embryos displayed a third sign of toxicity: delayed hatching down to 37 

μM PFTDA. 



69 
 

 

The perfluoroether acids were also tested and showed zebrafish toxicity. Interestingly, 

FE3-COOH, the intermediate length perfluoroether acid, showed to be the most toxic, with fish 

mortality and malformations down to 12.3 μM. The IC50 value was calculated at 7.5 μM FE3-

COOH. Next, the bFE4-COOH showed toxicity down to 111 μM, with an IC50 value of 133.5 

μM. Finally, the shortest perfluoroether acid, FE2-COOH displayed limited toxicity, with 

mortality and malformations at the 1 mM concentration only. From this data, it can be concluded 

that introduction of an oxygen between perfluoroalkyl groups does not itself decrease the 

toxicity. 

 To rule out the acid’s inherent low pH as the reason for toxicity, each perfluoroether acid 

was buffered to egg water’s pH (7.2) with MOPS buffer and exposed to zebrafish embryos. 

Interestingly, the buffered acids showed relatively the same level of toxicity as the unbuffered 

solutions. One slight discrepancy observed was with the FE3-COOH, which killed 80% buffered 

versus 100% unbuffered at 12.3 μM. While the bFE4-COOH acid killed all developing zebrafish 

at the 111 μM, the buffered bFE4-COOH only killed 40% embryos as this concentration. The 

FE2-COOH buffered compound only killed 11.1% of the embryos at 1 mM, while it killed 

87.5% unbuffered at 1 mM (Appendix 2). 
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.  

Figure 3.4: Toxicity of fluorous acids and semifluorinated polymers to zebrafish. a) Dose-

response relationships for mortality at 96 hpf. Standard error removed for clarity (found in 

Appendix 2). b) 96 hpf mortality (%) of semifluorinated polymers at 1mM. Control column is 

egg water only. 

 

 Unlike PFOA, PFTDA and the three perfluoroether acids (FE2-COOH, FE3-COOH and 

bFE4-COOH), the PEG-PFE polymers showed no toxicity for this zebrafish model over the five 

day experiment. All polymers tested; M1F13, M1FE2, M1FE3, M1bFE4 and M5(F2Ox)n 

showed no mortality or malformations at 1 mM or below (Figure 3.4b). The absence of a toxic 

effect shows that PEGylation produces a stealth effect for these fluorinated molecules. While the 

absence of any toxic effect of the polymers shows promise for these alternative perfluorinated 

molecules, further studies are needed. 
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Figure 3.5: Pictures of zebrafish exposed to fluorinated acids and PEGylated 

fluoropolymers at 96 hpf. Morphological malformations at 96 hpf from fluorinated acids 

indicated by altered axial curvatures (aac), yolk sac malformations (ysm), and pericardial edema 

(pe). Control is zebrafish in egg water only. 

3.3 Conclusions 

Long perfluoroalkyl chain surfactants and derivatives are known to present a major 

environmental impact in terms of bioaccumulation and inherent toxicity. Due to these 

undesirable properties, these fluorous compounds have been replaced in the chemical industry 

with long perfluoropolyethers (PFPEs). PFPEs have highly desirable reduced bioaccumulation 

due to their quick elimination in vivo and degradation in the environment. Here we have 

characterized PFEs and their derivatives in terms of their physicochemical properties as well as 
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their toxicity. Colloidal assembly and studies of these colloids in the stabilization of fluorous 

nanoemulsions have shown that perfluorooligo (ethylene glycols) and similar molecules have a 

reduced fluorophilicity as compared to pure perfluorocarbons. These findings have been further 

supported and explained through electrostatic potential surface calculations, which showed an 

increased polarity in perfluorooligo (ethylene glycol) as opposed to a perfluorocarbon of the 

same size. This increase in polarity leads to a reduction of the PFE fluorophilicity and explains 

the fluorous nanoemulsions low stability. Furthermore, we have conducted extensive zebrafish 

studies to establish the toxicity potential of perfluorooligo (ethylene glycol) and their derivatives. 

We have found that PFE acids are as toxic to zebrafish as perfluorooctanoic acid and 

perfluorotetradecanoic acid. However, derivatives in which the PFE is conjugated to a standard 

poly(ethylene glycol) showed total absence of toxicity up to 1 mM concentrations. These 

concentrations are much higher than possible environmental contamination and imply that PFEs 

neutral derivatives may not have a significant environmental impact.  

3.4 Experimental Section 

3.4.1 Materials and Methods 

Perfluorotetradecanoic acid, perfluoro-3,6-dioxadecanoic acid, perfluoro(2,5,8,11-

tetramethyl-3,6,9,12-tetraoxapentadecanoic) acid,  1H,1H-perfluoro-3,6-dioxadecanol, 1H,1H-

perfluoro-3,6,9-trioxatridecanol, 1H,1H-perfluoro(2,5,8,11-tetramethyl-3,6,9,12-

tetraoxapentadecan-1-ol) and perfluorooctyl bromide are from Synquest Laboratories. Perfluoro-

3,6,9-trioxatridecanoic acid was purchased from Matrix Scientific. All other chemicals were 

purchased from Sigma-Aldrich. All chemicals were used as purchased, unless otherwise 

specified. Polymers were purified by automated flash chromatography using a CombiFlash® Rf 

4x system equipped with ELSD for compound visualization and a REDI-Sep Rf Gold C-18 silica 
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high-performance aqueous reverse phase cartridge. Products were eluted with a 10–100% 

methanol in water (0.1% formic acid) gradient. All zebrafish were monitored and imaged using a 

Nikon SMZ18, in combination with NIS Elements Imaging Software.  

3.4.2 Synthesis of Methoxy-PEG1000 methane sulfonate (M1-OMs) (3-1) 

To a dry round bottom flask, anhyd. CH2Cl2 and monomethoxy poly(ethylene glycol) 

(6.05 g, 6.05 mmol) were added. The mixture was cooled to 0°C before adding triethyl amine 

(2.11 mL, 12.1 mmol), which was then allowed to stir for 30 minutes before methanesulfonyl 

chloride (0.94 mL, 12.1 mmol) was added. The reaction was allowed to react for 24 hours and 

then diluted with CH2Cl2 and washed with aq. NH4Cl, dried over MgSO4 and volume reduced 

under pressure. The M1-OMs was then precipitated with cold ether and freeze dried to recover 

5.47 g (79% yield). 1H-NMR (500 MHz, CDCl3): δ 4.18 (m, 2 H), 3.57 (m, 2 H), 3.47 (m, 86 H), 

3.36 (m, 2 H), 3.19 (s, 3 H), 2.91 (s, 3 H). [M+Na]+= 1145.63. 

3.4.3 Synthesis of PEGylated perfluorooligoethers, M1FE2, M1FE3, M1bFE4  

PEGylated perfluorooligoethers were synthesized following the general procedure. The 

perfluorooligoether alcohol (2 eq.) was added to a dry round bottom flask and flushed with 

argon. M1-OMs (1 eq.) was added as a solution in THF and added to the flask. The mixture was 

flushed with argon and sodium hydride (5 eq.) added. The reaction was heated to reflux for 5 

days, then cooled to room temperature and quenched with water. Layers were separated and 

organic layer reduced under vacuum. Polymers were then purified by an automated 

CombiFlash® system.  

M1FE2: 1H NMR (400 MHz, CDCl3) δ 3.91 (t, J= 9.8 Hz, 2H), 3.78 (m, 2H), 3.7-3.55 (m, ), 

3.55 (m, 2H), 3.38 (s, 3H). 19F NMR (300 MHz, CDCl3) δ -77.74 (dt, 2F), -80.89 (t, J= 8.4 Hz, 
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3F), -83.43 (dt, 2F), -88.56 (4F), -126. 45 (m, 4F). MALDI: Distribution centered on [M+Na]+= 

1613.71.  

M1FE3 (3-3): 1H NMR (400 MHz, CDCl3) δ 3.90 (t, J= 10.0 Hz, 2H), 3.78 (m, 2H), 3.69-3.61 

(m, 113 H), 3.55 (m, 2H), 3.38 (s, 3H). 19F NMR (300 MHz, CDCl3) δ -78.40 (dt, J=26.5, 9.9 

Hz, 2F), -81.59 (t, J=9.0 Hz, 3F), -84.08 (dt, J= 19.6, 8.8 Hz, 2F), -89.24 (m, 4F), -89.42 (m, 4F), 

-127.15 (m, 4F). MALDI: Distribution centered on [M+Na]+= 1686. 

M1bFE4 (3-4): 1H NMR (400 MHz, CDCl3) δ 4.10 (d, J=12.4 Hz, 2H), 3.74 (m, 2H), 3.70-

3.3.54 (m, 80 H), 3.55 (m, 2H), 3.38 (s, 3H). 19F-NMR (300 MHz, CDCl3) δ -80.09 (m, 4F), -

81.36 (t, J=7.6 Hz, 4F), -82.50 (m, 3F), -82.64 (m, 8F), -129.63 (m, 8F), -145.04 (m, 2F). 

3.4.4: Synthesis of other semifluorinated polymers 

The synthesis of M1F13 has been previously described.17 The synthesis of M5(F2Ox) has 

also been previously described.18 

3.4.5 Particle size determination by dynamic light scattering (DLS)  

Particle sizes of polymeric micelles were analyzed by dynamic light scattering (Zetasizer 

Nano-ZS, Malvern Instruments, Worcestershire, UK). The polymer solution was measured 

directly without dilution and analyzed. Each particle size analysis was run at room temperature 

and repeated in triplicate with the number of scans of each run determined automatically by the 

instrument according to the concentration of the solution. The data was analyzed using Malvern 

software analysis and reported as volume weighted average diameters. Particle sizes of 

emulsions were analyzed by dynamic light scattering (NICOMP 380ZLS, Particle Sizing 

Systems, Santa Barbara, CA). The emulsions were diluted at the intensity factor of 300 by 

adding 60mL of the emulsion to 2.940 mL of Millipore water. Each particle size analyzing was 
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run for 5 min at room temperature and repeated three times. The data was analyzed using 

Gaussian analysis and reported as volume weighted average diameters. 

3.4.6 Critical micelle concentration (CMC) determination—surface tensiometry 

Polymer was dissolved in Millipore water to a concentration of 1 mM and concentrations 

down to 1 nm were prepared by serial dilution and transferred to 20 mL disposable scintillation 

vials. After solutions were made, the samples were vortexed and sonicated and then heated in a 

water bath at 40°C for 2–3 h. Solutions were then allowed to equilibrate for 24 hours. Surface 

tensions were measured on a KSV sigma 701 tensiometer (KSV Instruments, Helsinki, Finland) 

equipped with a Julabo F12-MC circulator for constant temperature control. Custom round rod 

made of platinum with a diameter of 1.034 nm with wetted length of 3.248 mm was used. First, 

the rod was submerged into absolute alcohol and flame dried with a Bunsen burner for 4 s, then 

repeated after 4 min and hung on instrument and allowed to cool to room temperature without 

touching any surface. Before running the experimental samples, the surface tension of Millipore 

water was measured as control to confirm vial and rod were fully cleaned and surface tension 

was within 1 of 78.2 mN/m. The surface tension measurements began with the least concentrated 

solution and proceed to successively more concentrated solutions. The surface tension at each 

concentration was measured in quadruplet and average recorded. The critical micelle 

concentration value was determined from crossover point of two lines: the baseline of minimal 

surface tension and the slope where surface tension showed linear decline; error determined by 

weighted least squares analysis. 

3.4.7 Fluorous Anesthetic Emulsion Formulation 

Polymer solution in normal saline solution (10 mM, 11.9 mL) was prepared freshly. 

Normal saline is composed of 0.9% (w/w) of sodium chloride. Sevoflurane (3.4 mL) and 
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perfluorooctyl bromide (1.7 mL) were added to the polymer solution, for a total volume of 17 

mL. The mixture is then homogenized with the high-speed homogenizer (Power Gen 500, Fisher 

Scientific, Hampton, NH) for 1 min at 21000 rpm at room temperature. The crude emulsion 

made with the high speed homogenizer was further homogenized with a Microfluidizer (model 

110 S, Microfluidics Corp., Newton, MA) for 1 min under 5000 psi with the cooling bath kept at 

15°C. The final emulsion was then filtered with a 0.45 μm nylon filter and stored in plastic 

centrifuge tubes (Corning Inc., Corning, NY) at 4°C. 

3.4.8 Particle Size Determination by Dynamic Light Scattering (DLS) 

Particle sizes of emulsions were analyzed by DLS (NICOMP 380ZLS, Particle Sizing 

Systems, Santa Barbara, CA). The emulsions were diluted at the intensity factor of 300 by 

adding 60 μL of the emulsion to 2.94 mL of Millipore water. Each particle size analysis was run 

for 5 min at room temperature and repeated three times. The data was evaluated using Gaussian 

analysis and reported as volume weighted average diameters. 

3.4.9 Electrostatic Potential Surface Calculations. 

All calculations were carried out using the SPARTAN 10 software package. All 

molecular geometries were optimized at the HF 6-31G* ab initio level. Electrostatic potential 

surfaces were HF 6-31G** single point calculations at the optimized geometries. Electrostatic 

potential was mapped within the range -30/30 kJ/mol. 

3.4.10 Zebrafish Husbandry 

All experiments were conducted using a wild-type zebrafish strain (AB). Zebrafish 

embryos and larvae, obtained through mating, were held in egg water (60 μL/mL of “Instant 

Ocean” sea salts added in distilled water). Zebrafish were maintained in the experimental 

facilities of about 28°C and 14 h-10 h light-dark cycles. All experiments were carried out with 

the approval of the Research Animal Resource Center of the University of Wisconsin-Madison. 



77 
 

 

3.4.11 Zebrafish Exposure to Fluorinated Compounds 

Within 1-2 hours post-fertilization (hpf), zebrafish embryos were exposed to solutions 

ranging from 4.3 μM to 1 mM in egg water. Exposures were conducted in a 24-well plate format 

with an average of 8 embryos per well, and overall volume of 1.2 mL. Zebrafish embryos were 

monitored daily until 96 hpf for mortality and morphological signs of toxicity. These 

experiments were conducted in duplicate. Detailed experimental procedures can be found in the 

Supplementary Information (Appendix 2). 
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Aggregation Induced Emission to Elucidate Micelle Kinetic Stability  

Abstract 

Studying the in vitro stability of drug delivery systems is necessary for the translation of 

pharmaceutical research to clinical trials. However, current methods of studying micelle stability 

in serum have challenges. A new method was developed, in which the fluorescence of an 

aggregation induced emission (AIE) luminogen was used to monitor the dissociation of 

polymeric micelles when diluted in human serum. Commercially available methoxy 

poly(ethylene glycol)-block-poly(D,L-lactide) (mPEG-PLA) and methoxy poly(ethylene glycol)-

block-distearoylphosphatidylethanolamine (mPEG-DSPE), along with the synthesized 

semifluorinated polymer, M2F8H18, were used to formulate polymeric materials. Five lipophilic 

dyes were subsequently encapsulated within these polymeric micelles, leading to aggregation 

and corresponding fluorescence of the luminogen. As the micelles dissociated within serum, the 

dye was released and fluorescence diminished. This method allows for quick quantification of 

polymeric micelle kinetic stability when in the presence of serum proteins.  

4.1 Introduction 

Polymeric micelles have been studied extensively for the delivery of poorly water soluble 

and amphiphilic drugs. Block copolymers that self-assemble into nanoparticles within water can 

effectively solubilize highly hydrophobic molecules and deliver them to target sites, mainly 

tumors, via the enhanced permeation and retention (EPR) effect.1 This ability greatly reduces 

off-target toxicity seen with general intravenous injection of the active pharmaceutical. 

In order for a micellar system to be considered for in vivo applications, the system must; 

i) be small enough (10-200 nm) to penetrate tissue, ii) be unrecognizable by the mononuclear 

phagocyte system (MPS); iii) be eliminated either after degradation or dissolution; iv) avoid 

premature release of cargo before it can accumulate at the target site; v) locate and interact with 
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the target cells; vi) improve the pharmacokinetic profile of the encapsulated drug; vii) possess 

high drug loading capability and viii) be synthesized in a reproducible method which is 

somewhat inexpensive.2-4  

For a system to be stable in vivo, micelles must be stable upon dilution into the 

bloodstream. Protein adsorption is a key factor in nanoparticle stability, as it may induce 

premature release of the encapsulated drug.5 Many characteristics of the polymeric nanoparticle 

(NP) such as particle size,6 hydrophobicity,7, 8 surface charge,9 and shape10, 11 can affect their 

ability to adsorb to serum proteins. This NP-protein interaction can influence the blood 

circulation time of the delivery vehicles, by causing micelle dissociation and loss of encapsulated 

payload. Due to the variety of factors influencing circulation time, it is important to study the 

kinetic stability of polymeric micelles. The kinetic stability refers to the rate at which the 

micelles disassemble upon dilution, once the polymer concentration falls below the critical 

micelle concentration (CMC).12 Many stability studies focus on purely water-based systems, 

which do not adequately represent physiological environments. To get a better representation of 

how adsorption to proteins affects dissociation, in vitro stability studies are done in serum 

solutions. 

Current methods to investigate the kinetic stability of micelles in serum include size 

exclusion chromatography (SEC),13 particle size determination through DLS,13, 14 atomic force 

microscopy,15 combination DLS/ cryogenic transmission electron microscopy (cryo-TEM)16 and 

fluorescence using a Förster resonance energy transfer (FRET) dye pair.17, 18 However, each of 

these systems has its challenges. SEC techniques use UV-Vis to detect single polymer chains 

from aggregated micelles. Detection, however, is non-specific and overlap between polymer 

chains of the micelle and encapsulated molecules is a potential deterrent. Likewise, the large size 
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of micelles can have similar retention times as serum proteins, causing another unavoidable 

problem when experiments are done in physiological media. Particle size techniques, such as 

dynamic light scattering (DLS), suffer from a high minimum polymer concentration as well as 

size overlap between polymer and encapsulated molecules that also occurs in SEC. Atomic force 

microscopy has been used to study the force needed to disassemble micelles, however this 

technique was solvent dependent and has yet to be used with serum.12  

The most common and most recently developed method to measure kinetic stability is 

FRET and it involves the encapsulation of two large hydrophobic dyes, donor DiO and acceptor 

DiI. When both FRET molecules are encapsulated inside one micelle and excited at the 

appropriate wavelength, energy transfer occurs due to the close proximity between the dyes. 

When micelles then disassemble, the FRET molecules were released and diffused apart, 

eliminating the energy transfer. Due to the steric constraints and small size of micelle cores for 

particular amphiphiles, this co-encapsulation can be difficult.12 Still, fluorescence experiments 

show enhanced sensitivity relative to other techniques, and therefore a new method using one 

fluorophore was developed to measure the kinetic stability of micelles. 

Since its inception in 2001 by Tang et al.,19 aggregation induced emission (AIE) has been 

increasingly studied and applied to many fields such as optoelectronics,20 bioimaging,21 and 

chemosensing.22, 23 Recently, AIE luminogens have been studied in the context of micelles—

looking at critical micelle concentrations (CMC),24 micelle transitions,25 and imaging of 

intracellular delivery.26 However, there have been no reports of using AIE in studying the kinetic 

stability of micelles in human serum.  

AIE luminogens are non-emissive in dilute solutions, and fluorogenic when in an 

aggregated state.27-30 The properties of these dyes are in contrast to typical luminogens, which 
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experience aggregation-caused quenching (ACQ), rendering them useless. The ACQ effect is 

generally considered detrimental to many practical applications, especially biological systems in 

which hydrophobic luminogens quench readily in physiological solutions. Instead of passively 

avoiding aggregation, AIE dyes allow for the exploitation of this phenomenon. Upon 

aggregation, emission of the AIE dye is induced through π-π stacking if the molecule is planar or 

by the restricted intramolecular rotation (RIR) of the phenyl rotors if the molecule is propeller-

shaped and non-planar. In dilute solutions, these luminogens can freely rotate and thus emit 

almost no light.  The molecular friction caused by the rotational or twisting motions against each 

other and with the solvent transforms the photonic energy to thermal energy, leading to non-

radiative relaxation of the exciton energy (Figure 4.1).27  

 

Figure 4.1: Schematic representation of an AIE dye’s mechanism of action. Shown here, 

tetraphenylethylene (TPE), becomes emissive once phenyl groups experience restricted 

intramolecular rotation (RIR) in the aggregated state. 

This study aims to use AIE fluorescent probes to study the dissociation of polymeric 

micelles over time in human serum. AIE luminogens were encapsulated by polymeric micelles, 

causing them to fluoresce within the lipophilic core. As time goes on and micelles dissociate, the 

loss of AIE encapsulation and aggregation causes a decrease in fluorescence. From the observed 
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micelle dissociation, a half-life was derived, which can be related to the nanoparticle’s kinetic 

stability. These in vitro tests are necessary in the development of drug delivery systems. 

4.2 Results and Discussion 

4.2.1 Synthesis of AIE fluorophores and general methods 

Two classes of AIE fluorophores were studied that exhibit fluorescence upon aggregation 

inside of polymeric micelles (Figure 4.2). The first class of AIE fluorophores investigated were 

derivatives of the well-studied AIE dye tetraphenylethylene (TPE).31 TPE itself was not 

particularly soluble in physiological media, so commercially available 4,4′-(1,2-Diphenylethene-

1,2-diyl)diphenol (TPE-DOH) and 4,4′,4′′,4′′′-(Ethene-1,1,2,2-tetrayl)tetraphenol (TPE-TOH), 

which both show increased hydrophilicity, were explored.  

 

Figure 4.2: Two classes of AIE fluorophores. Tetraphenylethylene derivatives, TPE-DOH and 

TPE-TOH, showcased in Class 1. Synthesized derivatives of tetraphenylcyclopentadienone are 

designated in class 2. 

The second class of AIE fluorophores studied were derived from the non-emissive 

tetraphenylcyclopentadienone: 1,2,3,4,5-pentaphenyl-2,4-cyclopentadien-ol (PCD-OH, 4-1), 
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1,2,3,4,5-pentaphenyl-2,4-cyclopentadien-1-yl methyl ether (PCD-OMe, 4-2) and 1-(1-(6-

pyridiniumhexyloxy)-2,3,4,5-tetraphenylcyclopenta-2,4-dienyl)benzene chloride (PCD-O-Pyr, 4-

4), which also segregate into the hydrophobic core when encapsulated within a micelle. These 

luminogens include five phenyl rotors that become physically constrained and thus emissive in 

the aggregated state. More promising results were observed in this work with PCD-derived 

fluorophores because PCD-OH had a higher quantum yield than TPE, i.e. the fluorescence 

intensity was larger when in an aggregated state at the same concentration (Figure 4.3).  

 
Figure 4.3: Relative fluorescence emission from AIE dyes TPE and PCD-OH at 1.8 µM. 

 Modification of tetraphenylcyclopentadienone (TCD) produced two dyes that fluoresce 

within the visible range. First, a Grignard reaction was performed to produce PCD-OH (4-1), 

adding a fifth phenyl ring to the cyclopentadienyl core, thus breaking conjugation around the 

ring. In the top pathway, the resulting alcohol was then converted to a methoxy-functionalized 

dye, PCD-OMe (4-2) via an SN2 reaction.32 PCD-OH was also functionalized with a pyridinium 

via a carbon tether to yield PCD-O-Pyr (4-4).33 The synthesis of PCD-O-Pyr was undertaken due 

to poor water solubility of PCD-OMe, which led to aggregation within human serum. 

Aggregation outside of the micelle increased the observed fluorescence baseline, so a more 

water-soluble dye was investigated.  Absorbance and fluorescence studies were used to find the 

optimal excitation and emission wavelengths for each fluorophore. 
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Time-based fluorescence studies in human serum were conducted to measure in vitro 

stability. Polymeric micelles with and without encapsulated AIE dye were prepared by the 

lyophilization method, as the previously-studied thin-film preparation method led to less 

consistent encapsulation between triplicate vials.34 After the polymer cakes were redispersed 

with 60°C PBS buffer and filtered, solutions were diluted in human serum (1:20).The 

fluorescence of serum solution aliquots was measured over two hours. The background 

micelle/serum absorbance was subtracted out to produce a corrected fluorescence spectrum of 

each dye. Other experimental variables were tested: i) the concentration of tested AIE dye (0.5, 

1, 5 wt. %) ii) the ratio of water/tert-butanol during micelle lyophilization preparation and iii) the 

use of an orbital shaker in between time points to keep solutions well mixed. It was found that at 

0.5 wt. % dye, the fluorescence was too low, that an emission decay was not always seen, 

whereas when 5 wt. % dye was too concentrated and the polymeric nanoparticles could not 

always encapsulate this amount (Appendix 2). The ratio of water/tert-butanol gave the most 

consistent results at a 50/50 ratio, when compared to 60/40, 40/60, 70/30 and 30/70 (Appendix 

2).  

  
Figure 4.4: Structures of amphiphilic polymers used to create micelles for in vitro 

dissociation studies. mPEG-PLA (average MW=6,000, with PEG=4,000, PLA=2,000) and 

mPEG-DSPE (m=50) were commercially bought, while M2F8H18 (m=50) is synthesized in 

house. 
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Polymers used in this study are shown in Figure 4.4. Methoxy poly(ethylene glycol)-b-

poly(L-lactide) (mPEG-PLA) and methoxy poly(ethylene glycol)-b-1,2-distearoyl-sn-glycero-3-

phosphoethanolamine (mPEG-DSPE) both form spherical micelles in water and have been 

extensively studied for drug delivery applications.35-37 Their physicochemical properties have 

been thoroughly examined, including their stability in serum. mPEG-PLA has shown to be 

relatively stable in serum, with a dissociation half-life of 28 minutes, whereas mPEG-DSPE 

micelles are not stable in serum, with dissociation occurring in just a few minutes.17, 38 A third 

triphilic polymer, synthesized in the Mecozzi group, M2F8H18, was also studied as a non-

standard amphiphilic polymer.39 AIE fluorophores TPE-DOH, TPE-TOH, PCD-OH, PCD-OMe 

and PCD-O-Pyr were encapsulated within these polymers to investigate their dissolution kinetics 

and calculate in vitro half-lives. 

4.2.2 Tracking micelle dissociation in serum using TPE fluorophores  

 Tetraphenylethylene is an archetypal AIE fluorophore, in which the RIR mechanism 

blocks the radiationless decay of excited molecules, causing these molecules to fluoresce.31 

Derivatives of this molecule were investigated for the determination of micelle kinetic stability, 

using mPEG-PLA. 

 
 

Figure 4.5: Fluorescence studies of 1 wt. % a) TPE-DOH and b) TPE-TOH in mPEG-PLA 

micelles. 

 

a b 
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 Fitting a one-phase decay model to fluorescence vs. time curves produces half-lives of 

53.6 and 34.0 minutes for TPE-DOH and TPE-TOH, respectively. It can be seen in Figure 4.5 

both AIE luminogens TPE-DOH (a) and TPE-TOH (b) have inconsistent encapsulation within 

mPEG-PLA micelles. This is evident as the fluorescence between triplicate time points causes 

large error, as half-life standard deviations could not be calculated. These dyes were also 

encapsulated within mPEG-DSPE and M2F8H18 micelles, but results were even worse, and 

were unable to be fit with a trend line. This makes sense for mPEG-DSPE micelles, which are 

highly unstable in the presence of serum proteins.  

4.2.3 Tracking micelle dissociation in serum using TCD fluorophores  

Due to the large errors resulting from use of TPE-based dyes, another AIE luminogen 

class was studied. Tetraphenylcyclopentadienone (TCD) alone is non-emissive due to 

conjugation around the cyclic core, however derivatives of this molecule that break conjugation 

are highly emissive with multiple rotors being restricted in the aggregated state. The modified 

dye, PCD-OH, was found to have AIE properties when encapsulated within micelles, and was 

further studied for in vitro kinetic experiments. This AIE dye produced much more consistent 

fluorescence readings between triplicate vials (Figure 4.6). Half-lives were calculated to be 13.1 

± 5.4 min. for mPEG-PLA and 9.5 ± 14.1 min. for mPEG-DSPE. The large error seen for 

mPEG-DSPE micelle dissociation is due to the fact that these micelles are unstable in the 

presence of serum proteins, and a half-life can be difficult to calculate.  One unexpected 

observation was the substantial drop in fluorescence between time zero and after fifteen minutes 

for mPEG-PLA micelles. This event could be explained by adsorbed AIE dye on the surface of 

the polymeric micelles, which fluoresces at time zero, but easily dissociates and becomes non-

emissive in solution.  
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Figure 4.6: Fluorescence studies of 1 wt. % PCD-OH in a) mPEG-PLA and b) mPEG-

DSPE micelles. 

In an attempt to adsorb less dye to the polymer’s PEG tail, an even more hydrophobic 

dye was synthesized which would associate only in the micelle’s lipophilic core. This AIE 

luminogen, PCD-OMe, showed promise when encapsulated in mPEG-PLA micelles, as there is 

no drastic drop in fluorescence between time zero and fifteen minutes. The calculated half-life 

for mPEG-PLA was 13.9 ± 7.1 min. (Figure 4.7a), which is similar to past results with PCD-OH. 

However, these encouraging results could not be extended to micelles formed with mPEG-DSPE 

(Figure 4.7b) or M2F8H18 (Figure 4.7c), which did not allow for a half-life to be calculated. One 

reason for inconsistent fluorescence measurements between trials (mPEG-DSPE) or increasing 

fluorescence over time (M2F8H18) is the hydrophobicity of the dye. With five phenyl rotors and 

a methoxy group, it is possible the dye could aggregate outside of the micelle with serum 

proteins, causing a high level of background fluorescence, observed especially with M2F8H18 

micelles. Additionally, in some studies a precipitate was seen overtime, which further indicates 

the poor water solubility of this dye.  

a b 

t
1/2

=13.1 ± 5.4 min. t
1/2

=9.4 ± 14.1 min. 
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Figure 4.7: Fluorescence studies of 1 wt. % PCD-OME in a) mPEG-PLA, b) mPEG-DSPE 

and c) M2F8H18 micelles. 

To mitigate these issues, while still using the PCD core, another dye was synthesized, 

PCD-O-Pyr. By functionalizing the oxygen with a pyridinium hexyl group, the dye becomes less 

likely to aggregate in solution, and potentially less association with the micelle hydrophilic shell. 

This dye was then encapsulated within tested polymers and the half-life derived from decreasing 

fluorescence over time. The half-life of mPEG-PLA micelles in human serum was calculated to 

be 12.8 ± 7.1 minutes using PCD-O-Pyr as the AIE luminogen (Figure 4.8a). This value 

compares well to the reported value (about 28 min.) using FRET techniques by Chen et al.17 Our 

findings are similar, with a half-life of Previous FRET studies with mPEG-DSPE show these 

micelles are not stable under physiological conditions, and the kinetic stability can be hard to 

measure due to rapid dissociation. Some sources report a half-life at physiological conditions to 

be 4 minutes.38 It can be seen in Figure 4.8b, the AIE study confirms that mPEG-DSPE micelles 

are unstable in human serum, with a half-life of 7.0 ± 3.7 min. using PCD-O-Pyr. The 

synthesized polymer M2F8H18, had a half-life of 3.5 min. (Figure 4.8c), however a standard 

error could not be derived. The inefficient encapsulation of PCD-O-Pyr can be attributed to this 

specific polymer. In other physicochemical studies, M2F8H18 micelles were also unable to 

encapsulate the chemotherapeutic paclitaxel or the FRET dyes DiO and DiI to an appreciable 

amount.39 

a b c 

t
1/2

=13.9 ± 7.1 min. 
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Figure 4.8: Fluorescence studies of 1 wt. % PCD-O-Pyr in a) mPEG-PLA, b) mPEG-DSPE, 

and c) M2F8H18 micelles. 

 

Encapsulation of aggregation induced emission dyes within polymeric micelles leads to 

restriction of the phenyl rotors and sequential emission. As the micelle dissociates due to 

interactions with blood serum proteins, the dye is released into solution and its fluorescence 

greatly decreased. This technique was used to quantify kinetic stability of the micellar system. In 

contrast to previous FRET methods, this technique requires the encapsulation of only one 

hydrophobic dye within the polymeric aggregate, allowing for use within small lipophilic 

micellar cores.  

4.3 Conclusions 

 Micelle integrity, including their ability to resist premature disassembly and drug loss, is 

the foundation of their success in drug delivery. Polymeric carriers suffer this requirement 

because they have to withstand challenges to their strength through contacts with biological 

fluids, cells, and macromolecules. Investigating the micelle kinetic stability is therefore essential 

to understanding the mechanisms of their dissociation and the controlled delivery of the 

encapsulated drugs. This work showed for the first time that the aggregation induced emission 

(AIE) phenomenon can be exploited for studying micelle stability in serum over time. The major 

advantage over the commonly used FRET system is the use of a singular fluorescent probe. 

Especially for micelles with a small lipophilic core, encapsulating two molecules can be a 

a b c 

t
1/2

=12.8 ± 7.1 min. t
1/2

=7.0 ± 3.7 min. 

t
1/2

=3.5 min. 
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challenge. This work explored two classes of AIE dyes for the use in probing micellar kinetic 

stability. It was found that tetraphenylcyclopentadienone (TCD) derivatives worked better than 

tetraphenylethylene (TPE) fluorophores. The success of the AIE luminogen depended heavily on 

its water solubility‒with those that were less water soluble showing aggregation, and thus 

emission, outside of the micelle. The most hydrophilic dye, PCD-O-Pyr was lipophilic enough to 

be encapsulated within each polymeric micelle studied, while also be hydrophilic enough to be 

soluble in the serum environment.  

4.4 Experimental Section 

4.4.1 Materials 

All materials were used as received without further purification. Pooled normal human 

serum was purchased from Innovative Research, Inc. mPEG-PLA was purchased from Advanced 

Polymer Materials Inc. mPEG-DSPE was purchased from NOF Corporations. All other 

chemicals were obtained from Sigma-Aldrich 

4.4.2 Synthesis of 1,2,3,4,5-Pentaphenyl-2,4-cyclopentadien-1-ol (4-1) 

To a dry 250-mL round bottom flask was added anhyd. THF (100 mL) and magnesium 

turnings (300 mg, 12.5 mmol). Under argon, bromobenzene (1.0 mL, 9.55 mmol) was added 

followed by one iodine crystal. The solution turned yellow and after 1 hour of slight heating, the 

Grignard started to initiate. This reagent was then added to a solution of 

tetraphenylcyclopentadienone (2 g, 5.2 mmol) in anhyd. THF (60 mL). The reaction was allowed 

to react for an additional hour at reflux. The reaction was then quenched with ammonium 

chloride and diluted with H2O and CH2Cl2. Layers were separated and organic solvent was then 

removed under reduced pressure to a minimum amount. Petroleum ether (50 mL) was then added 

and solution put in refrigerator to aid in crystallization. Solvent was then filtered off and solid 
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dried under high vacuum. The recovered crystals were recrystallized with petroleum ether to 

yield 960 mg of the yellow solid (2.075 mmol, 40% yield). 1H NMR (400 MHz, CDCl3): ẟ 7.57 

(d, J = 7.7 Hz, 2 H), 7.29-7.25 (m, 2 H), 7.2-7.1 (m, 7 H), 7.1-6.97 (m, 14 H), 2.45 (s, 1 H). ESI: 

[M+Na]+ = 485.19, 2[M+Na]+ = 947.38. 

4.4.3 Synthesis of 1,2,3,4,5-pentaphenyl-2,4-cyclopentadien-1-yl methyl ether (4-2) 

1,2,3,4,5-Pentaphenyl-2,4-cylopentadien-1-ol (103 mg, 0.22 mmol) was dissolved in 

anhyd. THF (100 mL) and stirred under argon. The solution was cooled in an ice bath and 

sodium hydride (39 mg, 1.08 mmol) was added. After 1 h, methyl iodide (27 µL, 0.43 mmol) 

was added. The solution initially turned deep purple and then to yellow after 24 h of stirring. The 

reaction was quenched with water and diluted with ether. Organic layer was separated, dried over 

MgSO4 and concentrated under reduced pressure. Purification was achieved using flash silica gel 

chromatography (17:3 petroleum ether/CH2Cl2) to afford a white solid (40 mg, 32% yield). 1H 

NMR (400 MHz, CDCl3): ẟ 7.61 (d, J = 7.3 Hz, 2 H), 7.24 (t, J = 7.3 Hz, 2 H), 7.19-7.13 (m, 7 

H), 7.05-6.90 (m, 1 4H), 3.47 (s, 3 H). ESI: [M+Na]+= 499.20. 

4.4.4 Synthesis of 1-(1-(6-chlorohexyloxy)-2,3,4,5-tetraphenylcyclopenta-2,4-dienyl)benzene (4-

3) 

Under argon, a solution of PCD-OH (934.7 mg, 2.02 mmol) in anhyd. THF (10 mL) was 

added to a suspension of sodium hydride (99 mg, 4.12 mmol) in THF (25 mL) dropwise at room 

temperature. The yellow suspension was stirred for thirty minutes. Next, 1-chloro-6-iodohexane 

(338 μL, 2.22 mmol) was added dropwise and mixture stirred at room temperature for seven 

hours. Tetrabutylammonium iodide (79 mg, 0.214 mmol) was added and reaction allowed to stir 

for a further seventeen hours. After this time, the solvent from the suspension was removed by 

rotary evaporation. Saturated aq. NaCl (15 mL) was added and product extracted with CH2Cl2 
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(4x15 mL). The combined organic layers were dried over MgSO4 and removed by rotary 

evaporation. The yellow solid was purified by flash silica gel column (eluent: 1:1 

CH2Cl2/hexanes). The product was the first fraction off of the column with an Rf value of 0.73. 

1H-NMR showed residual 1-chloro-6-iodohexane present in product, which was removed by 

drying under high vacuum. Recovered 310 mg yellow solid (0.533 mmol, 26.4% yield). 1H NMR 

(400 MHz, CDCl3): ẟ 7.62 (d, J=7.7 Hz, 2 H), 7.26-7.10 (m, 9 H), 7.03-6.95 (m, 14 H), 3.66 (t, J 

= 6.1 Hz, 2 H), 3.41 (t, J = 6.8 Hz, 2 H), 1.67-1.55 (m, 4 H), 1.25-1.19 (m, 4 H). ESI: [M+Na]+= 

603.24.  

4.4.5 1-(1-(6-pyridiniumhexyloxy)-2,3,4,5-tetraphenylcyclopenta-2,4-dienyl)benzene chloride (4-

4) 

Under argon, 1-(1-(6-chlorohexyloxy)-2,3,4,5-tetraphenylcyclopenta-2,4-dienyl)benzene 

(300 mg, 0.52 mmol) and anhyd. pyridine (5 mL, 62 mmol) were heated at 105°C for 26 hours. 

Excess solvent was removed under reduced pressure, and the crude residue was purified using 

flash silica gel column (eluent: CH2Cl2 to 9:1 CH2Cl2/MeOH to 1:1 CH2Cl2/MeOH) to give 183 

mg (0.28 mmol, 54% yield). 1H NMR (400 MHz, CDCl3): ẟ 9.36 (d, J = 5.9 Hz, 2 H), 8.41 (t, J 

= 7.8 Hz, 1 H), 8.05 (t, J = 6.9 Hz, 2 H), 7.60 (d, J = 7.6 Hz, 2 H), 7.27-7.10 (m, 9 H), 7.04-6.90 

(m, 14 H), 4.84 (t, J = 7.4 Hz, 2 H), 3.64 (t, J = 5.9 Hz, 2 H), 1.92-1.83 (m, 2 H), 1.58-1.52 (m, 2 

H), 1.28-1.12 (m, 4 H).  ESI: [M-Cl]- = 624.32. 

4.4.6 Micelle Preparation-Lyophilization method 

A 1 mM solution of polymer and 1 wt. % solution of AIE dye were separately prepared in 

tert-butanol, and heated to 60°C. To a 20-mL vial, polymer solution (1 mL) and dye solution (1 

mL) were added, followed by 60°C DI water (2 mL). Different ratios of tert-butanol and water 

(70:30, 60:40, 40:60, and 30:70) were studied, but the 50:50 mixture gave the most consistent 
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results. Mixed solutions were added to a dry ice bath (-78°C). After 2 h, the micelles were 

transferred to a lyophilizer for 3 days. The polymer cakes were then redispersed with 60°C PBS 

solution and filtered through a 0.45 μm nylon filter to remove large aggregates.  

4.4.7 Fluorescence Studies 

All fluorescence spectra measured on an Aminco-Bowman Series 2 spectrophotometer 

(Thermo Fisher, Madison, WI). The detector high voltage was adjusted for 50% of a maximum 

output signal before the start of the experiment. Analytical samples were mixed just before 

analysis and repeated in triplicate. First, 50 μL empty micelles and 950 μL human serum used to 

set background. Then, 150 μL AIE dye loaded micelles and 2.85 mL human serum mixed gently 

before first measurement and set on shaker for the rest of experiment and the fluorescence 

measured every 15 min. for 2 h. Excitation and emission values of the AIE fluorophores are 

shown in Table 4.1. The fluorescence emission was measured in increments of 1 nm and spectra 

were collected from 400-500 nm. The micelle half-lives were calculated using a one-phase decay 

fit on GraphPad Prism 6.0 Software (equation below). 

Table 4.1: Excitation and emission wavelengths for AIE dyes studied. 

 

AIE dye Excitation (nm) Emission (nm) 

TPE-DOH 330 460 

TPE-TOH 320 460 

PCD-OH 412 454 

PCD-OMe 412 454 

PCD-O-Pyr 360 462 

 

One phase decay: Y = (Y0-Plateau)(e-kx)+Plateau 

Where: Y0 is the Y value when X(time) is zero. 
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Plateau is the Y value at infinite times. 

k is the rate constant, expressed in reciprocal minutes. 

Half-life can then be calculated: t1/2 = 
ln(2)

𝑘
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Appendix 1: Synthesis of poly(2-oxazoline)s as triphilic 

polymers for potential drug delivery 
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Synthesis of poly(2-oxazoline)s as triphilic polymers for drug delivery applications 
 

Abstract 

 Numerous studies over the last ten years have demonstrated that PEGylation can actually 

cause decreased delivery of active pharmaceuticals, which includes enhanced protein binding in 

serum, reduced uptake into cells and an elicited immune response which causes rapid blood 

clearance. In response, many research groups have looked at poly(2-methyl-2-oxazoline) as an 

alternative hydrophilic block in polymeric drug delivery systems. In this appendix, poly(2-

methyl-2-oxazoline) and poly(2-butyl-2-oxazoline) blocks were synthesized as the hydrophilic 

and lipophilic blocks, respectively. Additionally, attempts at synthesizing a semifluorinated 2-

oxazoline monomer were undertaken, in hopes to create a triphilic polymer for applications in 

the delivery of hydrophobic pharmaceuticals.  

A1.1 Introduction 

 Polyethylene glycol, commonly denoted as PEG, has been used for decades as the 

benchmark hydrophilic portion in polymeric nanoparticles for injectable drug delivery systems 

and polymer therapeutics.1 PEG provides water-solubility for many pharmaceuticals, that 

otherwise cannot be administered due to precipitation and resulting toxicity.2 This hydrophilic 

polymer can either be directly conjugated to drugs and proteins or attached to hydrophobic 

blocks in amphiphilic nanoparticles for delivery.3-6 In addition to water-solubility, PEG has the 

advantage of being a stealth polymer--in that it is not readily recognized by the immune system. 

This characteristic leads PEG-conjugated drugs or PEG-nanoparticles to circulate in the blood 

stream for longer amounts of time without being eliminated.2 Recent studies have argued 

however that PEG is not as bioinert as commonly believed, with several papers in the last decade 

showing that an intravenous (IV) injection of PEG-conjugates causes a second dose to lose its 
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long-circulating characteristics, when injected a few days later.7 It has been found that around 

25% of a healthy blood-donor population have pre-existing anti-PEG antibodies prior to 

treatment, which could be from all of the PEG used in everyday products from shampoo to food 

additives.8 One study showed that 45% of patients developed anti-PEG antibodies when treated 

with a PEG-asparaginase. As a result of these PEG-antibodies, drugs containing this hydrophilic 

polymer have accelerated blood clearance (ABC), making them less effective as the increased 

clearance lessens the area under the curve.9 The identification of the biological activity of 

PEGylated drugs exhibits a massive hurdle for the development of stealth drug delivery systems. 

Although the PEG-antibody discovery is alarming for those studying PEG-conjugates and 

PEG-based nanoparticles, there are those who still don’t completely agree with some findings. 

Many assays for PEG-antibodies are flawed and lack specificity. In addition, some studies have 

inconsistent results-one of which shows increased PEG-antibodies, but a decreased ABC.10 If 

there are antibodies being produced for PEG, then these particles should be cleared from the 

blood at an accelerated rate, which is not being seen. These inconsistencies need further 

evaluation before there is a complete overhaul of PEG therapeutics. 

 However, due to the potential for PEG-based delivery systems being inefficient, the 

search for a new standard hydrophilic polymer is under way. A specific class of polymers, called 

Poly(2-oxazoline)s, have garnered increased attention for drug delivery and other biomedical 

applications. Poly(2-oxazoline)s are nonionic, stable, and highly soluble in water and organic 

solvents.11 Additionally, these polymers can be produced with high quality, of different 

architectures, and with varying functional groups.12 They possess the main beneficial properties 

of PEG, while also having characteristics that are unique for different drug delivery applications. 

Interestingly, the hydrophobicity of poly(2-oxazoline)s can be tuned over a broad range by 
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alteration of the side chain.13 Figure A1.1 shows the series of poly(2-alkyl-2-oxazoline)s that 

share the amide motif backbone, with decreasing water solubility as the 2-alkyl side chain 

becomes larger. Hydrophilic poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazoline) are 

considered homologues of PEG, due to their water solubility and rapid renal clearance.13  

 

Figure A1.1: A series of POx derivatives with increasing degree of hydrophobicity. Adapted 

from reference 13. 

 In addition to tunable solubility, poly(2-oxazoline)s exhibit stealth and protein repellent 

effects.11, 12 As these polymers are non-biodegradable, assessing their biocompatibility is of the 

utmost importance. Appropriate cytocompatibility has been found in vitro for these polymers of 

varying nanostructures.14, 15 The toxicity profile of these polymers shows promise, as one in vivo 

study found that 10 and 20 kDa PEtOx showed no adverse effects in the range of concentrations 

studied (from 500 to 2,000 mg/kg), when injected intravenously in rats.16 Biodistribution studies 

with radiolabeled PMeOx and PEtOx showed rapid blood clearance and low uptake into organs 

of the reticuloendothelial system.17, 18 

The polyamide backbone of poly(2-oxazoline)s allows for versatile syntheses to create 

many different polymer architectures; linear,19 star,20 bow-tie,21 and molecular brush.22 Synthetic 

variety of these polymers can also allow for the development of many drug delivery systems, 
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such as protein-polymer conjugates,23 polyplexes,24 drug-polymer conjugates,25 polymeric 

micelles,26, 27 and hydrogels.28  

A1.2 Results and Discussion 

A1.2.1 Hydrophilic oxazoline 

 One of the most common hydrophilic oxazoline block studied for drug delivery 

applications is poly(2-methyl-2-oxazoline). The monomer, 2-methyl-2-oxazoline, is 

commercially available, and relatively inexpensive. As a test of synthetic polymerization 

methods, the synthesis of poly(2-methyl-2-oxazoline) was undertaken. Poly(2-oxazoline) 

polymers are prepared by the living cationic polymerization method. The most common 

experimental procedure involves the stoichiometric addition of an electrophile initiator such as 

an alkyl tosylate or alkyl triflate to the oxazoline monomer that is dissolved in a dry organic 

solvent, and in an inert atmosphere. The propagation stage is conducted at 80°C for 

approximately 1 to 3 days. The living polymeric cation is then terminated by the introduction of 

a nucleophile, commonly aqueous sodium carbonate in water to give a hydroxy-terminated 

polymer, as seen in Figure A1.2.29 It is also common to keep the propagation stage going by 

adding a second, more lipophilic oxazoline monomer, making a biphilic polymer.  

 

Figure A1.2: Synthesis of hydrophilic portion, poly(2-methyl-2-oxazoline), i.e. PMOXA. 

A1.2.2 Lipophilic oxazoline 

 The Mecozzi group often uses triphilic polymers for encapsulating hydrophobic 

pharmaceuticals. Historically, a straight chain hydrocarbon has been used as the lipophilic block, 



107 
 

 

ranging from 8-18 carbons long.30 We believe incorporating a lipophilic polyoxazoline block 

would be an interesting addition to this study. The typical hydrophobic poly(2-oxazoline) used as 

a lipophilic block is poly(2-butyl-2-oxazoline). However, the commercially available starting 

material, 2-butyl-2-oxazoline was quite expensive, so the synthesis of monomer was also 

undertaken.  

One synthetic route to prepare 2-oxazolines starts with nitriles containing the R group of 

the desired oxazoline side chain. The nitrile is directly reacted with ethanolamine, along with the 

metal catalyst cadmium acetate dihydrate to form the five-membered ring. The lipophilic 

monomer, 2-butyl-2-oxazoline was synthesized as shown below in Figure A1.3.31 

 

Figure A1.3: Synthesis of lipophilic monomer, 2-butyl-2-oxazoline. 

 An amphiphilic polymer was next synthesized, by polymerizing this lipophilic monomer 

off of an already polymerized poly(2-methyl-2-oxazoline) block. The second polymerization of 

the lipophilic block was terminated by addition of piperidine (Figure A1.4).32  

 

Figure A1.4: Synthesis of biphilic polymer, poly(2-methyl-2-oxazoline)-b-poly(2-butyl-2-

oxazoline) i.e. P(MOXA-b-BOXA). 
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To create a triphilic polymer, in which a fluorophilic segment is incorporated 

(hydrophilic-b-lipophilic-b-fluorophilic), this polymerization would instead be followed by 

polymerizing a fluorous oxazoline monomer, and then subsequent termination. The synthesis of 

a fluorous monomer is discussed in section A1.2.3. 

A1.2.3 Fluorophilic oxazoline 

 As the synthesis of both hydrophilic and lipophilic poly(2-oxazoline) blocks proceeded 

with relative ease, the synthesis of a fluorous poly(2-oxazoline) block was studied. The first 

synthetic route for oxazoline, described above in the hydrophilic oxazoline segment, reacts 

ethanolamine with the nitrile corresponding to the desired polymer side chain. This route was not 

chosen because short-chain fluorinated nitriles have extreme flammability and low boiling 

points. Another synthetic route towards 2-oxazolines begins with a carboxylic acid containing 

the R group of the desired side chain, which is then converted to the acid chloride with thionyl 

chloride.  The acid chloride product is then reacted with ethanolamine, to form the intermediate 

amide (Figure A1.5). This can then undergo a ring-closing reaction similar to Robinson-Gabriel 

synthesis in which the carbonyl oxygen acts as the nucleophile.33 This route was attempted 

below, with two different starting acids, perfluoropropionyl acid and perfluorobutyryl acid. 

 Due to the low boiling point of each fluorous acid chloride, they were distilled and 

directly added to the following reaction in a separate flask.  
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Figure A1.5: Syntheses of starting materials for a fluorous 2-oxazoline. 

 These reactions had somewhat low yields, and it was found the purifications of the 

amides were unsuccessful. Published methods for purification were attempted, but they did not 

separate the desired product from ethanolamine.33 Other solvent combinations were also tested 

for separation, but also proved unsuccessful. One reason for these results is that the fluorous acid 

chlorides had very low boiling points, making it difficult to capture for the following reaction. 

Additionally, having fluorous groups off these molecules made them somewhat unreactive, 

leading to low yields. 

 Due to the unsuccessful purification of the above amides, a different synthetic route 

towards oxazolines was attempted. In this case, the perfluoropropionyl chloride was reacted 

directly with 2-chloroethylamine hydrochloride to form an amide with better leaving group for 

the subsequent ring closure (Figure A1.6).34, 35  
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Figure A1.6: Synthesis of N-(2-chloroethyl)-2,2,3,3,3-pentafluoropropanamide and 2-

pentafluoroethyl-2-oxazoline. 

 

 Although the NMR spectra show oxazoline product was formed through this method, 

purification was unsuccessful. Additionally, the reagent 2-chloroethylamine hydrochloride is 

extremely hygroscopic and second attempts in using it for synthesis proved to be difficult as the 

reaction proceeds under anhydrous conditions.  

A1.3 Conclusions and Future Works 

 After perusing the literature, one study discussed the attempts at polymerizing the 

fluorinated oxazoline, 2-pentafluoroethyl-2-oxazoline. It was found that little polymer was 

formed as the reactivity of fluorous oxazoline to ring-opening and subsequent polymerization is 

very slow. The solubility of these oxazoline is also low in many solvents. To form any polymer, 

elevated temperatures were used and the solvent of choice was nitromethane.36 Due to this 

decreased reactivity, many groups that want to incorporate a fluorous polyoxazoline block 

instead synthesize monomers where the R group is a perfluorobenzyl group. By doing so, the 

reactivity of the monomer is not as affected by the electronegative fluorines.37  

 Although the fluorous block was not readily synthesized, the use of poly(2-methyl-2-

oxazoline) as the hydrophilic portion of amphiphilic polymers will be a continued area of 

research. As polyethylene glycol receives more criticism for its apparent immunogenicity, many 
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research groups will have to switch to alternative hydrophilic polymers. This preliminary work 

serves as a starting step towards this goal for the Mecozzi group. 

A1.4 Experimental Section 

A1.4.1 Materials and Methods 

All solvents and other reagetns were of ACS grade or higher and were purchased from 

Sigma-Aldrich Inc. or Fischer Scientific. Perfluoropropionyl acid and perfluorobutyryl acid were 

purchased from Synquest Labs, Inc. All reagents were used as received, unless otherwise 

mentioned. Regular phase chromatographic separations were performed using Silicycle 60 Å 

silica. Reverse phase chromatographic separations were performed using C18 Gold Column. 1H, 

13C, and 19F NMR spectra were obtained on a Varian UI-400 or a Bruker AV-400 spectrometer 

using the indicated deuterated solvent and TMS as internal reference. 

A1.4.2 Synthesis of poly(2-methyl-2-oxazoline) i.e. PMOXA, (A1-1) 

2-methyl-2-oxazoline (8 mL, 94.48 mmol) was dissolved in anhyd. ACN (17 mL) under 

argon. Methyl trifluoromethanesulfonate (214 µL, 1.9 mmol) was added at 0°C under argon. The 

mixture was then heated to 70°C for 22 h. After that time, the reaction was cooled and 

subsequently quenched by addition of H2O (1.1 mL) and solid Na2CO3 (2.1 g, 19.8 mmol). The 

mixture was then heated to 80°C for 19 h. The polymer was purified by reverse phase 

chromatography on CombiFlash system to obtain 916 mg white solid (13% yield). 1H-NMR 

(CDCl3, 400 MHz): δ 3.49 (m, 64 H), 3.10 (m, 3H), 2.17 (m, 49H).  

A1.4.3 Synthesis of 2-butyl-2-oxazoline (A1-2) 

To a dry 100 mL round bottom flask was added valeronitrile (143 mmol), aminoethanol 

(172 mmol) and cadmium acetate dihydrate (35 mmol). The mixture was stirred and heated to 

130°C for 16 h. The reaction was then cooled to room temperature and purified by vacuum 
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distillation, with product distilling around 46°C. Recovered 6.05 g colorless liquid (33% yield). 

1H-NMR (CDCl3, 400 MHz): δ 4.18 (t, J=9.5 Hz, 2H), 3.78, (t, J=9.5 Hz, 2H), 2.23 (t, J=7.6 Hz, 

2H), 1.58 (p, J=7.5 Hz, 2H), 1.33 (sextet, J=7.5 Hz, 2H), 0.89 (t, J=7.3 Hz, 3H). 13C-NMR 

(CDCl3, 100 MHz): δ 168.63, 67.05, 54.26, 27.99, 27.59, 22.27, 13.64. 

A1.4.4 Synthesis of poly(2-methyl-2-oxazoline)-b-poly(2-butyl-2-oxazoline) i.e. P(MOXA-b-

BOXA) (A1-3) 

Under argon, methyl triflate (2.6 mmol) and 2-methyl-2-oxazoline (64.9 mmol) were 

dissolved in anhyd. ACN (15 mL). The mixture was heated to 75°C for 22 h. After cooling to 

room temperature, 2-butyl-2-oxazoline (26 mmol) was added and the mixture was heated to 

75°C for 22 h. The reaction mixture was then cooled to room temperature and polymerization 

terminated by addition of piperidine (13 mmol) and stirred overnight. Next, potassium carbonate 

(excess) was added and mixture allowed to stir for several hours. The solution was then filtered 

and solvent removed in vacuo. Attempted purification on the CombiFlash, but polymer did not 

dissolve from the solvent combinations (H2O/MeOH or CH2Cl2/MeOH). Removed silicon wafer 

from cartridge, redissolved polymer in MeOH, and filtered off Celite and silica. Once again 

removed solvent and added 10 mL chloroform to polymer residue. Precipitated in dry ice bath 

with 100 mL cyclohexane/diethyl ether. Finally, dissolved polymer in water and lyophilized to 

give a white solid. NMR shows a substantial amount of water remains after lyophilization. 

MALDI centered around [M+Na]+=2015.19. 

A1.4.5 Synthesis of perfluoropropionyl chloride (A1-4) 

Thionyl chloride (47.5 mmol) and pentafluoropropionic acid (9.5 mmol) were added to a 

250-mL round bottom flask and flushed with argon. A stir bar was added and reagents heated to 
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reflux, while distilling off product into a cooled reaction flask containing components for the 

next reaction. The clear oil was distilled at 9℃, and added directly to the subsequent reaction. 

A1.4.6 Synthesis of 2,2,3,3,3-pentafluoro-N-(2-hydroxyethyl) propanamide (A1-5) 

To an iced, stirring solution of ethanolamine (9.5 mmol) in CH2Cl2, pentafluoropropionyl 

chloride was added dropwise from the previous reaction. The reaction was allowed to proceed 

overnight and cool to room temperature. Next, the mixture was quenched with water and 

additional CH2Cl2. The solution was washed with water three times, dried over magnesium 

sulfate and solvent removed to yield 792 mg (37% yield). 1H-NMR (D2O, 400 MHz): δ 3.75 (t, 

J=5.45 Hz, 2H), 2.27 (t, J= 5.45 Hz, 2H). 19F-NMR (D2O, 376 MHz): δ -83.15 (3F), -120.80 

(2F). 

A1.4.7 Synthesis of perfluorobutyryl chloride (A1-6) 

Thionyl chloride (115 mmol) and heptafluorobutyric acid (23 mmol) were added to a 

250-mL round bottom flask and flushed with argon. A stir bar was added and reagents heated to 

reflux, while distilling off product into a cooled reaction flask containing components for the 

next reaction. The product was distilled at 39℃ and added directly to the subsequent reaction. 

A1.4.8 Synthesis of 2,2,3,3,4,4,4-heptafluoro-N-(2-hydroxyethyl)-butanamide (A1-7) 

To an iced, stirring solution of ethanolamine (1.2 g, 20 mmol) in CH2Cl2, 

heptafluorobutyryl chloride was added dropwise from the previous reaction. This reaction was 

allowed to stir overnight and was then cooled to room temperature. The mixture was quenched 

with water and washed with CH2Cl2 and solvents removed under reduced pressure. Purified with 

a flash column, eluting with 10% MeOH/CH2Cl2 to yield 903 mg (33% yield). 1H-NMR (D2O, 

400 MHz): δ 3.74 (t), 3.64 (t), 3.43 (t), 3.07 (t). 19F-NMR (D2O, 376 MHz): δ -80.86 (t, J= 8.37 

Hz, 3F), -121.31 (q, J= 8.54 Hz, 2F), -127.55 (b, 2F). 
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A1.4.9 N-(2-chloroethyl)-2,2,3,3,3-pentafluoropropanamide (A1-8) 

To an iced, stirring solution of Triethylamine (12.18 mmol) and 2-chloroethylamine 

hydrochloride (6.36 mmol) in anhyd. THF, pentafluoropropionyl chloride was added dropwise 

from the previous solution. The reaction was allowed to proceed overnight and cool to room 

temperature. The mixture was then diluted with water (100 mL) and organic product extracted 

with CH2Cl2 (2 x 75 mL). Combined organic layers washed with aq. NH4Cl (100 mL), dried over 

MgSO4 and solvent evaporated to give 2.552 crude oil. Due to instability of this product, did not 

purify before next step. 

A1.4.10 Synthesis of 2-pentafluoroethyl-2-oxazoline (A1-9) 

A solution of 2,2,3,3,3-pentafluoro-N-(2-hydroxyethyl) propanamide (2.55 g) in 8 mL of 

THF was added dropwise to a stirred aq. KOH (25%). After stirring the reaction mixture for 16 h 

at room temperature, the mixture was extracted with acetone and isolation of product was 

attempted with distillation. 1H-NMR (500 MHz, CDCl3): δ 3.75 (t, J= 5.45 Hz, 2H), 2.27 (t, 

J=5.45 Hz, 2H). 19F-NMR (376 MHz, CDCl3: δ -83.12 (s, 3H), -120.8 (s, 2F). 
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A2.1 Electrospray Ionization Mass Spectra (ESI-MS) 

PCD-OH (4-1) 
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PCD-OMe (4-2) 
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PCD-O-Cl (4-3) 
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PCD-O-Pyr (4-4) 

 



125 
 

 

A2.2 Matrix Assisted Laser Desorption/Ionization (MALDI) 

M1(F2Ox)3-4 
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M1(F2Ox)4-5 
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M5(F2Ox)3-5 
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M5(F2Ox)6-7 
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M5(F2Ox)7-9 
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H10(F2Ox)2-8 (2-7) 
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M1-Oms (3-1) 
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M1FE2 (3-2) 
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M1FE3 (3-3) 
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M1bFE4 (3-4) 
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P(MOXA-b-BOXA) (A1-3) 
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A2.3 Gel Permeation Chromatography (GPC) 

Methoxypolyethylene glycol (mPEG, MW=5000): 
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M5(F2Ox)3-5: 
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A2.4 1H-NMR 

3-bromo-2-bromomethyl-2-methylpropyl acetate (2-2) 
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3-(bromomethyl)-3-methyloxetane (2-3) 
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3-(1H,1H-perfluoropropan-1-oxymethyl)-3- methyloxetane (2-4) 
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M1(F2Ox)n (2-5) 
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M5(F2Ox)n (2-6) 
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M1-Oms (3-1) 
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M1FE2 (3-2)  
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M1FE3 (3-3) 
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M1bFE4 (3-4) 
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PCD-OH (4-1) 
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PCD-OMe (4-2) 
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PCD-O-Cl (4-3) 
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PCD-O-Pyr (4-4) 
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PMOXA (A1-1) 
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2-butyl-2-oxazoline (A1-2) 
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N-(2-Hydroxyethyl)-2-perfluoroethane acidamide (A1-5) 
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2-perfluoroethyl-2-oxazoline (A1-9) 
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A2.5 13C-NMR 

3-bromo-2-bromomethyl-2-methylpropyl acetate (2-2) 
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3-(bromomethyl)-3-methyloxetane (2-3) 
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3-(1H,1H-perfluoropropan-1-oxymethyl)-3- methyloxetane (2-4) 
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2-butyl-2-oxazoline (A1-2) 
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A2.6 19F-NMR 

3-(1H,1H-perfluoropropan-1-oxymethyl)-3- methyloxetane (2-4) 
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M1(F2Ox)n (2-5) 
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M5(F2Ox)n (2-6) 
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M1FE2 (3-2) 
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M1FE3 (3-3) 
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M1bFE4 (3-4) 
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2-perfluoroethyl-2-oxazoline (A1-9) 
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A2.7 HPLC 

M1(F2Ox)n 

 

M5(F2Ox)n 
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M1FE2 (3-2) 

 
M1FE3 (3-3) 
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M1bFE4 (3-4) 
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A2.8 DLS: Micelle Particle Size 

M1(F2Ox)3-4 

 

 

M1(F2Ox)4-5 

 

 

M1(F2Ox)7-9 

 

M5(F2Ox)3-5 
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M5(F2Ox)6-7 

 
 

M5(F2Ox)8-10 

 
 

M1FE2 (3-2) 
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M1FE3 (3-3) 

 

 

M1bFE4 (3-4) 
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A2.9 CMC data 

M1(F2Ox)3-4 

Log(M) Ave. Surface Tension (mN/m) Std. Dev. 

-3.00 26.59 0.02 

-3.50 27.11 0.10 

-4.00 27.72 0.10 

-4.50 28.77 0.20 

-5.00 38.23 0.39 

-5.50 41.33 0.08 

-6.00 60.95 0.09 

-6.50 72.43 0.02 

-7.00 72.80 0.03 

-7.50 72.53 0.08 

-8.00 72.62 0.04 

-8.50 72.92 0.04 

-9.00 72.75 0.09 

-10.00 72.84 0.10 

-11.00 72.76 0.11 

 

 

CMC (log(M))=-5.01 ± 0.03 
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M1(F2Ox)4-5 

Log(M) Ave. Surface Tension (mN/m) Std. Dev. 

-3.00 23.56 0.10 

-3.50 23.43 0.12 

-4.00 23.96 0.24 

-4.50 25.64 0.15 

-5.00 32.00 0.30 

-5.50 41.81 0.13 

-6.00 53.08 0.61 

-6.50 65.75 0.34 

-7.00 72.52 0.18 

-7.50 73.48 0.19 

-8.00 73.16 0.04 

-8.50 72.78 0.17 

-9.00 73.61 0.22 

-10.00 73.18 0.27 

-11.00 73.29 0.18 

 

CMC (log(M))= -4.77 ± 0.03 
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M5(F2Ox)3-5 

Log(M) Ave. Surface Tension (mN/m) Std. Dev. 

-3.00 29.43 0.08 

-3.50 29.95 0.21 

-4.00 30.71 0.17 

-4.50 33.28 0.38 

-5.00 36.49 0.36 

-5.50 40.34 0.15 

-6.00 48.30 0.13 

-6.50 55.09 0.11 

-7.00 67.78 0.09 

-7.50 72.49 0.14 

-8.00 72.43 0.07 

-8.50 72.51 0.10 

-9.00 72.58 0.08 

-10.00 72.54 0.06 

-11.00 72.65 0.12 

 

 

CMC (log(M))= -4.99 ± 0.08 
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M1FE2 

Log(M) Ave. Surface Tension (mN/m) Std. Dev. 

-3.00 26.75 0.19 

-3.50 28.72 0.12 

-4.00 27.57 0.07 

-4.50 33.24 0.22 

-5.00 40.09 0.19 

-5.50 46.25 0.03 

-6.00 58.19 0.15 

-6.50 69.71 0.18 

-7.00 72.89 0.15 

-7.50 72.91 0.04 

-8.00 72.62 0.11 

-8.50 73.14 0.10 

-9.00 72.94 0.11 

-10.00 73.14 0.08 

-11.00 73.16 0.11 

 

 

CMC (log(M))= -4.34 ± 0.07 
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M1FE3 

Log(M) Ave. Surface Tension (mN/m) Std. Dev. 

-3.00 26.86 0.26 

-4.00 27.18 0.07 

-5.00 27.98 0.10 

-6.00 29.89 0.17 

-7.00 47.85 0.16 

-8.00 71.61 0.13 

-9.00 72.06 0.06 

-10.00 71.76 0.11 

-11.00 72.00 0.08 

 

 

CMC (log(M))= -6.03 ± 0. 
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M1bFE4 

Log(M) Ave. Surface Tension (mN/m) Std. Dev. 

-3.00 23.59 0.53 

-3.50 24.50 0.61 

-4.00 25.77 0.48 

-4.50 31.91 1.43 

-5.00 40.53 1.32 

-5.50 43.03 1.22 

-6.00 55.57 0.12 

-6.50 72.63 0.06 

-7.00 72.65 0.40 

-7.50 73.05 0.13 

-8.00 72.86 0.16 

-8.50 73.16 0.11 

-9.00 73.15 0.11 

-10.00 73.06 0.16 

 

 

CMC (log(M))= -4.35 ± 0.14 
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A2.10 Microviscosity data 

M1(F2Ox)4-5 

376 480 IM/IE ratio  

1.86 0.82 2.28 

1.84 0.74 2.50 

1.44 0.61 2.37 

 2.38 Ave 

0.11 Std. Dev. 

 

M1(F2Ox)7-9 

376 480 IM/IE ratio  

2.44 0.34 7.23 

2.49 0.36 6.84 

2.66 0.34 7.84 

 7.30 Ave 

0.51 Std. Dev. 
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M5(F2Ox)3-5 

376 480 IM/IE ratio  

3.06 1.01 3.04 

3.21 0.84 3.81 

3.10 0.93 3.32 

 3.40 Ave 

0.40 Std. Dev. 

 

M5(F2Ox)6*7 

376 480 IM/IE ratio  

1.50 0.27 5.64 

1.29 0.25 5.26 

1.34 0.25 5.39 

 5.43 Ave 

0.19 Std. Dev. 
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M5(F2Ox)8-10 

376 480 IM/IE ratio  

2.27 0.13 18.01 

2.34 0.13 18.00 

2.35 0.13 18.22 

 18.08 Ave 

0.12 Std. Dev. 
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A2.11 FRET data 

FRET Ratio: I565/(I501+I565) where I501 =emission of donor dye and I565 = emission of acceptor 

dye 

M1(F2Ox)5 

 

Time (min) Ave. FRET Ratio Std. Dev. 

0 0.642 0.006 

15 0.473 0.010 

30 0.471 0.005 
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A2.12 DLS: Emulsion Particle Size 

 M5(F2Ox)3 iso M5(F2Ox)4 iso M5(F2Ox)3 sevo M5(F2Ox)7 sevo 

Day Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 

0 224.8 55.984 180.7 79.344 143.9 39.418 191.6 54.985 

1 245.5 52.784 214.4 74.81 214.8 47.041 230.5 63.844 

2 257.2 72.518 236.2 63.29 235.9 53.077 260.8 88.421 

3 266.7 66.143 247.2 69.963 260.2 59.059 287.9 88.648 

5 257.8 65.473 268.8 83.05 290.7 65.990 331.4 105.391 

7 279.6 74.657 277.4 79.614 305.4 33.594 370.4 138.516 

14 315.1 76.26 304.2 52.01 371.1 105.751 480.8 233.670 

21 327.4 101.826 333.1 76.946 450.4 166.191 604.5 350.614 

28 338.7 124.974 344.9 95.886 496.4 216.919 709.4 455.409 

35 344.3 104.664 380.7 140.493 550.1 213.987 780.2 490.721 

42 359.7 108.642 380.0 129.955 647.7 292.740 965.9 488.724 

49 369.2 146.949 406.3 169.815 590.0 267.262 975.3 527.635 

56 368.8 167.85 406.4 121.115 751.5 381.778 947.4 553.304 

63 381.4 164.016 414.3 149.961 786.0 411.838 1133.9 638.387 

70 383.7 162.68 399.3 39.929 830.2 457.429   

77 400.6 189.507 414.5 139.267 923.5 434.972   

84 402.4 206.814   914.7 434.490   

91 418.3 212.069       

98 429.6 220.372       

105 428.5 227.958       

113 421.2 244.28       

119 429.7 241.473       

126 431.8 245.716       
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133 411.8 232.675       

140 435.2 246.775       

147 463.5 265.609       

154 429.6 251.317       

161 411.1 244.582       

168 415.7 245.702       

175 412.8 238.183       

182 404.1 228.329       

189 407.7 229.057       

199 396.4 225.57       

203 399.0 223.828       

210 392.4 226.73       

217 363.7 218.223       

224 379.4 222.718       

231 356.9 196.986       

238 363.8 202.975       

252 369.8 212.993       

259 364.0 196.192       

266 399.1 231.868       

273 380.3 213.71       

280 364.0 205.279       

287 369.1 208.546       

294 340.3 196.011       

301 362.4 208.746       

308 384.2 231.697       

315 372.6 209.016       
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322 371.7 211.495       

329 376.1 217.921       

336 384.1 227.031       

343 373.4 226.271       

350 360.7 232.286       

357 368.1 218.662       

364 359.0 239.78       

 

 20% sevoflurane, 10% PFOB 

M1FE2 M1FE3 M1bFE4 

Day Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. 

0 177.4 60.7 197.2 63.7 190.0 64.8 

1 210.9 78.7 223.1 71.2 212.7 73.4 

2 235.3 80.0 244.4 99.0 231.0 80.2 

3 251.7 88.3 259.6 100.5 243.7 92.6 

5 273.0 91.7 282.1 113.9 268.6 89.7 

7 295.5 100.8 297.8 99.6 288.6 99.9 

14 353.8 137.3 348.4 126.1 340.1 125.5 

21 431.4 223.7 399.0 136.4 409.3 190.3 

28 All emulsions phase separated 
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A2.13 Aggregation Induced Emission (AIE) data 

 

Representative decrease in fluorescence spectrum over time for PEG-PLA micelles, with 

PCD-OH AIE dye: 

 
 

PEG-PLA micelles with varying amounts of PCD-OH encapsulated. Note: 1 wt. % was 

chosen for dye concentration, and is reported in Chapter 4. 

 

0.5 wt. % PCD-OH 

 
Standard error bars larger than comparison for the experiment with 1 wt. % dye.  

 

2 wt. % PCD-OH 

 
Error bars were small, but baseline was very large for higher dye concentrations. 
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5 wt. % PCD-OH 

 
Error bars were small, but baseline was very large for higher dye concentrations. 

 

PEG-PLA micelles with varying ratios of TBA:H2O used in their lyophilization 

preparation. Note: 50:50 ratio for solvent ratio, and is reported in Chapter 4. 
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A2.14 Zebrafish Toxicity procedures and data 

Standard experimental procedure: 

Day 0 

 Basket cross (~2 female, ~2male) per container. 

 Birthdays on fish tanks must be the same to cross.  

 Use fish after 1 week ideally, 4 days minimum. 

 Allow stagnant water to drain from hose, fill container to 1 inch from top, and add the 

fish and cover. 

 

Day 1 (0 hpf) 

 Lights on at 9 AM, check eggs at 9:30, collect within 2 hours. 

 Pour cross containers through strainer, collecting embryos and rinse with egg water to 

remove debris. 

 Transfer to petri dishes for analysis. 

 Embryos are observed using stereoscope. Obtained embryos between 4-16 cell stages. 

 A 24-well plate used, and added ~8 eggs per cell, along with 600 μL egg water. 

 180 μL compounds added, using a 10 mM stock solution.  

 Final solution diluted to 1.2 mL. 

 The 24-well plate was then kept in an incubator at 28.5°C. 

 

Day 2-5 (24-96 hpf) 

 Recorded number of embryos, whether they are dead/hatched. 

 Observed embryos for malformations for hatched fish. 

 

Day 5 (96 hpf) 

 Anesthetize fish for imaging by exposing to a 0.4% tricaine solution 

 Prep: 200 mg tricaine + 50 mL Milli-Q water + 1 mL TRIS base 

 Dilute 1:20 (9.5 mL egg H2O, 0.5 mL tricaine solution) 

 Can be found in Taylor dark room 

 Fill medium size petri dish with 10 mL diluted tricaine solution; add fish one at a time 

until they stop moving (1-2 min). 

 Transfer fish to agarose, position for imaging and wait ~1 min. for gel to harden. 

 A stereoscope with a Nikon camera was used to image fish. 

 Euthanized all fish: add ample ice, and splash of Clorox bleach. 
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Perfluorooligo ether acids survival graph:  

 

Buffered Perfluorooligo ether acids survival graph: 
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Dose-response curve for fluorinated acids: 

 
Transform of dose-response graph: 

 
 

IC50 calculations for fluorinated acids were completed with the GraphPad Prism® (version 6.0, 

La Jolla, CA) software program. In the GraphPad Prism® equation, log-transformed 

concentration values and the effect data were fitted to a four-parameter logistic equation. The 

original, %control, or % inhibition data are represented by Y along with their minimal (min) and 

maximal (max) values. The inhibitor concentration is represented by X, IC50 is the concentration 

at 50% maximal value, and HillSlope is the slope factor. 

 

𝑌 =
(max − min )

(1 + 10((𝑋−𝑙𝑜𝑔𝐼𝐶50)(𝐻𝑖𝑙𝑙 𝑠𝑙𝑜𝑝𝑒))
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