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ABSTRACT OF THE DISSERTATION 

 

Perfluorocarbon nanomaterials as theranostic delivery vehicles 

 

By 

 

Rachael Anne Day 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2021 

Professor Ellen May Sletten, Chair 

 

 Nanomaterials have been used in the treatment of cancer to increase the solubility of 

insoluble payloads, increase the plasma half-lives of payloads, avoiding rapid renal clearance, and 

diminish off-target effects by controlling the biodistribution and the non-specific uptake of the 

nanocarrier. Perfluorocarbon (PFC) nanoemulsions, droplets of fluorous solvent, stabilized by a 

surfactant dispersed in water, can solubilize and protect payloads, release payloads upon 

introduction of stimuli, and deliver oxygen simultaneously with the payload. Perfluorocarbons are 

biocompatible, with several garnering FDA approval for use in 19F-MRI, and the inherent 

hydrophobicity of PFCs provide orthogonality from both hydrophilic and hydrophobic 

environments found within the body. By solubilizing payloads in the perfluorocarbon phase, we 
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form orthogonal droplets that do not significantly leach payload, increasing the utility of these 

nanoemulsions for drug delivery. 

 Chapter One is a perspective on cancer nanomedicine and the role of PFC nanoemulsions 

within this vast field. Chapter Two describes a systematic study of the polymer surfactant 

necessary for PFC nanoemulsion stabilization. Through this systematic study we put forward a 

series of design principles for PFC nanoemulsions. 

 Chapters Three and Four describe various payloads that can be solubilized within and 

delivered by PFC nanoemulsions. Chapter Three focuses on photodynamic therapy (PDT), a 

treatment modality that uses light, oxygen, and a photosensitizer to produce cytotoxic reactive 

oxygen species. PFC nanoemulsions were perfect for this application as photosensitizer and 

oxygen could be delivered simultaneously, increasing the photodynamic efficacy compared to 

other nanomaterial systems. This chapter also contains a perspective on the current state of 

fluorinated nanomaterials for PDT focusing on three architectures: lipid stabilized PFC 

nanoemulsions, macromolecule stabilized PFC nanoemulsions, and micelles. Chapter Four 

describes the design of a fluorous soluble, redox responsive, small molecule fluorophore as well 

as the first report of plasmid DNA (pDNA) solubilization within perfluorocarbon solvents. Upon 

delivery of redox responsive nanomaterials containing pDNA to the cytosol, the plasmid was 

released and transcribed into the fluorescent protein eGFP.  

 Chapter Five details two methods to visualize endosomal rupture: lysosome size and 

genetically engineered cells. Hopefully, these assays can be used to further understand the 

endosomal uptake of PFC nanoemulsions, with the goal of designing materials that can efficiently 

escape the endosomal / lysosomal pathway, avoiding degradation. 
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 Chapter Six describes efforts toward targeting PFC nanoemulsions to diseased tissues 

using the well characterized RGD peptide. Through cyclization of the RGD peptide with 

bromomaleimide chemistry, we were able to cyclize and functionalize the peptide simultaneously. 

Unfortunately, the first iteration of this project was unsuccessful, and is currently being modified 

to increase avidity by appending the cyclic peptides directly to the PFC nanoemulsion. 
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CHAPTER ONE 

 

A perspective on perfluorocarbon nanoemulsions as a delivery platform for both 

therapeutic and diagnostic agents 

 

 

1.1 Perspective 

Nanomaterials, particles less than 1 µm in diameter, have been hailed as the next advance in 

cancer medicine (Figure 1.1A). These materials have been employed for drug delivery, diagnosis 

and imaging, synthetic vaccine development and miniature medical devices.1–3 Several 

nanoparticle platforms, such as liposomes, albumin nanoparticles, and polymeric micelles, have 

been approved for cancer treatment with several others currently undergoing clinical trials.4,5 

Although nanomaterials provide longer serum half-lives, can solubilize insoluble cargoes and 

drugs, and can be designed to be stimuli responsive (Figure 1.1B), there are several limitations.4 

These include the protein corona that forms when nanomaterials are introduced to biological 

environments,6–8 the control of biodistribution and non-specific uptake,9 and the failure to escape 

the endosomal pathway that often results in complete degradation (Figure 1.1C).10–12 

Often, the enhanced permeability and retention (EPR) effect is credited for the accumulation 

of nanoparticles within the tumor microenvironment.13 Most nanoparticles are administered 

systemically, circulate through the vascular system, and accumulate within the tumor due to the 

leaky vasculature and poor lymphatic drainage that surrounds the solid tumor.14 The EPR effect 

works well in mice as most mouse models for cancer use xenograft tumors, but does not translate 

well to human tumors. This along with the fact that most nanoparticles are not fully investigated 
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Figure 1.1 Nanomaterial benefits and limitations. (A) Size comparison of small molecules, 
nanomaterials, and bacteria. (B) Advantages of nanomaterials. (C) Disadvantages of 
nanomaterials. 
 

in human patients prior to clinical trials, has resulted in the success of relatively few 

nanoparticles.15 

When designing new nanoparticles for cancer nanomedicine, it is necessary to optimize all 

parts of the nanoparticle. These include physical properties like size,16,17 surface charge,18 and 

surface properties,19–21 along with the chemical composition of the material.22–24 These vary 

between liposomes, polymeric nanoparticles, micelles, dendrimers, protein, or viral nanoparticles 

and so on.16–18,24–26 The addition of targeting ligands such as small molecules, aptamers, antibodies 

and antibody fragments, can be used to bias the biodistribution and uptake of the nanoparticle.27 

The physical properties and the chemical composition can be used to predict the amount of serum 
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proteins that will adhere to the surface of the nanoparticle,19,28,29 the plasma half-lives,30–32 and the 

payload release.33  

This thesis focuses on nanoemulsions, a class of soft nanomaterials, in which an immiscible 

phase is stabilized in water with surfactants.34,35 The surfactant or emulsifier plays a critical role 

in decreasing the interfacial tension, creating small droplets, and stabilizing the droplets through 

repulsive electrostatic interactions and steric hindrance.36 Polymer amphiphiles, proteins, and 

lipids have all been used as surfactants to stabilize nanoemulsions. Nanoemulsions are kinetically 

stable, meaning they will not disassemble in dilute conditions.37,38 The primary mechanism of 

destabilization for nanomaterials is Ostwald ripening,39 with other mechanisms including 

flocculation, coalescence, and creaming/sedimentation.40,41 Ostwald ripening occurs via mass 

transfer from the smaller to the larger droplets in a sample with a range of sizes, until the sample 

reaches a uniform size distribution.   

Nanoemulsions can be prepared via either high or low energy methods.38 High energy methods 

involve mixing oil, water and surfactant in a batch stirrer or ultrasonicating system for a sufficient 

period of time. Low energy methods often used homogenizers to push the macroemulsions through 

a narrow gap in which the droplets are exposed to extreme elongation and shear stress. The low 

energy methods typically form small nanoemulsions of more uniform sizes than can be reached 

via high energy ultrasonication.42 

Traditional oil-in-water nanoemulsions have been used in drug delivery,43 the food industry,44 

and in the cosmetic industry.45 In drug delivery, nanoemulsions have been used for topical, ocular, 

intravenous, internasal, and oral delivery.46,47 The inner lipophilic phase is used to solubilize water-

insoluble drugs that can be easily delivered to patients. Similar to drug delivery, in the food 
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industry, nanoemulsions are used to create “smart foods” that incorporate low-water solubility 

molecules such a β-carotene or curcumin.48,49  

A limitation of traditional oil-in-water nanoemulsions is the undesired leaching of payload into 

surrounding biological media.50,51 As such, we are interested in using bioorthogonal, 

perfluorocarbon-in-water nanoemulsions. Perfluorocarbons (PFCs) are molecules in which all C—

H bonds have been replaced with C—F bonds (Figure 1.2A). PFCs form a separate, extremely 

hydrophobic and lipophobic phase termed the “fluorous phase,” attributed to the high 

electronegativity of fluorine atoms preventing van der Waals interactions with neighboring 

molecules.52–54 It is important to note that the fluorous phase does not arise from enthalpically 

favorable fluorine-fluorine interactions, instead it is from the disinclination for perfluorinated 

molecules to interact with all other species.55 

 

 

 

Figure 1.2 Properties of fluorine. (A) Comparison of hydrocarbon (hexane) and perfluorocarbon 
(perfluorohexanes). (B) The larger radii of fluorine makes molecules more rigid and increases the 
surface area of perfluorocarbons contributing to the extreme hydrophilicity. (C) Natural 
distribution of elements within the body (wt%), with minimal naturally occurring fluorine. 
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Perfluorocarbon nanoemulsions were first FDA approved for the use as a blood substitute56,57 

due to 20-fold higher dissolved gas concentrations compared to aqueous phases. The high gas 

solubility is attributed to the weak van der Waals interactions between perfluorocarbon chains, and 

the increased rigidity of perfluorocarbon chains, forming “pockets” that are readily able to 

solubilize gasses (Figure 1.2B).53,56,58–60 This first formulation for oxygen delivery, termed 

Fluosol-DA,61,62 was soon followed by PFC nanoemulsions used for 19F-MRI,63–65 as ultrasound 

contrast agents,66,67 and as intracellular sensors.68  

Fluorine is rarely found in living systems (Figure 1.2C),69,70 thus making PFCs perfect as a 

contrast agent for 19F-MRI.63 The “perfect” PFC tracer for 19F-MRI should have high fluorine 

content, facile synthesis, biological stability, low toxicity and simple 19F NMR spectrum.63,64 As 

such PFCs such as perfluorodecalin, perfluoro-15-crown-5-ether, and perfluorooctyl bromide71–74 

have been employed as contrast agents. PFOB gained prominence in the early 199f0s and was 

ultimately FDA approved under the name Perflubron.52 Perfluoro-15-crown-5-ether has become 

the stand-out fluorinated liquid 19F-MRI agent due to the 20 equivalent fluorine atoms.63,75 

PFCs have been found to be biologically inert, nontoxic in vivo, stable at physiological pH, 

generally not metabolized by enzymes, cleared via the reticuloendothelial system and excreted 

through the lungs by exhalation.57 The half-lives of PFC nanoemulsions within the bloodstream, 

can be predicted by the size of the material, with larger nanoemulsions rapidly clearing via 

phagocytosis, and nanoemulsions smaller than 100 nm clearing in about four days.76 As such, we 

strive to formulate nanoemulsions between 100-300 nm in size, with good stability over two 

months. To do this, we utilize a high energy method to form nanoemulsions, simply mixing 

fluorous solvent, buffer containing solubilized surfactant, and add energy (90 s, 35% amp, 0 °C, 

Figure 1.3A). 77–79 Common fluorous solvents used to form PFC nanoemulsions are seen in  
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Figure 1.3 PFC nanoemulsions in biology. (A) Schematic of PFC nanoemulsion formation.  
(B) Commonly used perfluorocarbons in PFC nanoemulsions for 19F-MRI and in the Sletten lab. 
(C) Incorporation of a photosensitizer in PFC nanoemulsions for therapeutic purposes (Chapter 3). 
(D) Incorporation of pDNA in PFC nanoemulsions for diagnostic purposes (Chapter 4).  
(E) Systematic study of the polymer surfactant stabilizing PFC nanoemulsions (Chapter 2).  
(F) Methods to visualize endosomal rupture (Chapter 5). G) Efforts to target PFC nanoemulsions 
with cyclic peptides (Chapter 6). 
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Figure 1.3B, these are FDA approved as 19F-MRI contrast agents or were previously FDA 

approved in the Fluosol-DA formulation. 

We have found that PFC nanoemulsions can be used to deliver oxygen and photosensitizers 

simultaneously for enhanced photodynamic therapy (Figure 1.3C; Chapter 3),77,80 small molecule  

fluorophores,81–83 and biomacromolecules such as plasmid DNA (Figure 1.3D; Chapter 4),84 by 

first solubilizing the payload in the PFC through covalent and non-covalent fluorous tags. We can 

control the surface chemistry through custom poly(2-oxazoline) surfactants,78 and can predict the 

bulk properties of nanoemulsions based on the hydrophilic block length, block identity, and 

hydrophilic : lipophilic balance of the amphiphilic surfactant (Figure 1.3E; Chapter 2).79 It is 

known that PFC nanoemulsions are endocytosed via a clathrin mediated pathway,68,79 and thus 

developed methods to directly visualize endosomal rupture (Figure 1.3F; Chapter 5) in the hope 

that it will lead to useful tools to study the endosomal escape of PFC nanoemulsions. In addition, 

work is ongoing to add targeting agents to the surface of PFC nanoemulsions (Figure 1.3G; 

Chapter 6) to better control the biodistribution and uptake of the nanomaterial in vivo.  
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CHAPTER TWO 

 

Systematic study of perfluorocarbon nanoemulsions stabilized by polymer amphiphiles 

 

Adapted from: Rachael A. Day, Daniel A. Estabrook, Carolyn Wu, John O. Chapman, Alyssa J. 

Togle, and Ellen M. Sletten.* Systematic study of perfluorocarbon nanoemulsions stabilized by 

polymer amphiphiles. ACS Appl. Mat. Interfaces 2020, 12, 38887-38898.  

DOI: 10.1021/acsami.0c07206 

 

2.1 Abstract 

Perfluorocarbon (PFC) nanoemulsions, droplets of fluorous solvent stabilized by surfactants 

dispersed in water, are simple yet versatile nanomaterials. The orthogonal nature of the fluorous 

phase promotes the formation of nanoemulsions through a simple, self-assembly process while 

simultaneously encapsulating fluorous-tagged payloads for various applications. The size, 

stability, and surface chemistry of PFC nanoemulsions are controlled by the surfactant. Here, we 

systematically study the effect of the hydrophilic portion of polymer surfactants on PFC 

nanoemulsions. We find that the hydrophilic block length and identity, the overall polymer 

hydrophilic/lipophilic balance, and the polymer architecture are all important factors. The ability 

to modulate these parameters enables control over initial size, stability, payload retention, cellular 

internalization, and protein adsorption of PFC nanoemulsions. With the insight obtained from this 

systematic study of polymer amphiphiles stabilizing PFC nanoemulsions, design features required 

for the optimal material are obtained. 
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2.2 Introduction 

Nanomaterials have been extensively studied for use as drug delivery vehicles due to their ability 

to transport insoluble cargoes, protect sensitive therapeutics, increase circulation times and allow 

for targeted delivery and release.1,2 Numerous nanomaterial scaffolds have been developed, 

ranging from hard inorganic particles to soft materials.3 Despite decades of work on nano delivery 

vehicles, several challenges remain in this field including 1) protein corona formation impeding 

targeted molecular recognition, 2) difficulties regulating cellular internalization, and 3) imprecise 

payload delivery.4–6 Systematic studies of sub-classes of nanomaterials have provided insight into 

these challenges7–12 and have revealed that the core nanomaterial structure significantly influences 

the interactions of the nanomaterials with biomolecules.7,13–15 Thus, for each new class of 

nanomaterial a thorough investigation of structure—property relationships is required.  

 

 

Figure 2.1 (A) One step formulation of PFC nanoemulsions stabilized by polymer surfactants 
containing fluorous soluble payloads. (B) Polymer amphiphile block length and architecture 
dictate properties. (C) Surfactants dictate the size, stability, protein adsorption and route of cellular 
endocytosis of PFC nanoemulsions.  
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To date, soft nanomaterials such as liposomes, polymer micelles and emulsions have had the  

most success regarding clinical translation.16,17 These nanomaterials all rely on self-assembly of 

amphiphiles, with liposomes and polymer micelles being solely composed of the amphiphiles, 

while emulsions contain an oil phase that is stabilized by the amphiphiles (i.e. surfactants) in water. 

Nanoemulsions are kinetically stable and large amounts of cargo can be loaded into them, giving 

nanoemulsions advantages over liposomes and micelles that are prone to disassembly at low 

concentrations.18,19 However, applications of emulsions in controlled drug delivery have been 

hindered by leakage of therapeutics from the emulsion core to surrounding hydrophobic 

environments.20,21 We aim to overcome this limitation of nanoemulsions by employing an oil phase 

composed of bioorthogonal perfluorocarbons rather than traditional hydrocarbon oils. Using this 

approach, payloads can be localized in perfluorocarbon (PFC) nanoemulsions through the use of 

fluorous tags (Figure 2.1A). The matched solubility of fluorous solubilized payloads in PFC 

nanoemulsions decreases the leaching of the payloads significantly when compared to traditional 

hydrophobic analogs,22 allowing the advantageous stability and high cargo loadings characteristic 

of emulsions to be capitalized upon. 

Perfluorocarbons, molecules in which all C—H bonds have been replaced with C—F bonds, 

have unique properties. They phase separate from aqueous and organic solutions to form a dense 

fluorous phase.23 The fluorous phase has high gas solubility which led to the first biomedical 

application of PFC nanoemulsions as blood substitutes, where Pluronic polymer amphiphiles were 

employed as surfactants to stabilize the perfluorocarbon in water.24,25 In the decades since, PFC 

nanoemulsions have been used for 19F-MRI,26–28 as ultrasound contrast agents,29,30 and intracellular 

sensors,31 with both small molecule and polymeric surfactants stabilizing the droplets. Research 

has shown that PFC nanoemulsions are endocytosed by cells,32,33 and the surfactant can dictate the 
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mechanism of endocytosis.34 However, a systematic study of the effect of the amphiphile on PFC 

nanoemulsion stability, payload retention, protein corona formation and cellular internalization 

has yet to be performed. This knowledge is essential to advance the utility of PFC nanoemulsions 

as therapeutic and diagnostic nanocarriers.  

Previously, we have investigated poly(2-oxazoline) (POx) amphiphiles as surfactants for PFC 

nanoemulsions rather than the Pluronic surfactants that were originally employed for oxygen 

delivery.35 Our interest in poly(2-oxazoline)s stems from their controlled ring opening 

polymerization, ease of functionalization through incorporation of co-monomers or end-capping, 

and commercially available monomer starting materials. POx polymers have been utilized in 

protein polymer conjugates, grafted onto liposomal bilayers, formulated into micelles, applied to 

surfaces and are validated alternatives to poly(ethylene glycol) (PEG).36,37 PEGylation has been 

widely successful at lengthening serum half-lives and minimizing protein coronas; however, its 

extensive use has led to immunogenicity concerns. Thus, in the next iteration of nanomaterials, 

alternatives to PEG (and Pluronics) are desireable.36 In our initial work exploring poly(2-

oxazoline) surfactants for nanoemulsions, we focused on variations in the hydrophobic portion of 

POx amphiphiles and found that poly(2-nonyl-2-oxazoline) outperformed either poly(2-propyl-2-

oxazoline) or a fluorous-containing oxazoline.38 Here, we systematically look at the role of the 

hydrophilic block in custom polymeric amphiphiles and readily available commercial PEG-

containing surfactants for their ability to stabilize PFC nanoemulsions over time (Figure 2.1B). 

Subsequently, we analyze their effect on payload retention, protein corona formation, and cellular 

internalization (Figure 2.1C).   
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2.3 Results and Discussion 

2.3.1 Synthesis and PFC nanoemulsion formulation 

We synthesized a library of di-block and tri-block amphiphiles inspired by commercial Pluronic 

and Zonyl surfactants (2.1-2.4; Figure 2.2A). Both diblock and triblock copolymers stabilize the 

water-PFC interface; however, their mechanisms differ with the diblock surfactants having the 

hydrophobic block extended into the oil phase whereas the triblock surfactants create a U shape 

with the majority of the hydrophobic block positioned at the interface.38–40 In both cases, the 

hydrophilic block extends out into the aqueous media, thus dictating the surface properties and 

ultimately contributing to the biodistribution of the PFC nanoemulsions. Notably, in previous 

works, we found distinct differences in nanoemulsion stability when the repeating unit of the 

polymer was altered or when the architecture of the surfactants was changed from diblock to 

triblock.38 These results prompted the inclusion of different amphiphile structures and 

architectures in this study.  

POx polymers were synthesized via microwave-assisted cationic ring-opening polymerizations41 

employing methyl triflate as the initiator and quenching with water (Scheme 2.1A). Due to the 

living nature of the polymerization, the block lengths can be finely tuned by adjusting the initiator 

to monomer ratio.42 The block lengths have been rounded for simplicity, with exact block lengths 

in the NMRs reported in the original publication.43 The polymer amphiphiles were synthesized in 

either an AB (2.5–2.8, 2.11–2.13) or ABA (2.9–2.10) fashion, where A was either poly(2-methyl-

2-oxazoline) (P(MeOx)) (2.5–2.10) or poly(2-ethyl-2-oxazoline) (P(EtOx)) (2.11–2.13), as both 

these polymers have been utilized as PEG replacements. The B block is the hydrophobic poly(2-

nonyl-2-oxazoline) (P(NonOx)) (Figure 2.2B), which was chosen based on our previous studies.38 
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Figure 2.2 (A/B) Library of amphiphilic di- and triblock copolymers. Commercial (blue), 
P(MeOx) (red), P(EtOx) (green) and PEG-NonOx (orange) (2.1–2.16). (C) Initial size distribution 
of PFC nanoemulsions containing differing fluorous solvents (perfluorooctyl bromide (PFOB), 
vertical stripes; perfluoro-15-crown-5-ether (PFCE), horizontal stripes; 7:3 
perfluorodecalin:perfluorotripropylamine, (PFD:PFTPA), solid) stabilized by 2.1 (PF68), 2.5 
(P(MeOx30-b-NonOx10)), 2.6 (P(MeOx60-b-NonOx10)), 2.9 (P(MeOx30-b-NonOx10-b-MeOx30)), 
2.16 (PEG5K-b-NonOx10). (D) Change in volume over 14 days of PFC nanoemulsions shown in C. 
(E) Initial size distributions of amphiphile stabilized 7:3 PFD:PFTPA PFC nanoemulsions. 
Nanoemulsions were prepared by sonication of a solution of 2.8 wt% surfactant with 10 vol% 7:3 
PFD:PFTPA in phosphate buffered saline (PBS). Emulsions were diluted 1:1000 in deionized 
water prior to measurements by dynamic light scattering (DLS). Data represents the average of 
three independent samples, error bars represent the product of the dispersity and the z-average. (F) 
Change in volume over 30 days of emulsions shown in E. Data represents the average of three 
independent samples, error bars represent the standard deviation of three independent samples. 
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Scheme 2.1. Synthetic scheme for POx containing amphiphiles.  
Polymers were synthesized by Daniel Estabrook. Detailed polymer synthesis and characterization 
can be found in ACS Appl. Mat. Interfaces 2020, 12, 38887-38898. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 
 

Hybrid amphiphiles 2.14–2.16 were also prepared with PEG as the hydrophilic block and 

P(NonOx) as the hydrophobic block by initiating P(NonOx) synthesis directly from the PEG chain 

(Scheme 2.1B).  

Polymers 2.14–2.16 were prepared to aid in comparisons between the synthetic POx polymers 

(12 total) and four commercial polymers containing PEG A blocks: Pluronic F-68, Pluronic F-127, 

Zonyl FSO and Zonyl FSN (2.1–2.4). The Pluronics were chosen due to their previous success as 

FDA approved surfactants for PFC nanoemulsions.44 The Zonyl surfactants were investigated as 

an alternative commercial PEG-containing block copolymers that have previously been employed 

for PFC formation. 45,46 It should be noted that the Zonyl surfactants have a fluorous B block and 

significantly shorter PEG A blocks than other amphiphiles in this study.  

 

2.3.2 Size and Stability 

To study the size and stability of perfluorocarbon nanoemulsions stabilized by the synthetic and 

commercial amphiphiles, the optimal concentration of polymer was investigated for select 

surfactants. Polymer surfactant, ranging from 28 mg/mL (2.8 wt%) to 3.5 mg/mL (0.35 wt%) were 

dissolved in water, added to fluorous solvent (7:3 perfluorodecalin (PFD) : 

perfluorotripropylamine (PFTPA)) (20 µL, 10 vol%) and sonicated (90s, 35% amp) to form 

nanoemulsions (Figure 2.3). The size and polydispersity (PDI) were analyzed via dynamic light 

scattering (DLS). In most cases, emulsions containing 28 mg/mL polymer were smaller and had 

lower dispersities, showing that more uniform droplets were obtained.  
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Figure 2.3. Size and dispersity of PFC nanoemulsions formed with various concentrations (blue, 
28 mg/mL; red, 14 mg/mL; orange, 7 mg/mL; gray, 3.5 mg/mL) of polymer surfactants 2.1 (PF68), 
2.2 (PF127), 2.3 (Zonyl FSO), 2.4 (Zonyl FSN), 2.5 [P(MeOx30-b-NonOx10)], 2.7 [P(MeOx90-b-
NonOx10)], 2.9 [P(MeOx30-b-NonOx10-b-MeOx30)], 2.11 [P(EtOx30-b-NonOx10)], 2.13 [P(EtOx90-
b-NonOx10)]. Bars represent the average of three samples. Error bars represent the product of the 
Z-average and the PDI. 
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With this knowledge in hand, emulsions stabilized by select surfactants were prepared utilizing 

perfluorooctyl bromide (PFOB), perfluoro-15-crown-5-ether (PFCE) or 7:3 PFD: PFTPA as the  

fluorous phase (Figure 2.2C/D). PFOB and PFCE are commonly employed for 19F MRI,26,27 while 

7:3 PFD:PFTPA represents the mixture that was FDA approved for oxygen delivery.47 The size  

and stability data are grouped by surfactant type: commercial (blue), P(MeOx) (red), P(EtOx) 

(green), PEGn-b-NonOx10 (orange). From the data in Figure 2.2C/D, it is clear that the initial size 

and stability of PFC nanoemulsions are dependent on both the polymer amphiphiles and molecular 

structure of the perfluorocarbon. These results are consistent with those recently published by 

Mecozzi and coworkers48 demonstrating that the use of PFCE as the oil phase results in more stable 

emulsions than those formed from PFD, and emulsions composed of PFOB experience similar 

levels of Ostwald ripening across all polymer amphiphiles. To study the effect of the polymer 

amphiphiles, we employed 7:3 perfluorodecalin (PFD): perfluorotripropylamine (PFTPA) as this 

mixture displayed the largest differences between each surfactant in both the size and stability.   

Nanoemulsions were then formulated with the panel of surfactants (2.1–2.16) at a concentration 

of 28 mg/mL (2.8 wt%). The hydrodynamic diameter was monitored immediately after formation 

(Figure 2.2E), and subsequently, for 30 days (Figure 2.2F). To minimize micelle formation, all 

P(MeOx) and P(EtOx) containing polymers (2.5–2.13) were first dissolved in dimethylformamide 

(DMF) before dilution with water and addition of fluorous solvent. The PEGn-b-NonOx10 (2.14–

2.16) were first dissolved in DMF, tetrahydrofuran (THF) and methanol (MeOH) respectively to 

fully solubilize the polymer.  

The size and stability data are grouped by surfactant type, in addition, the diblock copolymers 

(solid) are differentiated from the triblock copolymers (diagonal stripes). The stability data in 

Figure 2.2F is represented by change in volume of the droplets over 30 days and raw data can be 
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found in Figure 2.4. The main pathway for destabilization of PFC nanoemulsions is Ostwald 

ripening, defined as a gradual increase in size over time as the solvent in the smallest droplets 

migrates to the larger droplets.18 Factors that affect Ostwald ripening are sample polydispersity, 

concentration, presence of micelles, and identity of the perfluorocarbon.48,49  

A universal trend observed in all polymers tested was the longer the hydrophilic block, the larger 

the droplets were on day zero. Looking at the commercial PEG containing polymers, we found 

that they all stabilize emulsions of similar size yet have varied stability over 30 days. Pluronic F-

68 (2.1), which was employed in the original FDA-approved blood substitute formulation, has the 

worst stability of the four commercial amphiphiles tested, with the diblock fluorosurfactant Zonyl 

FSN (2.4) displaying the best stability. This could be due to the relative lipophilicities of the B 

block within the Pluronic and Zonyl surfactants. The B block of the Pluronic series is 

poly(propylene oxide) which is insoluble in water, with limited solubility in perfluorocarbon oils 

resulting in rejection anchoring to the fluorous solvent in contrast to the Zonyl surfactants 

containing a fluorous B block.50 The Pluronic F-68 (2.1) nanoemulsions represent a good stability 

metric, as one of the reasons the FDA-approved formulation was removed from the market was 

inconsistencies in the formulation due to low stability.44,51 Over 30 days, the Pluronic F-68 (2.1) 

emulsions increased in volume 1x107 nm3, with the other commercial surfactants (2.2–2.4), the 

P(MeOx) tri-block (2.10), P(EtOx) (2.11, 2.13) and PEG-b-NonOx (2.14, 2.16) displaying similar 

or superior stability.   

For the P(MeOx) series (2.5–2.7), as the hydrophilic block increased, there was an apparent 

decrease in stability over 30 days when the P(NonOx) block was kept constant at approximately 

10 repeat units (volume increase of 1.7x107, 2.2x107, 2.7x107 nm3). When the P(NonOx) block  
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Figure 2.4. Stability of PFC nanoemulsions stabilized by polymer surfactants 2.1–2.16 over 30 
days. Size was measured on day 0 (dark blue), day 1 (light blue), day 2 (orange), day 3 (gray), day 
7 (yellow), day 14 (green), and day 30 (red). Bars represent the average of three samples and error 
bars represent the product of the Z-average and the PDI.  
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was lengthened to approximately 30 repeat units, we found that P(MeOx90-b-NonOx30) (2.8) has 

similar stability to P(MeOx30-b-NonOx10) (2.5), suggesting that for diblock surfactants the overall 

hydrophilic: lipophilic balance (HLB) is a critical metric (Figure 2.5). Notably, the triblock ABA 

surfactants: P(MeOx30-b-NonOx10-b-MeOx30) (2.9) and P(MeOx90-b-NonOx30-b-MeOx90) (2.10) 

which have the same HLB do not behave similarly, with 2.9 giving a smaller initial size but 

showing significant Ostwald ripening over 30 days (2.8x107 nm3 increase), while 2.10 displays 

excellent stability (0.5x107 nm3 increase). We attribute the 30 day stability difference between 2.9 

and 2.10 to the larger A blocks favoring the steric stabilization method of triblock copolymers.40,50 

Of the P(MeOx) polymers, P(MeOx30-b-NonOx10) (2.5) diblock and the P(MeOx90-b-NonOx30-b-

MeOx90) (2.10) triblock amphiphiles are the most promising if stability is desired.  

The P(EtOx) series displays similar trends of initial size increasing as the A block is lengthened. 

The P(MeOx) stability trends can be applied to the P(EtOx) series in which P(EtOx30-b-NonOx10) 

(2.11) and P(EtOx90-b-NonOx30) (2.13) diblock copolymers have equivalent HLB, and similar 

stabilities (0.3x107 vs 0.15x107 nm3 change in volume). These two P(EtOx) amphiphiles displayed 

superior overall stability to the P(MeOx) amphiphiles, showing that both P(MeOx) and P(EtOx) 

are viable monomers for amphiphiles to stabilize PFC nanoemulsions. Both HLB and overall 

amphiphile structure are important parameters.   

Finally, looking at the use of PEG as the hydrophilic block and P(NonOx) as the hydrophobic 

block (2.14–2.16), we observe similar sized nanoemulsions with variable stability. The shortest 

PEG chain with 22 repeat units as the A block (2.14) led to the most stable emulsions over time, 

with all PEGx-b-NonOx10 stabilized emulsions (2.14–2.16) displaying superior or equivalent 

stability compared to the commercial PEG-containing surfactants.  
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Figure 2.5. Hydrophilic-lipophilic balance (HLB) ratio of polymers 2.1–2.16 in relation to the 
change in volume of PFC emulsions over 30 days and leaching after 14 days.  
A. HLB calculations determined by Griffin’s non-ionic  method:52,53 

HLB is defined as 
 HLB =  E

5
            (2.1) 

for poly(oxyethylene)ester containing polymers where E is defined as the mass (or weight) 
percent of oxyethylene that can be more precisely calculated by 
 E =  MPEG

MTotal
x 100.        (2.2) 

The same calculations were performed for the POx containing polymers.54,55  
Zonyl FSO and Zonyl FSN HLB were taken from patent “Dry cleaning system with low HLB 
surfactant” (US6461387B1). 

B. HLB ratios plotted against the change in volume of PFC nanoemulsions over 30 days. Raw 
data are seen in Figure 2.2 and Figure 2.3. Squares represent tri-block copolymers and circles 
represent diblock copolymers. Commercial polymers and respective trendline are found in 
Blue, P(MeOx) and trendline in red, P(EtOx) and trendline in green, and PEG-NonOx and 
trendline in orange. Note: P(MeOx) triblocks (2.9, 2.10) are not included in the P(MeOx) 
trendline.  

C. HLB ratios plotted against the % release of fluorous coumarin 2.24. Raw data are found in 
Figure 2.6. Squares represent tri-block copolymers and circles represent diblock copolymers. 
Commercial polymers and respective trendline are found in Blue, P(MeOx) and trendline in 
red, P(EtOx) and trendline in green, and PEG-NonOx and trendline in orange. 
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Collectively, from these size and stability data we conclude that the HLB (Figure 2.5) is a good 

metric for predicting if diblock copolymer amphiphiles will lead to stable perfluorocarbon 

nanoemulsions (<1x107 nm3 increase in volume). For triblock copolymers, sterics (i.e. length of 

the A block) of the hydrophilic block is a better predictor of stability than HLB.  

 

2.3.3 Payload Retention 

The ideal nanomaterial allows for control of payload release. The advantage of PFC 

nanoemulsions over traditional oil emulsions is that the orthogonal nature of the fluorous phase 

gives a chemical handle to control the loading of different payloads inside the droplets through the 

use of fluorous tags.56 Previously, we have established a relationship between the fluorous tag on 

the payload and retention in the droplets.57,58 Here, we assayed the role of the surfactant in payload 

release by analyzing emulsions containing a consistent payload, fluorous tagged coumarin 2.24. 

Ultimately, multiple methods to control the release profiles of payloads are desirable. Our goal is 

to develop PFC nanoemulsions that can be applied to a wide array of diseases and patients. In 

some instances, slow release will be essential, while in others, complete payload delivery over a 

few days may be desirable.  

To test the retention of the payload in the PFC nanoemulsions, diluted aqueous solutions of 

droplets stabilized by surfactants 2.1–2.16 containing coumarin were rocked against 1-octanol, a 

known cell membrane mimic59 (Figure 2.6A). The fluorescence of the 1-octanol, which 

corresponded to coumarin leached from the nanoemulsions, was monitored to determine the 

percent release of the dye. It is immediately apparent looking at the payload release data in Figure 

2.6B that the surfactant plays a significant role in payload retention. When comparing the three  
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Figure 2.6 (A) Schematic of the partition experiment to determine the degree of coumarin (2.24) 
leaching in the presence of 1-octanol, a cell-membrane mimic. (B) Normalized fluorescence at 500 
nm of 1-octanol layer representing the percentage of leached 2.24. Fluorescence was normalized 
to a free control of 2.24 dissolved in 1-octanol. Bars represent the average of three independent 
samples and error bars represent the standard deviation of three independent samples. 
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hydrophilic blocks (P(MeOx), P(EtOx), and PEG), the P(MeOx) block (polymers 2.5–2.10, red) 

display superior payload retention. We hypothesize this is due to the increased hydrophilicity of 

P(MeOx), over PEG and P(EtOx)36 which minimizes the interaction of the nanoemulsions with 

the 1-octanol layer, retarding the leakage of the coumarin. The largest variability in release is 

observed with the PEG polymers where a clear trend with molecular weight is observed. The 

Pluronics (2.1, 2.2, blue) have the largest PEG content and retain over 90% of their cargo over 14 

days while the Zonyls (2.3, 2.4, blue) which have short PEG blocks of 4–12 repeat units, release 

30% of their cargo within 3 days. Looking at the hybrid PEG-b-NonOx amphiphiles (2.14–2.16), 

it is evident that the larger PEG chain is advantageous for cargo retention as PEG1K-b-NonOx10 

(2.14) displays the worst retention of all polymers tested (74% coumarin loss after 3 days), while 

the PEG5K-b-NonOx10 (2.16) only loses 20% of the payload after 3 days. We attribute this 

molecular weight trend to the increased hydrophilicity and steric protection of the longer 

hydrophilic blocks at the interface, minimizing interactions of the droplets with the 1-octanol 

layer.60,61    

From these data, it appears that leaching of payload from PFC nanoemulsions can be attributed 

to the hydrophilicity and sterics of the studied amphiphiles (Figure 2.5). The increased 

hydrophilicity, either by tuning innate hydrophilicity (PEG and P(EtOx) vs. P(MeOx)) or by 

increasing block length (PEG1K vs. PEG5K) decreases the overall leakage of fluorous payloads. If 

a nanomaterial is desired that will not release its payload, the P(MeOx) series is far superior. If 

slow release of payload over time is necessary, the Zonyl, P(EtOx) or PEG5K-b-NonOx would be 

appropriate choices. 
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2.3.4 Cellular uptake 

Next, we analyzed the effect of the surfactant on the cellular uptake of the PFC nanoemulsions. 

It is well established that nanomaterials, including PFC nanoemulsions, are most often internalized 

via endocytosis.31,33 Previously, we have shown that nanoemulsions stabilized by Pluronic F-68 

(2.1) and P(MeOx30-b-NonOx10) (2.5) loaded with a fluorous soluble rhodamine57 displayed 

colocalization with LysoTracker in phagocytic and non-phagocytic cell lines when analyzed by 

confocal microscopy.38 We performed analogous experiments with surfactants 2.1, 2.5–2.6, 2.11, 

and 2.16, which all displayed robust colocalization with LysoTracker (Figure 2.7), showing the 

molecular structure of the hydrophilic block does not affect the cellular localization of the PFC 

nanoemulsions.  

Despite all PFC nanoemulsions being internalized by endocytosis, we hypothesized that the 

varying surface chemistry may cause differences in the dominant pathway of endocytosis. To test 

this, we further explored the mechanism of endocytosis through treatment with common inhibitors 

for clathrin-mediated (chlorpromazine), caveolin-mediated (methyl-β-cyclodextrin), 

macropinocytosis (wortmannin), micropinocytosis (sodium azide) and energy dependent pathways 

(sodium azide, temperature) (Figure 2.8A).4,5,62–64 We used the macrophage cell line RAW264.7 

for these studies as it is the most well-characterized cell line with the chosen panel of inhibitors. 

To explore the different endocytosis pathways, RAW cells were incubated in basal media for one 

hour with each respective inhibitor. PFC nanoemulsions containing a fluorous soluble rhodamine 

label57 were added and incubated for an additional three hours at 37 ̊ C. For cells at 4 ̊ C, emulsions 

were added and incubated for one hour, to minimize cell death (Figure 2.9). Following incubation, 

the cells were washed to remove excess emulsions. The cells were then imaged (Figure 2.10,  
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Figure 2.7. Colocalization of PFC nanoemulsions stabilized by polymer surfactants (2.1 (PF68), 
2.5 [P(MeOx30-b-NonOx10)], 2.6 [P(MeOx60-b-NonOx10)], 2.11 [P(EtOx30-b-NonOx10)], 2.16 
PEG5K-b-NonOx10) and lysosomes imaged via LysoTracker. Emulsions were loaded with fluorous 
rhodamine (red – B, E, H, K, N) for visualization. Cells were stained with Hoescht (blue) and 
LysoTracker (green – C, F, I, L, O). Cells were imaged via excitation at 405 nm to visualize 
Hoescht, 488 nm to visualize the LysoTracker green (C, F, I, L, O), 532 nm to visualize the 
rhodamine (B, E, H, K, N), and merged to show colocalization (A, D, G, J, M). Black and white 
images can be found in section 2.7.2. Scale bars represent 7.5 µm. 
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Figure 2.8 (A) Schematic of cellular uptake and the inhibitors used to inhibit each mechanism of 
endocytosis. (B-E) FACS analysis of the uptake of PFC nanoemulsions containing fluorous 
rhodamine. RAW264.7 cells were treated with inhibitors (NaN3 (10 mM), Chlorpromazine (60 
µM), Chloroquine (100 µM)) in basal media (DMEM, 0% FBS, 0% PenStrep) for 1 hour at 37 ˚C 
before addition of nanoemulsions and treatment for a further 3 hours. Cells were washed and 
analyzed for fluorous rhodamine fluorescence. Data are the average of three replicate experiments 
performed in triplicate and normalized to cells treated with emulsions but no inhibitor (vertical 
stripes). Error bars represent the standard deviation. Significance is determined by one tailed 
Student T’s test of unequal variance as compared to the no inhibitor samples.  
p<0.05 *   p<0.005 **  
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Figure 2.9. RAW264.7 cell viability after treatment with inhibitors NaN3 (10 mM), 
Chlorpromazine (60 µM), Wortmannin (0.4 µM), MβCD (20 µM), Chloroquine (100 µM). Bars 
represent the average of three independent samples and error bars represent the standard deviation 
of three independent samples. 
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Figure 2.10. Uptake of PFC nanoemulsions stabilized by 2.5 [P(Me30-b-Non10)] and 2.16 (PEG5K-
b-NonOx10) in RAW264.7 cells in the presence or absence of chlorpromazine. (A–D) Uptake 
visualized by confocal microscopy and (E) quantification of fluorous rhodamine pixel intensity. 
Bars represent the average of three independent images. Error bars represent the standard deviation 
of three independent images. 
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Figure 2.11. RAW264.7 cell uptake of PFC nanoemulsions stabilized by amphiphiles 2.1–2.16 
after treatment with buffer (gray), emulsions but not inhibitors (blue), inhibitors Wortmannin (0.4 
µM, purple) and MβCD (20 µM, black). Bars represent the average of three independent samples 
and error bars represent the standard deviation. 
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Supplemental figures 2.7.2) or analyzed via flow cytometry (Figure 2.8 B-E, Supplemental figures 

2.7.1). The data suggest all commercial (2.1–2.4, blue) and P(MeOx) (2.5–2.10, red) emulsions 

are internalized through a clathrin-mediated process as shown by the 30–70% decrease in cellular 

uptake in the presence of chlorpromazine (Figure 2.8 B/C, horizontal stripes). For the more 

hydrophobic polymers P(EtOx) (2.11-2.13, green) and PEGn-b-NonOx10 (2.14-2.16, orange) 

chlorpromazine had much less of an effect, causing only a 20% decrease in uptake (Figure 2.8 

D/E). Wortmannin, and methyl-β-cyclodextrin (MβCD) (Figure 2.11) had minimal effect on the 

uptake of all PFC nanoemulsions indicating that they are not internalized via caveolin or 

micropinocytosis pathways. Sodium azide (NaN3, vertical stripes) did not affect the commercial 

(2.1–2.4), or P(MeOx) (2.5–2.10) but caused a 20% decrease in the uptake of P(EtOx) (2.11–2.13), 

and PEGn-b-NonOx10 (2.14–2.16) emulsions. Chloroquine (diagonal stripes), most commonly 

used as an endosomal escape agent,65 has also been shown to inhibit clathrin-mediated 

endocytosis66 and decreased uptake of all nanoemulsions by 20–30%. For all polymers, lowering 

the temperature drastically affected the uptake, leading to a decrease of 80–90%, indicating that 

internalization is an energy dependent process for all the PFC nanoemulsions assayed. For the 

commercial (2.1–2.4) and the P(MeOx) (2.5–2.10) polymers, clathrin-dependent endocytosis is 

the prominent route as shown by the >40% decrease in uptake when chlorpromazine is present. 

However, the P(EtOx) and the PEGn-b-NonOx10 polymers appear to be endocytosed by a 

combination of pathways allowing for uptake of PFC nanoemulsions in the presence of both 

chlorpromazine and NaN3 (Figure 2.8 B-E).     

To support that the differences in uptake observed for emulsions stabilized by different 

surfactants is due to the surfactant identity and not differences in the emulsion sizes, 

nanoemulsions of consistent surfactant yet different sizes were prepared by altering the weight  
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Figure 2.12. Cellular uptake of nanoemulsions ranging from 150–300 nm emulsions. (A) 
Hydrodynamic diameter of PFC nanoemulsions stabilized by different concentrations of 
P(MeOx30-b-NonOx10) (5). Bars represent the average of three independent samples, error bars 
represent the Z-average multiplied by the PDI of three independent samples. (B) RAW264.7 cell 
uptake of nanoemulsions in A in the presence (red) or absence (gray) of chlorpromazine (60 µM). 
Bars represent the average of three independent samples, and error bars represent the standard 
deviation of three samples. 
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percent of amphiphile employed during emulsion formation. Using this approach, emulsions of 

150–300 nm in diameter were prepared from P(MeOx30-b-NonOx10) (2.5) (Figures 2.12). RAW 

cells were treated with or without chlorpromazine followed by emulsions of different sizes and the 

degree of uptake was assayed by flow cytometry. We found that uptake was universally reduced 

by 50% upon treatment with chlorpromazine, suggesting that any size differences between the 

emulsions did not significantly affect cellular uptake (Figure 2.12). 

 

2.3.5 Protein adsorption 

POx polymers have been used to replace PEG as a non-immunogenic, anti-biofouling alternative 

for surfaces,67,68 protein conjugates,36,69 and nanomaterials.70,71 When nanomaterials come into 

contact with biological material, protein adsorbs to the surface forming a protein corona that masks 

the molecular identity of the material.6 This corona alters the interaction of the nanomaterials and 

cells, which has been reported to influence routes of endocytosis.4–6  

POx polymers have been reported to repel protein more effectively than PEG when conjugated 

to nanomaterials.72,73 We looked to investigate if this trend was consistent for nanoemulsions 

stabilized by POx and PEG amphiphiles. To assay the relative protein adsorption on PFC 

nanoemulsions stabilized by surfactants (2.1–2.16, Figure 2.13A), emulsions were prepared and 

treated with bovine serum albumin (BSA, Figure 2.13, 2.14), cell culture media containing fetal 

bovine serum (FBS, Figure 2.13C), or 10% human serum in phosphate buffered saline (PBS, 

Figure 2.15). First, emulsions were rocked against a BSA solution for two hours, washed and any 

isolated protein was precipitated and quantified via Bradford assay (Figure 2.13B). The results of 

the Bradford assay indicate there is little difference in total protein adsorption between 

nanoemulsions stabilized by polymer surfactants containing PEG, P(MeOx), and P(EtOx)  
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Figure 2.13. (A) Schematic of protein adsorption analysis in which emulsions are rocked against 
a protein solution, washed, and quantified. (B) Bradford analysis of PFC nanoemulsions treated 
with 60 mg/mL BSA for two hours at room temperature. Bars represent the average of three 
experiments, each done in triplicate. Error bars represent standard deviation. Significance is 
determined by one tailed Student T’s test of unequal variance as compared to Pluronic F-68 (2.1)      
p < 0.05 *, p < 0.005 ** (C) SDS-PAGE of PFC nanoemulsions treated with complete media 
(DMEM, 10% FBS, 1% PenStrep), for two hours at room temperature. Protein was denatured, run 
on a 12% gel, and visualized with silver stain. 
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hydrophilic blocks. We further analyzed the protein adsorption by SDS-PAGE analysis. For these 

experiments, surfactants (2.1–2.4, 2.5–2.12, 2.14–2.15) were treated with media containing fetal 

bovine serum (FBS) and subjected to the same procedure as described above. SDS-PAGE analysis 

indicates that all nanoemulsions adsorb BSA present in media (65 kDa protein); however, 

differences are observed in the minor proteins present in FBS. Nanoemulsions stabilized by 

amphiphiles 2.11 and 2.12 containing P(EtOx) hydrophilic blocks displayed significant adsorption 

of the IgG light chain (25 kDa protein). Alternatively, emulsions stabilized by PEG or P(MeOx) 

containing diblock amphiphiles showed more adsorption of low molecular weight proteins Insulin 

(10 kDa) and Cytochrome C (12 kDa). Thus, the SDS-PAGE analysis suggests that the identity of 

the hydrophilic block is able to alter the proteins within the corona, even if the overall magnitude 

of protein adsorbed is similar. The identity of proteins adsorbed to the nanomaterial surface has 

been implicated in promoting the stealth effect through the avoidance of the mononuclear 

phagocyte system (MPS) in vivo.74,75 

After studying the protein corona formed on PFC nanoemulsions in vitro, we were interested in 

the effect the adsorbed protein would have on cellular uptake (Figure 2.16A). To study this, 

emulsions were treated with either PBS or BSA before being added to RAW cells. After 3 hours, 

the cells were washed and analyzed by flow cytometry. We found that the presence of BSA 

affected the overall uptake of nanoemulsions stabilized by 2.1, 2.9, 2.11 and 2.16, but not 2.5 or 

2.6 (Figure 2.16A). The nanoemulsions showed no significant difference in size or fluorescence 

(Figure 2.17), suggesting these results are due to varied amphiphiles. To further analyze the effect 

of the protein corona on cellular uptake, we treated RAW cells with media, emulsions, and the 

cellular internalization inhibitors tested in Figure 4. The presence of BSA showed no effect on the  
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Figure 2.14. Adsorption of BSA on PFC nanoemulsions stabilized by polymer amphiphiles 2.1—
2.16. (A) Hydrodynamic diameter of PFC nanoemulsions. Bars represent the average of three 
independent samples, error bars represent the product of the Z-average and the PDI. (B) Bradford 
analysis of protein adsorption on PFC nanoemulsions. Bars represent the average of three wells, 
and are shown for three independent experiments (trial 1-trial 3). Error bars represent the standard 
deviation of the three wells from each individual trial. 
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Figure 2.15. Silver stained SDS-PAGE gel representing protein adsorption of Human Serum on 
PFC nanoemulsions stabilized by polymer amphiphiles 2.1 (PF68), 2.2 (PF127), 2.3 (Zonyl 
FSO), 2.4 (Zonyl FSN), 2.5 [P(MeOx30-b-NonOx10)], 2.6 [P(MeOx60-b-NonOx10)], 2.7 
[P(MeOx90-b-NonOx10)], 2.8 [P(MeOx90-b-NonOx10)], 2.9 [P(MeOx30-b-NonOx10-b-MeOx30)], 
2.10 [P(MeOx90-b-NonOx10-b-MeOx90)], 2.11 [P(EtOx30-b-NonOx10)], 2.13 [P(EtOx90-b-
NonOx10)], 2.15 (PEG2K-b-NonOx10), 2.16 (PEG5K-b-NonOx10). 
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Figure 2.16. (A) Comparative endocytosis of PFC nanoemulsions in the presence or absence of a 
protein corona (+/- BSA). PFC nanoemulsions were treated with 60 mg/mL BSA or PBS for two 
hours at room temperature, washed by centrifugation 2x and added to cells (3 hr, 37 ˚C, 5% CO2). 
Fluorous rhodamine fluorescence was measured via FL2 channel by FACS. Bars represent the 
average of two replicate experiments performed in triplicate. Error bars represent the standard 
deviation. (B) FACS analysis of the uptake of PFC nanoemulsions containing fluorous rhodamine. 
RAW264.7 cells were treated with inhibitors (NaN3 (10 mM), Chlorpromazine (60 µM), and, 
Chloroquine (100 µM)) in complete media (DMEM, 10% FBS, 1% PenStrep) for 1 hour at 37 ˚C 
before addition of nanoemulsions and treatment for a further 3 hours. Cells were washed and 
analyzed for fluorous rhodamine fluorescence. Data are the average of three replicate experiments 
performed in triplicate and normalized to cells treated with emulsions but no inhibitor. Error bars 
represent the standard deviation. One tailed student T-test with unequal variance was performed 
in relation to no inhibitor.  p<0.05 *  p<0.01 ** 
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Figure 2.17. Cellular uptake of nanoemulsions stabilized by 2.1 (PF68), 2.5 [P(MeOx30-b-
NonOx10)], 2.6 [P(MeOx60-b-NonOx10)], 2.9 [P(MeOx30-b-NonOx10-b-MeOx30)], 2.11 [P(EtOx30-
b-NonOx10)], 2.16 (PEG5K-b-NonOx10). Initial size shown in red. Bars represent the average of 
three DLS sample runs on the same sample and error bars represent the product of the Z-average 
and the PDI. The fluorescence of each nanoemulsion was measured (gray). 
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Figure 2.18. Cellular uptake of nanoemulsions ranging from 150—300 nm emulsions. (A) 
Hydrodynamic diameter of PFC nanoemulsions stabilized by different concentrations of 
P(MeOx30-b-NonOx10) (5). Bars represent the average of three independent samples, error bars 
represent the product of the Z-average and the PDI. (B) RAW264.7 cell uptake of nanoemulsions 
in A in the presence or absence of chlorpromazine and the presence (complete) or absence (basal) 
of protein. Bars represent the average of three independent samples and error bars represent the 
standard deviation of three independent samples. 
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route of endocytosis (Figures 2.16B, Figure 2.18), indicating that the presence of protein does 

not influence the mechanism of endocytosis.  

 

2.4 Conclusion 

In this work, we utilized a polymer library to investigate the effect of polymer amphiphiles on 

stabilizing PFC nanoemulsions through the systematic variation of the hydrophilic block of the 

surfactants. From this study, when determining the best polymer amphiphile to stabilize 

nanoemulsions, the length of the A block, the hydrophilic: lipophilic balance (HLB), the polymer 

architecture and the molecular identity should be considered. Each of these properties plays a role 

in the initial size, stability, payload retention, cellular endocytosis, and protein adsorption of PFC 

nanoemulsions. We envision these design principles can be applied to other polymer amphiphile 

stabilized nanoemulsion systems. 

The initial size of PFC nanoemulsions is influenced by the size and sterics of the hydrophilic 

(A) block of the polymer amphiphiles. In most cases, longer A blocks produce larger initial 

nanoemulsions. This is particularly evident when considering the P(EtOx) series in which 

P(EtOx30-b-NonOx10) (2.11) are initially 200 nm, while both P(EtOx90-b-NonOx10) (2.12) and 

P(EtOx90-b-NonOx30) (2.13) are 300 nm and 320 nm respectively.  The commercial and P(MeOx) 

follow this trend, with the PEGn-b-NonOx10 displaying similar initial sizes, with large dispersities. 

The stability of the droplets over 30 days can be attributed to the HLB of the polymer. The 

P(MeOx) diblock polymers (2.5–2.8) and P(EtOx) (2.11–2.13) display this trend. As the ratio 

increases from 3:1 (P(MeOx30-b-NonOx10) (2.5)) to 6:1 (P(MeOx60-b-NonOx10) (2.6)) and 9:1 

(P(MeOx90-b-NonOx10) (2.7)) the change in volume of the droplets over 30 days increases from 

1.5x107 nm3 to 2.75x107 nm3. However, when the ratio returns to 3:1 with P(MeOx90-b-NonOx30) 
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(2.8) the droplets display similar stability to 2.5. This holds true for the P(EtOx) series as well in 

which 2.11 and 2.13 have a 3:1 ratio.  

The retention of payload is determined by the size of the hydrophilic (A) block, and the 

molecular identity of the A block. Both of these factors determine the overall hydrophilicity of the 

A block. P(MeOx) is more hydrophilic than PEG, which is more hydrophilic than P(EtOx). This 

is displayed with the commercial polymers in which the long PEG triblock copolymers (2.1, 2.2) 

display superior retention (<10% release over 14 days) compared to the shorter diblock Zonyl 

polymers (2.3, 2.4). In addition, all P(MeOx) polymers retain 80% of the fluorous coumarin over 

14 days compared to the P(EtOx) polymers that retain ~50% of the fluorous coumarin after 3 days. 

The PEGn-b-NonOx10 polymers showcase that the hydrophilicity can also be tuned through 

increasing the length of the hydrophilic block, in which 2.16 retains 80% of the cargo after 3 days 

but 2.14 only retains 20% after 3 days.   

Lastly, the cellular endocytosis and the protein adsorption are controlled by the molecular 

identity and the polymer architecture. The more hydrophilic polymers, the commercial and 

P(MeOx) polymers, undergo clathrin mediated endocytosis while the more hydrophobic polymers, 

P(EtOx) and PEGn-b-NonOx10, are internalized by several mechanisms. Overall, the triblock 

copolymers behave similarly to the diblock copolymers, with slight differences in the identity of 

the proteins that are adsorbed.  

This study provides necessary background on the structure—property relationship of polymer 

amphiphiles for the stabilization of PFC nanoemulsions. Through the identification of four 

criteria– hydrophilic block size, hydrophilic: lipophilic balance (HLB), molecular identity and 

polymer architecture– the ideal nanomaterial can be more easily realized. Future work involves 
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combining the amphiphile design rules established here with fluorous-tagged therapeutics to 

enable efficient, personalized, drug delivery with nanoemulsions.  
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2.5 Experimental Procedures 

2.5.1 General nanoemulsion formation procedure 

Polymer surfactant (5.6 mg, 2.8 wt%) was dissolved in cosolvent (20 µL, DMF, MeOH or THF) 

and sonicated in a bath sonicator (~15 minutes) until fully dissolved, at which point 7:3 

perfluorodecalin : perfluorotripropylamine (10 vol%, 20 µL) was added, followed by PBS buffer 

pH 7.4 (200 µL). Pluronic F-68 (2.1), Pluronic F-127 (2.2), Zonyl FSO (2.3), Zonyl FSN (2.4) 

required no cosolvent. P(MeOxx-b-NonOxy-b-MeOxz) (2.5–2.10), P(EtOxx-b-NonOxy) (2.11–

2.13) and PEG1K-b-NonOx10 (2.14) were dissolved in DMF. PEG2K-b-NonOx10 (2.15) and PEG5K-

b-NonOx10 (2.16) were dissolved in THF and MeOH, respectively. The mixture was sonicated at 

35% amplitude for 90 seconds at 0 °C on a QSonica (Q125) sonicator. For P(EtOxx-b-NonOxy) 

(2.11–2.13) and PEGn-b-NonOxm (2.14–2.16) polymers the mixture was sonicated at 35% 

amplitude for 90 seconds pulsed on for 2 seconds, off for 10 seconds at 0 °C. Sonication was 

performed by lowering the probe directly at the liquid-liquid interface of the two immiscible 

solvents. To remove cosolvents, emulsions are washed by centrifugation (5.6 x g, 3 min, 2x). 

 

2.5.2 Nanoemulsion size analysis 

The bulk emulsion solution was diluted in MilliQ H2O (20 µL emulsions in 2 mL MilliQ H2O) in 

a plastic 1 cm cuvette. Size was analyzed with a Malvern Zetasizer Nano dynamic light scattering. 

Data are representative of three replicate measurements. Size error bars represent the product of 

the dispersity and the z-average of the measurements. 
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2.5.3 Payload release experiment 

Perfluorocarbon nanoemulsions (2.1–2.16) containing fluorous coumarin 2.24 were prepared by 

dissolving coumarin in acetone to make a stock solution (2.3 mg/mL). Coumarin 2.24 (0.05 mg, 

0.04 µmol, 20 µL) was then aliquoted in to eppendorf tubes and the acetone was dried. Once dried, 

perfluorocarbons (7:3 PFD: PFTPA, 20 µL) were added to dissolve the coumarin, and deionized 

water (200 µl) was added. Separately, the polymers were dissolved with required cosolvent. The 

PFC / water mixture was placed on the sonication probe, and immediately before starting the probe, 

the polymer solution (see general nanoemulsion formation procedure) was added. The mixture was 

sonicated for 90 s either continuously or pulsed as described in the general nanoemulsion 

formation procedure. Immediately after formation, emulsion solution (40 µL) was diluted with 

PBS (960 µL) and 1-octanol (500 µL) was layered on top of the water and placed on an orbital 

rocker at 40 rpm.  

The 1-octanol (200 µL) was removed with a syringe (250 µL Hamilton) at 3 h, 1 day, 3 days, 7 

days, 10 days, and 14 days and the fluorescence were measured in a 0.3 cm quartz cuvette. After 

measurement, the 1-octanol was carefully replaced to minimize loss during transfer and placed 

back on the rocker until the next measurement.  

The control was fluorous coumarin 2.24 (3.2 µL, 0.007 mg, 6.09 nmol) dissolved in 1-octanol (500 

µL) directly, and bath sonicated for 10 min to dissolve. This is the amount of fluorous coumarin 

that is expected to come into contact with the 1-octanol after the emulsions were diluted with PBS.   

Photoluminescence spectra were obtained on a Horiba Instruments PTI QuantaMaster Series 

fluorometer. 
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2.5.4 General photophysics procedures 

Photoluminescence spectra were obtained on a Horiba Instruments PTI QuantaMaster Series 

fluorometer. Quartz cuvettes (0.3 cm path length) were used for photoluminescence measurements 

unless otherwise noted. 

 

2.5.5 General cell culture procedures 

RAW264.7 cells (ATCC cat# TIB-71) were cultured in Dulbecco’s Modified Eagle Media 

(DMEM, Life Technologies, cat# 11995073) supplemented with 10% fetal bovine serum 

(Corning, lot# 35016109) and 1% penicillin-streptomycin (Life Technologies, cat# 15070063). 

Cells were washed with PBS, or PBS supplemented with 1% fetal bovine serum (FBS, FACS 

buffer). Cells were incubated at 37 ˚C, 5% CO2, during treatments and throughout culturing, in 

HERACell 150i CO2 incubators. Cells were pelleted through use of Sorvall ST 40R centrifuge. 

All cell work was performed in 1300 Series A2 biosafety cabinets. 

For cell viability experiments: following incubation, cells were washed three times by 

centrifugation (526 x g, 3 min, 4˚C). Propidium iodide solution (PI, 2 µL of 1 mg/mL in PBS) was 

added to each well. Cells treated with PI were transferred to FACS tubes with a final volume of 

200 µL FACS buffer (PBS + 1% FBS). Cells were incubated on ice for 15 minutes prior to flow 

cytometry measurement. PI fluorescence was measured on FL2 channel. Data were analyzed by 

splitting the population at 102 as a live/dead line. Flow cytometry was performed on a 

BDBiosciences FACSCalibur equipped with 488 nm and 635 nm lasers. For assessment of the 

statistical significance of differences, a one-tailed Student’s t-test assuming unequal sample 

variance was employed.  
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For inhibition experiments: Media was removed and replaced with DMEM (100 µL of either basal 

or complete) and inhibitors NaN3 (10 mM), Chlorpromazine (60 µM), Wortmannin (0.4 µM), 

MβCD (20 µM), Chloroquine (100 µM). After 1 h, emulsions (10 µL) were added to the cells and 

incubated for 3 h at 37 ˚C, 5% CO2. For 4 ˚C, emulsions were added to cells and placed at 4 ˚C for 

1 h to prevent excessive cell death. Cells were then washed with media 3x, sterile lithium chloride 

buffer (LiCl: 0.25 M LiCl, 1 mM EDTA, 10 mM Tris-HCl) 3x, PBS 1x, then lifted with trypsin 

and transferred to a v-bottom 96-well plate. Note: PFC nanoemulsions are dense and settle on top 

of cells. Slight rocking was necessary to successfully remove excess emulsions. Cells were washed 

by centrifugation (2x, 526 x g, 3 min) and resuspended in FACS buffer (PBS + 1% FBS) to a final 

volume of 200 µL. Uptake was analyzed by FL2 channel on a FACSCalibur flow cytometer. 

15,000 cells were collected per sample. Each emulsion was normalized to one of the replicates in 

the samples with no inhibitors present. Error bars represent the standard deviation of 3 replicate 

experiments.  
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2.6 Figure experimental procedures 
 
 

Figure 2.2 C/D. 

Perfluorocarbon nanoemulsions (2.1, 2.5–2.6, 2.9, 2.16) were prepared following the general 

nanoemulsion formation procedure containing either perfluorooctyl bromide (PFOB), 

perfluoro-15-crown-5-ether (PFCE) or, 7:3 perfluorodecalin (PFD) perfluorotripropylamine 

(PFTPA) (10 vol%, 20 µL). Size was measured on day 0, day 1, day 2, day 3, day 7, and day 14 

by resuspending emulsions via vortexing briefly (~5 s) and pipetting up and down, then diluting 

1:1000 following nanoemulsion size analysis. Reported is the change in volume from day 0 to 

day 14.  Error bars represent the standard deviation of the measurements. 

𝑉𝑉 =  4
3
𝜋𝜋𝑟𝑟3            (2.3) 

where r = radius of nanoemulsions 

 

Figure 2.2 E/F.  

Perfluorocarbon nanoemulsions stabilized by each surfactant (2.1–2.16) were prepared as 

described in the general nanoemulsion formation procedure. Emulsion size was then monitored 

on day 1, 2, 3, 7, 14, and 30 following the general nanoemulsions analysis procedure. Bars 

represent the average of three samples and error bars represent the standard deviation of three 

samples.  

 

Volume is a more accurate description of Ostwald ripening over time. Thus, diameter on day 0 

and day 30 were converted to volume of a sphere. 
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where r is radius. Bars represent the difference of volume on day 30 and day 0 of three samples. 

Error bars represent the propagation of error of three separate samples. 

 

Figure 2.3.  

Perfluorocarbon nanoemulsions (2.1–2.5, 2.7–2.9, 2.11–2.13) were prepared through 

ultrasonication (35% amp, 90 sec) of solutions containing 7:3 perfluorodecalin (PFD) 

perfluorotripropylamine (PFTPA) (10 vol%, 20 µL) and polymer surfactant 28 mg/mL (2.8 wt%, 

blue), 14 mg/mL (1.4 wt%, red), 7 mg/mL (0.7 wt%, orange), and 3.5 mg/mL (0.35 wt%, grey) in 

phosphate buffered saline (PBS, pH 7.4, 200 µL). Error bars represent the average of the product 

of the Zaverage and the polydispersity index of three replicate samples. Size was measured following 

the nanoemulsion size analysis. 

 

Stock solutions of PF68 (2.1), PF127 (2.2), Zonyl FSN-100 (2.3), and Zonyl FSO (2.4) were made 

in PBS (phosphate buffered saline) pH 7.4 at 28 mg/mL. Stock solutions of the POx polymers 

(2.7–2.9, 2.11–2.13) were made in PBS with 10% DMF at 28 mg/mL.  

 

Figure 2.4. 

Perfluorocarbon nanoemulsions (2.1–2.16) were prepared through ultrasonication following the 

general nanoemulsion formation procedure. Size was measured on day 0 (grey), day 1 (purple), 

day 2 (blue), day 3 (green), day 7 (yellow), day 14 (orange), and day 30 (red) by resuspending 

emulsions via vortexing briefly (~5 s) and pipetting up and down, following the nanoemulsion 

size analysis. Error bars represent the average of the product of the Zaverage and the polydispersity 

index of three replicate samples. 
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Stock solutions of PF68 (2.1), PF127 (2.2), Zonyl FSN-100 (2.3), and Zonyl FSO (2.4) were made 

in PBS (phosphate buffered saline) pH 7.4 at 28 mg/mL. Stock solutions of the POx polymers 

were made in PBS with 10% DMF at 28 mg/mL. Stock solutions of PEG1K-b-NonOx (2.14), 

PEG2K-b-NonOx (2.15), and PEG5K-b-NonOx (2.16) were made in PBS with 10% MeOH, THF, 

and DMF respectively at 28 mg/mL.  

 

Figure 2.6B.  

Perfluorocarbon nanoemulsions (2.1–2.16) containing fluorous coumarin 2.24 were prepared by 

dissolving coumarin in acetone to make a stock solution (2.3 mg/mL). Coumarin 2.24 (0.05 mg, 

0.04 µmol, 20 µL) was then partioned to eppendorf tubes and the acetone was dried. Once dried, 

perfluorocarbons (7:3 PFD : PFTPA, 20 µL) were added to dissolve the coumarin, and deionized 

water (200 µL) was added. Separately, the polymers were dissolved with required cosolvent. The 

PFC/water mixture was placed on the sonication probe, and immediately before starting the probe, 

the polymer solution (see general nanoemulsion formation procedure) was added. The mixture 

was sonicated for 90s either continuously or pulsed as described in the general nanoemulsion 

formation procedure. Immediately after formation, emulsions solution (40 µL) was diluted with 

PBS (960 µL). 1-octanol (500 µL) was layered on top of the water and placed on an orbital rocker 

at 40 rpm.  

 

The 1-octanol (200 µL) was removed with a syringe (250 µL Hamilton) at 3 h, 1 day, 3 days, 7 

days, 10 days, and 14 days and the fluorescence was measured in a 0.3 cm cuvette as described in 

the general photophysics procedures. After measurement, the 1-octanol was then carefully 

replaced to minimize loss during transfer and placed back on the rocker until next measurement.  
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The control was fluorous coumarin 2.24 (3.2 µL, 0.007 mg, 6.1 nmol) dissolved in 1-octanol (500 

µL) directly, and bath sonicated for 10 min to dissolve. This is the amount of fluorous coumarin 

that is expected to come into contact with the 1-octanol after the emulsions were diluted with PBS.  

 

Fluorimeter settings: Path length: 0.3 cm, Exc: 375 nm, collect: 400-700 nm, all slits: 2nm, 

Integration: 0.1 sec. 

 

Figure 2.7.  

Perfluorocarbon nanoemulsions (2.1, 2.5–2.6, 2.11, 2.16) containing fluorous rhodamine were 

prepared by making nanoemulsions following the general nanoemulsion formulation 

procedure. After washing by centrifugation, fluorous rhodamine dissolved in acetone (0.4 µL of 

9.2 mg/mL stock, 0.4 mg) was added and emulsions were resonicated.  

 

RAW264.7 cells (30,000 cells/well) were plated on a µ-Slide 8 Well ibiTreat tissue culture treated 

slides (Ibidi Cat# 80826). Cells were allowed to adhere overnight. Media was replaced with 

complete DMEM and treated with emulsions (2.1, 2.5–2.6, 2.11, 2.16). Treatment was incubated 

for 3 h (37 ˚C, 5% CO2). After treatment, cells were washed with media 3x, LiCl buffer 3x and 

replaced with OptiMEM containing cellular stains. PFC emulsions are dense and settle onto the 

cells, to remove the emulsions, slight rocking was necessary. Cells were stained with Hoechst 

(3.24 µM, ThermoFisher Cat# PI62249), LysoTracker Green DND-26 (200 nM, Cell Signaling 

Technologies Cat# 8783S). Cells were incubated with Hoescht at room temperature for 30 minutes 

prior to imaging, Hoescht in OptiMEM was removed and replaced with OptiMEM containing 

LysoTracker stains and imaged immediately. 
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PFC nanoemulsions stabilized by polymer surfactants (2.1, 2.5–2.6, 2.11, 2.16) were labeled with 

fluorous rhodamine (red – B, E, H, K, N). Cells were stained with Hoescht (blue) and LysoTracker 

(green – C, F, I, L, O). Cells were imaged via excitation at 488 nm to visualize the LysoTracker 

green (C), 532 nm to visualize the rhodamine (D), and merged to show colocalization (A, D, G, J, 

M). Scale bars represent 7.5 µm. 

 

Confocal settings were as follows: Hoechst (405 laser-50%, 800 gain, offset -0.4, collection 420-

500nm), LysoTracker Green DMD-26 (488 laser-50%, 800 gain, offset -0.4, collection 500-550 

nm), Rhodamine (532 laser-50%, 800 gain, offset -0.4, collection 540-700nm), DIC (scan-BF, 450 

gain, offset -0.4). Scale bar represents 7.5 µm. Images were processed in ImageJ. Confocal 

microscopy was performed on a TCS SPE Leica confocal microscope containing 405 nm, 488 nm, 

532 nm and 635 nm lasers. 

 

Figure 2.8A-E. 

Perfluorocarbon nanoemulsions (2.1–2.16) containing fluorous rhodamine were prepared by 

making nanoemulsions following the general nanoemulsion formulation procedure. After 

washing by centrifugation, fluorous rhodamine dissolved in acetone (0.4 µL of 9.2 mg/mL stock, 

0.4 mg) was added and emulsions were resonicated.  

 

RAW264.7 cells (100,000 cells/well) were plated on a flat bottom 96-well plate (Fisher, Cat# 07-

201-94). Cells were allowed to adhere overnight. Media was replaced with basal DMEM and 

inhibitors: NaN3 (10 mM), Chlorpromazine (60 µM), Wortmannin (0.4 µM), MβCD (20 µM), 

Chloroquine (100 µM) and incubated for 1 h (37 ˚C, 5% CO2). Emulsions were added (10 µL) and 
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incubated for a further 3 h (37 ˚C, 5% CO2). For 4 ˚C, emulsions were added to cells and placed 

at 4 ˚C for 1 h to prevent excessive cell death. Cells were then washed with media 3x, LiCl buffer 

3x, PBS 1x, then lifted with trypsin and transferred to a v-bottom 96-well plate (Fisher, Cat# 07-

200-96). Cells were washed by centrifugation (2x, 526 x g, 3 min) and resuspended in FACS buffer 

(PBS + 1% FBS) to a final volume of 200 µL. Uptake was analyzed by FL2 channel on a 

FACSCalibur flow cytometer. 15,000 cells were collected per sample. Error bars represent the 

standard deviation of three replicate experiments.  

 

Figure 2.9.  

Media was removed and replaced with 100 µL of basal DMEM containing inhibitors NaN3 (10 

mM), Chlorpromazine (60 µM), Wortmannin (0.4 µM), MβCD (20 µM), Chloroquine (100 µM). 

Cells were incubated with inhibitors for 4 h at 37 ˚C, 5% CO2.  Cells were placed at 4 ˚C for 1 h 

to prevent excessive cell death. Cells were then washed with media 3x, LiCl buffer 3x, PBS 1x, 

then lifted with trypsin and transferred to a v-bottom 96-well plate. Cells were washed by 

centrifugation (2x, 526 x g, 3 min) and resuspended in FACS buffer (PBS + 1% FBS) to a final 

volume of 200 µL. Cells were stained with propidium iodide (2 µL, 1 mg/mL, 15 min) on ice. 

Viability was analyzed by FL2 channel on a FACSCalibur flow cytometer. 15,000 cells were 

collected per sample. Error bars represent the standard deviation of three replicate experiments.  

 

Figure 2.10.  

Perfluorocarbon nanoemulsions stabilized by (P(MeOx30-b-NonOx10) (2.5) and PEG5K-b-

NonOx10 (2.16)) containing fluorous rhodamine were prepared by making nanoemulsions 

following the general nanoemulsion formulation procedure. After washing by centrifugation, 
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fluorous rhodamine dissolved in acetone (0.4 µL of 9.2 mg/mL stock, 0.4 mg) was added and 

emulsions were resonicated.  

 

RAW264.7 cells (30,000 cells/well) were plated on a µ-Slide 8 Well ibiTreat tissue culture treated 

slides (Ibidi Cat# 80826). Cells were allowed to adhere (O/N). Media was replaced with either 

basal DMEM or basal DMEM and chlorpromazine (60 µM). Cells were incubated with 

chlorpromazine for 1 h before addition of emulsions and then further incubated for 3 h at 37 ˚C, 

5% CO2. After treatment, cells were washed with media 3x, LiCl buffer 3x and replaced with 

OptiMEM containing cellular stains. PFC emulsions are dense and settle onto the cells, to remove 

the emulsions, slight rocking was necessary. Cells were stained with Hoechst (3.24 µM, 

ThermoFisher Cat# PI62249), LysoTracker Green DND-26 (200 nM, Cell Signaling Technologies 

Cat# 8783S).  Cells were incubated with Hoescht at room temperature for 30 minutes prior to 

imaging, Hoescht in OptiMEM was removed and replaced with OptiMEM containing LysoTracker 

stains and imaged immediately. Scale bar represents 25 µm. 

 

ImageJ was used to analyze the total pixel intensity of the emulsions (rhodamine channel, red). 

Bars represent the average of three independent images, and error bars represent the standard 

deviation. 

 

Figure 2.11.  

Perfluorocarbon nanoemulsions stabilized by 2.1–2.16 containing fluorous rhodamine were 

prepared by making nanoemulsions following the general nanoemulsion formulation 
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procedure. After washing by centrifugation, fluorous rhodamine dissolved in acetone (0.4 µL of 

9.2 mg/mL stock, 0.4 mg) was added and emulsions were resonicated.  

 

RAW264.7 cells (100,000 cells/well) were plated on a flat bottom 96-well plate (Fisher, Cat# 07-

201-94). Cells were allowed to adhere (O/N). Media was replaced with complete DMEM and 

inhibitors: Wortmannin (0.4 µM, purple), MβCD (20 µM, black). Cells were incubated with 

inhibitors for 1 h at 37 ˚C, 5% CO2. After 1 h, emulsions (10 µL) were added to the cells and 

incubated for 3 h at 37 ˚C, 5% CO2. Cells were then washed with media 3x, LiCl buffer 3x, PBS 

1x, then lifted with trypsin and transferred to a v-bottom 96-well plate (Fisher, Cat# 07-200-96). 

Cells were washed by centrifugation (2x, 526 x g, 3 min) and resuspended in FACS buffer (PBS 

+ 1% FBS) to a final volume of 200 µL. Uptake was analyzed by FL2 channel on a FACSCalibur 

flow cytometer. 15,000 cells were collected per sample. Each emulsion was normalized to no 

inhibitors present. Error bars represent the standard deviation of 3 replicate experiments.  

 

Figure 2.12.  

P(MeOx30-b-NonOx10) (2.5) emulsions containing fluorous rhodamine were prepared by making 

nanoemulsions following the general nanoemulsion formulation procedure. After washing by 

centrifugation, fluorous rhodamine dissolved in acetone (0.4 µL of 9.2 mg/mL stock, 0.4 mg) was 

added and emulsions were resonicated.  

 

A. P(MeOx30-b-NonOx10) (2.5) emulsions were prepared following the general 

nanoemulsion formulation protocol. Prior to addition of fluorous rhodamine, size was 
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measured by following the nanoemulsion size analysis. Error bars represent the average 

of the product of the Zaverage and the polydispersity index of three replicate samples. 

B. RAW264.7 cells were plated in a 96-well plate (100,00 cells/well). Chlorpromazine (60 

µM) was added to the cells and incubated for 1 h at 37˚C, 5% CO2. After 1 h, emulsions 

(10 µL) were added to the cells and incubated for 3 h at 37˚C, 5% CO2. Cells were then 

washed with media 3x, LiCl buffer 3x, PBS 1x, then lifted with trypsin and transferred to 

a v-bottom 96-well plate (Fisher, Cat# 07-200-96). Cells were washed by centrifugation 

(2x, 526 x g, 3 min) and resuspended in FACS buffer (PBS + 1% FBS) to a final volume 

of 200 µL. Uptake was analyzed by FL2 channel on a FACSCalibur flow cytometer. 15,000 

cells were collected per sample. Each emulsion size was normalized to one of the replicates 

in the samples without chlorpromazine. Error bars represent the standard deviation of 3 

replicate samples. 

 

Figure 2.13B/Figure 2.14.  

Perfluorocarbon nanoemulsions (2.1–2.16) were prepared by following the general 

nanoemulsion formulation procedure. After washing, emulsions (100 µL) were diluted with 

deionized water (1 mL DI H2O) or 60 mg/mL BSA dissolved in water (1 mL). Emulsions were 

rocked on an orbital rocker for 2 h at 40 rpm. Following treatment, emulsions are washed with DI 

H2O by centrifugation 2x (5.6 x g, 3 min), to remove unbound protein. Following the last wash, 

emulsions were resuspended in dichloromethane (DCM, 100 µL) and sonicated with the probe 

sonicator for 30 s. The DCM was then evaporated to leave a film of polymer and protein. Protein 

was then dissolved in DI H2O (100 µL) and cold acetone (400 µL). The mixture was cooled for 2 

h (-20 ˚C) to precipitate the protein. The tubes were then centrifuged (17.7 x g, 10 min), to pellet 
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protein. The supernatant was removed and the process was repeated to precipitate the protein again. 

Following precipitation, samples were dissolved in DI H2O (150 µL).  

 

Protein concentration was measured via Bradford assay. A standard curve of BSA from 0–30 

µg/mL was made following manufacturer specifications (VWR, Cat# P123200). Samples were 

measured by diluting 10 µL sample with 290 µL Bradford reagent. Absorbance was measured on 

plate reader at 595 nm.  

 

Absorbance of emulsions treated with DI H2O was subtracted from absorbance of emulsions 

treated with BSA. Data represents the average of three independent experiments, each experiment 

was performed in triplicate. Error bars represent the standard deviation of the trials.  

 

Figure 2.13C. 

Perfluorocarbon nanoemulsions (2.1–2.12, 2.14–2.15) were prepared by following the general 

nanoemulsion formulation procedure. After washing, emulsions (100 µL) were diluted with 

complete DMEM (1 mL, 10 % FBS, 1% PenStrep). Emulsions were rocked on an orbital rocker 

for 2 h at 40 rpm. Following treatment, emulsions are washed with DI H2O by centrifugation 2x 

(5.6 x g, 3min), to remove unbound protein. Following the last wash, emulsions were resuspended 

in Laemmli buffer (BioRad, Cat# 1610737) containing β-mercaptoethanol (βME) and heated (95 

˚C, 5 min) to denature proteins. Emulsions were pelleted (5.6 x g, 3 min), and supernatant was 

loaded onto 12% SDS-PAGE gel (BioRad, Cat# 5671043). The gel was run at 120 V for 50 min, 

and stained with silver stain (ThermoFisher, Cat# PI24612) for visualization.  
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Figure 2.15. 

Perfluorocarbon nanoemulsions (2.1–2.13, 2.15–2.16) were prepared by following the general 

nanoemulsion formulation procedure. After washing, emulsions (100 µL) were diluted with 

10% human serum diluted in PBS (1 mL, pH 7.4). Emulsions were rocked on an orbital rocker for 

2 h at 40 rpm. Following treatment, emulsions were washed with DI H2O by centrifugation 2x (3 

rpm, 3 min), to remove unbound protein. Following the last wash, emulsions were resuspended in 

Laemmli buffer (BioRad, Cat# 1610737) containing β-mercaptoethanol (βME) and heated (95 ˚C, 

5 min) to denature proteins. Emulsions were pelleted (5.6 x g, 3 min), and the supernatant was 

loaded onto 12% SDS-PAGE gel (BioRad, Cat# 5671043). The gel was stained with silver stain 

(ThermoFisher, Cat# PI24612) for visualization.  

 

Figure 2.16A/Figure 2.17. 

Perfluorocarbon nanoemulsions (2.1, 2.5–2.6, 2.9, 2.11, 2.16) containing fluorous rhodamine were 

prepared by making nanoemulsions following the general nanoemulsion formulation 

procedure. After washing by centrifugation, fluorous rhodamine dissolved in acetone (0.4 µL of 

9.2 mg/mL stock, 0.4 mg) is added and emulsions are re-sonicated. Emulsions (100 µL) were 

treated with either 60 mg/mL BSA in H2O (+ serum) or H2O (- serum) (1 mL each). The emulsions 

were rocked for 2 hours at room temperature, washed by centrifugation (3.0 rpm, 3 min, 3x), 

resuspended in 100 µL of H2O and added to cells.  

 

RAW264.7 cells (100,000 cells/well) were plated on a flat bottom 96-well plate (Fisher, Cat# 07-

201-94). Cells were allowed to adhere (O/N). Media was replaced with 100 µL of basal media. 

Emulsions (+/- serum) were added and incubated for 3 h (10 µL, 37 ˚C, 5% CO2). Cells were then 
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washed with media 3x, LiCl buffer 3x, PBS 1x, then lifted with trypsin and transferred to a v-

bottom 96-well plate (Fisher, Cat# 07-200-96). Cells were washed by centrifugation (2x, 526 x g, 

3 min) and resuspended in FACS buffer (PBS + 1% FBS) to a final volume of 200 µL. Uptake 

was analyzed by FL2 channel on a FACSCalibur flow cytometer. 15,000 cells were collected per 

sample. Error bars represent the standard deviation of three replicate experiments. 

 

Figure 2.16B/Figure 2.17. 

Perfluorocarbon nanoemulsions (2.1, 2.5–2.6, 2.9, 2.11, 2.16) containing fluorous rhodamine were 

prepared by making nanoemulsions following the general nanoemulsion formulation 

procedure. After washing by centrifugation, fluorous rhodamine dissolved in acetone (0.4 µL of 

9.2 mg/mL stock, 0.4 mg) was added and emulsions were re-sonicated.  

 

RAW264.7 cells (100,000 cells/well) were plated on a flat bottom 96-well plate (Fisher, Cat# 07-

201-94). Cells were allowed to adhere (O/N). Media was replaced with complete DMEM and 

inhibitors: NaN3 (10 mM), Chlorpromazine (60 µM), Wortmannin (0.4 µM), MβCD (20 µM), 

Chloroquine (100 µM) and incubated for 1 h (37 ˚C, 5% CO2). Emulsions were added (10 µL) and 

incubated for a further 3 h (37 ˚C, 5% CO2). For 4 ˚C, emulsions were added to cells and placed 

at 4 ˚C for 1 h to prevent excessive cell death. Cells were then washed with media 3x, LiCl buffer 

3x, PBS 1x, then lifted with trypsin and transferred to a v-bottom 96-well plate (Fisher, Cat# 07-

200-96). Cells were washed by centrifugation (2x, 526 x g, 3 min) and resuspended in FACS buffer 

(PBS + 1% FBS) to a final volume of 200 µL. Uptake was analyzed by FL2 channel on a 

FACSCalibur flow cytometer. 15,000 cells were collected per sample. Error bars represent the 

standard deviation of three replicate experiments.  
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Figure 2.18 

Perfluorocarbon nanoemulsions (2.1, 2.5–2.6, 2.9, 2.11, 2.16) containing fluorous rhodamine were 

prepared by making nanoemulsions following the general nanoemulsion formulation 

procedure. After washing by centrifugation, fluorous rhodamine dissolved in acetone (0.4 µL of 

9.2 mg/mL stock, 0.4 mg) was added and emulsions were re-sonicated.  

 

RAW264.7 cells (100,000 cells/well) were plated on a flat bottom 96-well plate (Fisher, Cat# 07-

201-94). Cells were allowed to adhere (O/N). Media was replaced with complete DMEM and 

inhibitors: NaN3 (10 mM), Chlorpromazine (60 µM), Wortmannin (0.4 µM), MβCD (20 µM), 

Chloroquine (100 µM) and incubated for 1 h (37 ˚C, 5% CO2). Emulsions were added (10 µL) and 

incubated for a further 3 h (37 ˚C, 5% CO2). For 4 ˚C, emulsions were added to cells and placed 

at 4 ˚C for 1 h to prevent excessive cell death. Cells were then washed with media 3x, LiCl buffer 

3x, PBS 1x, then lifted with trypsin and transferred to a v-bottom 96-well plate (Fisher, Cat# 07-

200-96). Cells were washed by centrifugation (2x, 526 x g, 3 min) and resuspended in FACS buffer 

(PBS + 1% FBS) to a final volume of 200 µL. Uptake was analyzed by FL2 channel on a 

FACSCalibur flow cytometer. 15,000 cells were collected per sample. Error bars represent the 

standard deviation of three replicate experiments.  
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2.7 Supplemental figures 
 
2.7.1 FACS Histograms 
 
 

 

Figure S2.1. Histograms for flow cytometry data of Pluronic F-68 (2.1) in Figure 2.8. 
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Figure S2.2 P(MeOx30-b-NonOx10) (2.5) histograms for flow cytometry data in Figure 2.8. 
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2.7.2 Single channel microscopy 
 

 

Figure S2.3 Single channel images for Figure 2.7. 
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Figure S2.4 Single channel images for Figure 2.10. 
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CHAPTER THREE 

 

Perfluorocarbon nanomaterials for photodynamic therapy 

 

Adapted from: Rachael A. Day, Daniel A. Estabrook, Jessica K. Logan and Ellen M. Sletten.* 

Fluorous photosensitizers enhance photodynamic therapy with perfluorocarbon nanoemulsions. 

Chem. Commun. 2017, 53, 13043-13046. DOI: 10.1039/c7cc07038a 

and  

Rachael A. Day, and Ellen M. Sletten.* Perfluorocarbon nanomaterials for photodynamic 

therapy. Curr. Opin. Colloid Interface Sci. 2021, 54, 101454, DOI: 10.1016/j.cocis.2021.101454.  

 

3.1 Abstract 

Photodynamic therapy (PDT) is a treatment modality in which a photosensitizer is irradiated with 

light, producing reactive oxygen species, often via energy transfer with oxygen. As it is common 

for tumors to be hypoxic, methods to deliver photosensitizer and oxygen are desirable. One such 

approach is the use of perfluorocarbons, molecules in which all C—H bonds are replaced with C—

F bonds, to co-deliver oxygen due to the high solubility of gases in perfluorocarbons. This chapter 

highlights the benefits and limitations of several fluorinated nanomaterial architectures for use in 

PDT.  
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3.2 Introduction 

The harsh, chaotic, and hypoxic environments of solid tumors continue to be a difficult 

target for classic small molecule therapeutics. Traditional chemotherapeutics often clear rapidly 

and have significant off-target effects. To combat these limitations, nanomaterials have been 

designed to solubilize and mask insoluble cargoes, increase the serum half-lives of drugs, allow 

for stimuli induced release of therapeutics, and facilitate tumor uptake through the addition of 

active targeting groups.1 In addition, nanomedicine boasts many scaffolds that can be tuned to a 

specific target or cargo based on the desired application.  

A complementary approach to limiting off-target effects is to apply an external stimulus 

that triggers a therapeutic effect only at a tumor site. A member of this class of therapies is 

photodynamic therapy (PDT), the use of light to induce cell death. PDT requires three components: 

i) light ii)  photosensitizer (PS) and iii) oxygen, the latter of which is transformed into cytotoxic 

reactive oxygen species (ROS, Figure 3.1A).2 The first FDA-approved iteration of PDT employed 

PhotofrinTM (3.1), a systemically administered oligomeric photosensitizer, which has been used to 

treat bladder, esophageal, lung, and endobronchial cancers.3 A limitation of PhotofrinTM is that, 

similar to other small molecule chemotherapeutics, it undergoes broad biodistribution and 

accumulates in the skin and reticuloendothelial system, in addition to the tumor. When patients are 

exposed to sunlight, the photosensitizer is activated, resulting in side effects. To minimize the light 

sensitivity during PDT, the benefits of nanomaterials– originally studied for classic 

chemotherapeutics– are being leveraged to help selectively deliver the photosensitizer to the 

tumor. This approach provides two layers of targeting to increase specificity: targeting via the 

nanomaterial and the external stimuli.  
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Figure 3.1. (A) Photodynamic therapy (PDT) involves the introduction of a photosensitizer, which 
generates reactive oxygen species (ROS) upon irradiation with light to result in cell death.   (B) 
Structures of common photosensitizers. (C) Molecular structures of hydrocarbon (3.6) and 
perfluorocarbon (3.7). (D) Table of gas solubilities and singlet oxygen lifetimes in water, hexanes 
(3.6) and perfluorohexanes (3.7). (E) Common perfluorocarbon nanomaterials for PDT discussed 
herein. 
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Nanoparticles for PDT traditionally contain hydrophobic photosensitizers (Figure 3.1B) 

such as cyanine dyes (3.2), phthalocyanines (3.3) chlorins (3.4) or porphyrins (3.5).4 Ideal 

photosensitizers for PDT absorb near-infrared light with high absorption coefficients (ε) and 

efficiently convert the majority of the absorbed light into reactive oxygen species (ROS), which is 

most commonly classified by the singlet oxygen quantum yield (Φ∆). Cyanine dyes, 

phthalocyanines, and chlorins have excellent absorption properties, while the phthalocyanines, 

chlorins, and porphyrins have the highest Φ∆. One limitation of these hydrophobic photosensitizers 

is they are prone to self-aggregation, decreasing the efficiency of the photosensitizer by reducing 

the absorption coefficient (ε) and/or singlet oxygen quantum yield (Φ∆). Aggregation is evident by 

the broadening and blue shift of the absorbance of the PS and multiple strategies are highlighted 

in this review to maximize PDT efficiency by preventing photosensitizer aggregation.  

A particularly promising nanomaterial scaffold for PDT are those that contain 

perfluorocarbons. Perfluorocarbons (PFCs) are molecules in which all C—H bonds have been 

replaced with C—F bonds (such as hexanes (3.6) vs. perfluorohexanes (3.7)). PFCs form a 

separate, extremely hydrophobic and lipophobic phase termed the “fluorous phase” (Figure 3.1C). 

Perfluorocarbon nanomaterials are advantageous for PDT due to the fluorous phase boasting up to 

20-fold higher dissolved gas concentrations compared to aqueous phases allowing oxygen, one of 

the three essential components for PDT, to be delivered alongside the photosensitizer. The high 

gas solubility in the fluorous phase is due to the weak van der Waals interactions between 

perfluorocarbon chains (Figure 3.1D).5–8 Indeed the high oxygen solubility in PFCs has been used 

clinically in the 1980s and 1990s when perfluorocarbon nanoemulsions were employed as blood 

substitutes.5,9  
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In addition, fluorous nanomaterials are an attractive scaffold for PDT due to the extremely 

long singlet oxygen lifetimes in perfluorocarbons. The strength of the C—F bond renders it stable 

to the highly reactive singlet oxygen, leading to half-lives 1000 times longer than in water (Figure 

3.1D).10 The increased lifetime of the singlet oxygen provides a higher probability that singlet 

oxygen will diffuse into the water in which it can react with surrounding biomolecules.11,12 In this 

chapter, we will highlight recent advances in fluorous photodynamic therapy focusing on the 

various ways to deliver oxygen via perfluorinated architectures. We will cover three main 

architectures: lipid-stabilized nanoemulsions, macromolecule-stabilized nanoemulsions, and 

fluorous micelles (Figure 3.1E). 

 

3.3 Results and Discussion 

 Perfluorocarbon (PFC) nanoemulsions, droplets of fluorous solvent stabilized by a 

surfactant, are a compelling platform for PDT owing to the high oxygen content in 

perfluorocarbons (Figure 3.2A).5,9 Previously, we have shown that fluorophores can be 

localized inside PFC nanoemulsions when fluorous chains are appended to the 

chromophore scaffold.13 We imagined that a similar strategy could be employed to load 

PFC nanoemulsions with a photosensitizer to result in an exceptional nanomaterial for PDT  

(Figure 3.2B). Efforts to enhance PDT with perfluorocarbons began in 1988 when 

Henderson and co-workers co-injected a porphyrin photosensitizer with PFC 

nanoemulsions.14 Despite promising results, this approach remained dormant for 25 years 

until cyanine dyes were embedded into the surfactant layer of PFC nanoemulsions to 

facilitate dual oxygen and photosensitizer delivery.11,15–17 Contemporary variants of co-

administration of photosensitizer and PFC nanoemulsions have also been pursued.18  
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Figure 3.2 (A) Photodynamic therapy (PDT) involves the introduction of a photosensitizer which 
generates reactive oxygen species (ROS) upon irradiation with light to result in cell death. (B) 
Perfluorocarbon (PFC) nanoemulsions are droplets of fluorous solvent stabilized with surfactant. 
They have high oxygen content. (C) One step formulation of PFC nanoemulsions for PDT. 

 

Collectively, these reports demonstrate the potential of PFC nanoemulsions for PDT. 

However, organic photosensitizers are not compatible with the fluorous solvent, which can 

lead to inefficient photosensitization and leaching. Here, we establish that the use of a 

fluorous soluble photosensitizer localized within PFC nanoemulsions enhances the efficacy 

of PDT.  

 To probe the influence of fluorous soluble photosensitizers on PFC nanoemulsion-based 

PDT, we prepared fluorous porphyrin 3.8 along with a control hydrocarbon analogue 3.9 

(Figure 3.3A, Scheme 3.1).19 Photophysical characterization of 3.8 and 3.9 in 

Dimethylformamide (Figure 3.6) indicates that the absorption, emission, and oxygen 

sensitization of the porphyrins are minimally altered by the fluorous or alkyl chain 

appendages (Figure 3.3B). Next, we tested the solubility of 3.8 and 3.9 in numerous 

fluorous and organic solvents (Figures 3.4-3.5), and thoroughly investigated their 

photophysics in hexanes (HEX, 3.6) and perfluorohexanes (PFH, 3.7) as model solvents 

for each phase (Figure 3.3C). Fluorous porphyrin 3.8 can be solubilized in both HEX and 

PFH, as evidenced by robust absorption and emission in each solvent. Distinctly different 

results are obtained with 3.9, which is soluble in HEX but not PFH. We further explored  
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Scheme 3.1. Synthesis of 5,10,15,20-Tetrakis[4-(10H,10H,20H,20H-perfluorododecyl) -
2,3,5,6- tetrafluorophenyl] porphyrin 3.8, and 5,10,15,20-Tetrakis[4-(10H,10H,20H,20H-
dodecyl) -2,3,5,6- tetrafluorophenyl] porphyrin 3.9. 
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Figure 3.3 (A) Structures of fluorous-tagged (3.8) and hydrocarbon-tagged (3.9) porphyrin 
photosensitizers. (B) Photophysical characterization of 3.8 and 3.9 in dimethylformamide. See 
Figure 3.6 for spectra in dimethylformamide. (C) Normalized relative absorbance, emission, and 
phosphorescence spectra of the photosensitizers in hexanes (HEX) and perfluorohexanes (PFH).  
Solid line = absorbance; Dashed line = emission (Ex 410 nm); Dotted line = singlet oxygen 
phosphorescence (Ex 410 nm, 1000 nm longpass filter).  Red = 3.8 in PFH; Green = 3.8 in HEX; 
Blue = 3.9 in PFH; Grey = 3.9 in HEX.   
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Figure 3.4 Solubility of photosensitizers.  
Porphyrins 3.8 (A, B) or 3.9 (C, D) (18.6 nmol) were dissolved in selected solvents (200 µL). 
Photographs were taken in either visible (A, C) or long-wave UV light (B, D). 
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Figure 3.5 Solubility of photosensitizers. 
Porphyrins 3.8 (A, B) or 3.9 (C, D) (18.6 nmol) were dissolved in selected fluorous solvents (200 
µL). Photographs were taken in either visible (A, C) or long-wave UV light (B, D). 
 

 

 

 
Figure 3.6 Characterization of porphyrins 3.8 and 3.9 in dimethylformamide (30 M).  
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Figure 3.7 Characterization of fluorous porphyrin 3.8 in 7:3 
perfluorodecalin/perfluorotripropylamine (30 µM). Absorbance (blue), fluorescence (red-dashed, 
Ex 410 nm), and singlet oxygen phosphorescence were measured (grey-dotted, Ex 410 nm, 
collected with 1000 nm longpass filter).  
 

 

 
 
Figure 3.8 Aggregation of hydrophobic porphyrin 3.9 in fluorous solvent.  
Porphyrin 3.9 (1.16 nmol) was dissolved in DMF with increasing amounts of 
methoxyperfluorobutane added (total volume = 0.75 mL). All data were normalized relative to 
λmax, abs, λmax, em, and λmax, phos. Plotted are the averages of the normalized λmax,abs (blue, λmax,abs = 
410 nm), λmax,em (red, Ex 410 nm, λmax,em = 705 nm), and λmax,phos (grey, Ex 410 nm, collected with 
1000 nm longpass filter, λmax,phos = 1274 nm). Error bars represent the standard deviation of three 
samples.    
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the aggregation of 3.9 in the presence of fluorous solvent and found that a significant 

decrease in absorption and emission begins in solutions containing greater than 50% 

fluorous solvent (Figure 3.8). Aggregation is a common occurrence with chromophores that 

leads to low quantum yields of emission (ΦF) and oxygen sensitization (Φ∆).20 Thus, these 

data suggest that when organic photosensitizers are employed in PFC emulsions, 

aggregation will decrease 1O2 production.   

 The most striking data observed in the photophysical characterization of 3.8 and 3.9 is 

the superior production of 1O2 with fluorous photosensitizer 3.8 in PFH (Figure 3.3C), 

assayed via the direct detection of 1O2 phosphorescence at 1274 nm.21 These data are 

attributed to the high oxygen content in PFH relative to HEX (4.23 vs. 1.99 mM),22 the long 

half-life of 1O2 in perfluorocarbons10 as well as the ability for 3.8 to readily come into 

contact with O2. Similar photophysics of 3.8 were observed when measured in the 7:3 

mixture of perfluorodecalin (PFD) : perfluorotripropylamine (PFTPA) that makes up the 

inner phase of the PFC nanoemulsions (Figure 3.7). Oxygen sensitization is a Dexter-type 

energy transfer which requires the two species to be within 10-20 Å of each other.23,24 

Therefore, solubilizing O2 and photosensitizer in the same phase should lead to enhanced 

Φ∆. Efficient sensitization of oxygen in perfluorocarbons has been observed in synthetic 

chemistry25,26 and is also supported by PDT with surfaces27 and polymer micelles28,29 

containing fluorous segments and photosensitizers.  

 With positive initial photophysical characterization of 3.8 and 3.9, we prepared PFC and 

oil emulsions containing each photosensitizer (Figure 3.9A, emulsions A–D). PFC nano-

emulsions were prepared with a mixture of 7:3 PFD : PFTPA (10 vol%) stabilized by  
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Figure 3.9 (A) Preparation of perfluorocarbon (PFC) and oil emulsions containing 
fluorous-and hydrocarbon-tagged photosensitizers. Porphyrin 3.8 or 3.9 was pre-dissolved 
in 7:3 perfluorodecalin/perfluorotripropylamine or olive oil.  10 vol% of the porphyrin 
solutions was combined with phosphate buffer containing 2.8 wt% Pluronic F-68. 
Sonication produced the emulsions. (B/C) Dynamic light scattering data for empty PFC (B) 
and oil (C) emulsions. (D) Anthracene trap assay. (E) Background-corrected 
photoluminescence of 3.10 (Ex 410 nm) vs. time of solutions containing emulsion A-D and 
3.10. The solutions were irradiated with 420 nm light at 8.5 mW/cm2. (F) Schematic of 
partition experiment to determine the degree of photosensitizer leaching. (G) The integrated 
photoluminescence of 3.8 or 3.9 in the 1-octanol normalized by ΦF vs. time. (E/G) 
Emulsion A (red, diamond), B (blue, circle), C (green, square), or D (grey, triangle). Error 
bars represent the standard deviation of 3 replicate samples.   
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Figure 3.10 Stability of oil, perfluorocarbon solvents and Pluronic F-68 in the presence of 1O2. 
(A) Rose Bengal (1.6 µmol) and olive oil (100 µL) were combined in CDCl3 (0.5 mL) and kept in 
the dark or irradiated with light. 1H-NMR spectra were collected. (B)  Rose Bengal (1.6 µmol) and 
7:3 perfluorodecalin/perfluorotripropylamine (100 µL) were combined in CDCl3 and kept in the 
dark or irradiated with light. 19F-NMR spectra were collected.  (C) Rose Bengal (1.6 µmol) and 
Pluronic F-68 (0.4 µmol) were combined in CD3OD (0.5 mL) and kept in the dark or irradiated 
with light. 1H-NMR spectra were collected. (D) Rose Bengal (1.6 µmol) and 3.10 (8.1 µmol) were 
combined in CDCl3 (0.5 mL) and kept in the dark or irradiated with light. 1H-NMR spectra were 
collected.  (A-D) Dark samples are in the top panel (blue) and irradiated samples are in the bottom 
panel (red). Irradiation was performed with 420 nm, 90 min, 8.5 mW/cm2.
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Figure 3.11 Stability of emulsions in the presence of 1O2  
(A) Perfluorocarbon nanoemulsions and (B) olive oil emulsions were prepared through 
ultrasonication (35% amp, 90 sec) of solutions containing fluorous or organic phase (10 vol%) and 
Pluronic F-68 (2.8 wt%) in phosphate buffered saline (PBS, pH 7.4). Rose Bengal (RB, 4 µM) was 
added to the aqueous phase (red, blue) and the size of the emulsions was monitored by dynamic 
light scattering (DLS) over two weeks. Emulsions were exposed to light (420 nm, 30 min, 8.5 
mW/cm2) prior to every measurement (red, grey). A no light control was also performed (blue). 
Error bars represent standard deviation of the product of the Zaverage and the polydispersity index 
of three replicate samples.   
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Pluronic F-68 (2.8 wt%) in phosphate buffered saline (PBS) to result in 175 nm emulsions 

with a polydispersity of 0.08 (Figure 3.9B). Oil emulsions were prepared with olive oil (10 

vol%) and Pluronic F-68 (2.8 wt%) in PBS to yield 175 nm emulsions with a polydispersity 

of 0.15 (Figure 3.9C). We assayed the emulsions and all components for stability to 1O2 

and did not observe any significant 1O2-induced degradation of the components (Figure 

3.10) or instability of the emulsions (Figure 3.11).    

 Next, we investigated the ability of emulsions A–D to deliver 1O2 to the surrounding 

aqueous media. For these studies, we employed water-soluble, anthracene 3.10, which 

undergoes a Diels-Alder reaction with 1O2 to produce non-emissive adduct 3.11 (Figure 

3.9D).30 Mixtures of 3.10 and emulsions A–D in PBS were irradiated with 420 nm light 

(8.5 mW/cm2), and their photoluminescence was monitored over time. The data show 

(Figure 3.9E) that the PFC nanoemulsion containing 3.8 (emulsion A) delivers the most 

1O2 to the surrounding environment, with the oil emulsions (emulsions C,D) and the PFC 

nanoemulsion containing 3.9 (emulsion B) displaying similar, lower levels of 1O2 

production. In contrast to the photophysical characterization of 3.9 in PFH, we found that 

some 3.9 could be incorporated into PFC emulsions (Figure 3.12). This result is likely due 

to interactions between 3.9 and the Pluronic F-68 surfactant. Similar interactions have 

enabled the preparation of cyanine-dye loaded PFC nanoemulsions for PDT. 11,15–17 

 We suspected that 3.9 within emulsion B would readily leach into surrounding lipophilic 

media, while 3.8 would be retained inside the PFC nanoemulsions. Leaching and premature  

drug release are significant problems in nanomedicine and should be considered alongside 

efficacy when evaluating new therapeutic materials.31 To demonstrate that the use of a  
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Figure 3.12 Analysis of the uptake of porphyrins 3.8 and 3.9 into perfluorocarbon nanoemulsions.  
Porphyrin 3.8 or 3.9 (6 nmol) was dissolved in 7:3 perfluorodecalin/perfluorotripropylamine (20 
µL, 10 vol%) and emulsified in the presence of Pluronic F-68 (2.8 wt%) in PBS (35% amp, 90 s, 
0 ˚C). Emulsions were transferred from the Eppendorf tube in which emulsification occurred into 
a new Eppendorf tube. The emulsions were diluted with dichloromethane (1 mL) and then 
evaporated to dryness. DMF (500 µL) was added to the original Eppendorf tube as well as the dry 
emulsions. Absorbance (red), fluorescence (blue, Ex 410 nm), and singlet oxygen 
phosphorescence (grey, Ex 410) were measured. Error bars represent the standard deviation of 
three samples. 
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fluorous soluble photosensitizer also enhances the stability of the nanomaterial, we 

continuously partitioned aqueous suspensions of emulsions A–D with 1-octanol, a lipid 

bilayer mimic.32 We monitored the photoluminescence of the 1-octanol over time (Figure 

3.9F) and found that 3.9 was rapidly released from the PFC nanoemulsions (emulsion B) 

while 3.8 showed minimal leaching from emulsion A over 7 days (Figure 3.9G). The oil 

emulsions C and D were also subjected to these conditions and 3.9 (emulsion D) showed 

better retention than 3.8 (emulsion C). These data indicate that the solubility match is 

important for photosensitizer stabilization within either PFC or oil emulsions. Notably, the 

core structure of both emulsions appeared stable in these studies (Figure 3.13). Taken 

together, these in vitro results suggest PFC nanoemulsions containing fluorous soluble 

photosensitizers will be superior agents for PDT due to their enhanced oxygen sensitization 

capabilities and the minimal leaching of the fluorous porphyrin to surrounding hydrophilic 

or lipophilic environments.  

 Following promising characterization, we proceeded to assay the efficacy of PDT with 

the photosensitizer-containing emulsions in cellulo. In order to visualize the PFC 

nanoemulsions, emulsion E was prepared which contained fluorous rhodamine 3.1213 along 

with porphyrin 3.8 (Figures 3.14A,B). Emulsion E was readily accessed by pre-dissolving 

both 3.8 and 3.12 in PFD : PFTPA prior to sonication, showcasing the modularity of PFC 

nanoemulsions for nanomedicine.33–37 We subjected emulsion E (3.8 = 30 µM; 3.12 = 0.57 

mM) to human malignant melanoma (A375) cells for 3 hours. Confocal microscopy 

visualizing rhodamine 3.12 established that the emulsions were internalized (Figure 3.14C), 

which was further verified by colocalization with LysoTracker Green (Figure 3.15; S3.4). 

The viability of these cells was verified by NucGreenTM, a cell-death marker38 (Figure  
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Figure 3.13 Stability of emulsions in presence of 1-octanol.  
Perfluorocarbon (red, circle) and olive oil (grey, square) emulsions were prepared (10 vol% 
fluorous or organic phase, 2.8 wt% Pluronic F-68, 35% amp, 90 s) and diluted to 2 mL.  Half the 
sample (1 mL) was taken and placed in the presence of 1-octanol (0.5 mL). The size of PFC and 
oil emulsions were measured before and after addition of 1-octanol, and then over three days of 
continuous rocking in the presence of 1-octanol. Hydrodynamic diameters were determined by 
dynamic light scattering. Error bars represent the standard deviation of the product of the Zaverage 
and the polydispersity index of three samples. 
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Figure 3.14 (A) Fluorous rhodamine 3.12. (B) PFC nanoemulsions containing rhodamine 
3.12 (0.57 mM) and fluorous photosensitizer 3.8 (30 µM). (C/D/E) Confocal microscopy 
of A375 cells stained and incubated with emulsion E for 3 h, washed, and stained with 
Hoescht dye. These cells were analyzed for rhodamine (C, Ex 532 nm), then subjected to 
the viability marker NucGreenTM and analyzed for cell death before (D, Ex 488) and after 
(E, Ex 488) light treatment (420 nm, 8.5 mW/cm2, 30 min). (C/D/E) Scale bar indicates 75 
µm. (F) Flow cytometry of A375 cells incubated with no emulsions, empty PFC or oil 
emulsions, or emulsions A–D containing 30 µM 3.8 or 3.9. The cells were washed via 
centrifugation, irradiated with 420 nm light (8.5 mW/cm2) for 0 (gray), 10 (light blue), or 
30 min (dark blue), stained with propidium iodide and analyzed by flow cytometry.  Dead 
cells were characterized as exhibiting fluorescence greater than 102. Error bars represent 
the standard deviation of 3 replicate samples. 
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3.14D). Upon irradiation with light (420 nm, 8.5 mW/cm2, 30 min), cell death was observed 

as indicated by the NucGreenTM fluorescence and the loss of cell adherence (Figures 3.14E;  

S3.5). An analogous experiment was performed with emulsions containing only 3.12 and 

showed minimal cell death upon irradiation (Figure 3.16; S3.6). 

 The microscopy studies illustrated that emulsion E was performing as expected, and we 

proceeded to a flow cytometry assay for further optimization and analysis. Dose-dependent 

experiments revealed that the efficacy of PDT plateaued at a 1:3 dilution of emulsion A 

containing 30 µM 3.8 in the PFD/PFTPA (Figure 3.17). We employed these conditions to 

perform a comparative study of the PFC and oil emulsions containing no porphyrin, 3.8, or 

3.9. A375 (Figure 3.14), MCF7 (Figure 3.18), and HEK293 (Figure 3.19) cells were 

incubated with the requisite emulsions or media alone, washed, and treated with light (420 

nm, 8.5 mW/cm2) for 0, 10, or 30 min. The cells were stained with propidium iodide and 

analysed by flow cytometry.  Minimal dark toxicity was observed in all samples and time-

dependent light toxicity was only evident with emulsions that contained photosensitizer 

(Figures 3.14F, S3.1-S3.3). The PFC nanoemulsions containing fluorous-tagged porphyrin 

3.8 (emulsion A) displayed 140 times more cell death upon 30 min of treatment than the 

PFC nanoemulsion containing 3.9 (emulsion B) These data correlate with the 1O2 trapping 

experiments (Figure 3.9E) and confirm that the use of fluorous soluble photosensitizers is 

the most promising avenue for PDT with PFC nanoemulsions.    

 In summary, we have demonstrated that fluorous photosensitizers sequestered inside 

PFC nanoemulsions allow the simultaneous delivery of oxygen and photosensitizer to cells. 

Upon irradiation, the photosensitizer can efficiently produce 1O2 due to its minimally 

aggregated state and close proximity to the solubilized oxygen in the fluorous solvent.   
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Figure 3.15 Colocalization of Emulsion F and Lysotracker green. 
(A) Emulsion F. PFC emulsions containing rhodamine 3.12 (0.57 mM). (B/C/D/E) A375 cells 
were incubated with emulsion F for 3 h, washed, and stained with Hoechst dye and Lysotracker 
green. Cells were imaged via excitation at 488 nm to visualize the lysotracker green (C), 532 nm 
to visualize the rhodamine (D), and merged to show colocalization (E). Differential interference 
contrast (DIC) is shown in (B).  Scale bars represent 75 µm (top panel), 25 µm (bottom panel). 
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Figure 3.16  Control experiment for Figure 3.9B-E performed with emulsions containing 
rhodamine 3.12 but no photosensitizer. (A) Emulsion F. PFC emulsions containing rhodamine 5 
(0.57 mM). (B/C/D) A375 cells were incubated with emulsion F for 3 h, washed, and stained with 
Hoechst dye. Cells were imaged via excitation at 532 nm to visualize the rhodamine (B), then 
subjected to the cell death stain NucGreenTM and excited at 488 nm to visualize NucGreenTM (C), 
then irradiated (420 nm light, 30 min, 8.5 mW/cm2) and again excited at 488 nm to visualize cell 
death via NucGreenTM (D). Scale bars represent 75 µm. 
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Figure 3.17 Dose-dependent photodynamic therapy response of emulsion A. 
HEK293 cells were placed in a v-bottom 96-well plate (200,000 cells/150 µL/well). (A) PFC 
emulsions were prepared with varying concentrations of 3.8 (0–155 µM). The emulsions were 
diluted 1:5 and this dilution (50 µL) was added to HEK cells for a final volume of 200 µL per well 
or (B) cells were treated with varying amounts of emulsion A (30 µM), diluted 1:5 and varying 
amounts of this dilution (5-150 µL) were added to the HEK cells.  The volume in each well was 
adjusted to 200 µL. (A/B) Cells were incubated in the presence of emulsions (37 ˚C, 5% CO2, 3 h), 
washed by centrifugation (3x, 526xg, 3 min) and resuspended in FACS buffer (PBS with 1% FBS) 
to a final volume of 200 µL. Cells were irradiated (30 min, 420 nm, 8.5 mW/cm2).  After 
irradiation, cells were diluted to 300 µL FACS buffer and incubated (0 ̊ C, 15 min) with propidium 
iodide (2 µL, 1 mg/mL solution). Cell death was analyzed by FL2 channel on FACSCalibur flow 
cytometer.  10,000 cells were collected per sample.  Error bars represent standard deviation of 
three samples. 
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Figure 3.18  Photodynamic therapy response of emulsions A-D on MCF7 cells.   
Emulsions A-D were prepared containing 3.8 or 3.9 (6 nmol). MCF7 cells were placed in a v-
bottom 96-well plate (200,000 cells/150 µL/well). Emulsions were diluted 1:5 with PBS and this 
dilution (50 µL) was added to the MCF7 cells to give a final volume of 200 µL per well. The cells 
were incubated in the presence of emulsions (37 ˚C, 5% CO2, 3 h), washed by centrifugation (3x, 
526xg, 3 min) and resuspended in FACS buffer (PBS + 1% FBS) to a final volume of 200 µL. 
Cells were irradiated with light for 0, 10 or 30 min (420 nm, 8.5 mW/cm2).  After irradiation, cells 
were diluted to 300 µL with FACS buffer and incubated (0 ˚C, 15 min) with propidium iodide (2 
µL, 1 mg/mL solution). Cell death was analyzed by FL2 channel on a FACSCalibur flow 
cytometer.  15,000 cells were collected per sample.  Error bars represent the standard deviation of 
3 replicate samples.   
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Figure 3.19 Photodynamic therapy response of emulsions A-D on HEK293 cells.   
Emulsions A-D were prepared containing 3.8 or 3.9 (6 nmol). HEK cells were placed in a v-bottom 
96-well plate (200,000 cells/150 µL/well). Emulsions were diluted 1:5 with PBS and this dilution 
(50 µL) was added to the HEK cells to give a final volume of 200 µL per well. The cells were 
incubated in the presence of emulsions (37 ˚C, 5% CO2, 3 h), washed by centrifugation (3x, 526xg, 
3 min) and resuspended in FACS buffer (PBS + 1% FBS) to a final volume of 200 µL. Cells were 
irradiated with light for 0, 10 or 30 min (420 nm, 8.5 mW/cm2).  After irradiation, cells were 
diluted to 300 µL with FACS buffer and incubated (0 ˚C, 15 min) with propidium iodide (2 µL, 1 
mg/mL solution). Cell death was analyzed by FL2 channel on a FACSCalibur flow cytometer.  
15,000 cells were collected per sample.  Error bars represent the standard deviation of 3 replicate 
samples.   
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Furthermore, the addition of fluorous tags minimizes leaching of the photosensitizer from 

the PFC nanoemulsions. Efforts are underway to bathochromically-shift the photosensitizer  

and install biocompatible branched fluorous chains39 such that the results of this proof-of-concept 

study can be translated in vivo. 

 

3.4 Conclusion 

Photodynamic therapy with fluorous materials is a promising approach to treat diseases 

through the co-delivery of oxygen and photosensitizers. While there are other methods to increase 

tumor oxygenation including the reduction of hydrogen peroxide to oxygen in situ and hyperbaric 

oxygen inhalation,40–44 perfluorocarbons represent a simple, safe, and inert approach. In the past 

five years, the use of perfluorocarbons to deliver oxygen and improve photodynamic efficiencies 

has become an attractive method to propel photodynamic therapy into the treatment of non-surface 

exposed cancers and diseases.4 Future work will continue to improve on the photosensitizer 

properties including reduction in aggregation, shifting the absorbance to the near-infrared region 

of the electromagnetic spectrum for enhanced tissue penetration, and increasing quantum yields of 

singlet oxygen generation.45 Nanomaterial scaffolds will also continue to be optimized, providing 

means to increase perfluorocarbon/oxygen content and monomeric photosensitizer. A particularly 

promising approach is the use of mesoporous silica nanoparticles, which have already shown 

individual use for photodynamic therapy46 and as molecular oxygen shuttles through the inclusion 

of fluorous solvents.47,48 Self-assembled peptide-photosensitizer conjugates also have the potential 

for perfluorocarbon incorporation.49 With continued optimization and building from the clinical 

precedence for photodynamic therapy and perfluorocarbons for oxygen delivery, we expect the 



114 

utility of fluorous nanomaterials for photodynamic therapy to make rapid strides in the next 

decade.  

 

3.5 Summary of fluorous PDT  

 
3.5.1 Lipid-stabilized nanoemulsion 

Lipid-stabilized perfluorocarbon nanoemulsions are droplets of fluorous solvent stabilized by 

lipids, suspended in water (Figure 3.20A). These nanoemulsions are distinct from liposomes, 

which are composed of a lipid bilayer encapsulating an aqueous center. The lipid-stabilized PFC 

droplets are formulated primarily through a lipid film rehydration method in which a lipid film is 

first formed, then after the addition of buffer and fluorous solvent, energy is provided in the form 

of ultrasonication to form nanoemulsions ranging from 100–300 nm. These materials accumulate 

in the tumor via the enhanced permeability and retention effect (EPR) and are cleared through the 

liver. Common lipid surfactants employed can be seen in Figure 3.20B (3.13-3.16) along with 

common fluorous solvents for the formation of lipid-stabilized emulsions in Figure 3.20C. 

Perfluoro-15-crown-5-ether (PFCE, 3.17) is often used for 19F-MRI imaging. Perfluorodecalin 

(PFD, 3.18), perfluorooctyl bromide (PFOB, 3.19), perfluorohexanes (PFH, 3.7), 

perfluorotripropylamine (PFTPA, 3.20), and perfluorotributylamine (PFTBA, 3.21) are all 

perfluorocarbons employed for oxygen delivery, with PFOB also being used for 19F-MRI imaging 

and PFH for ultrasound imaging.  

The first example of employing lipid-stabilized PFC nanoemulsions to deliver oxygen for 

use in PDT was reported in 1988 by Henderson and coworkers in which they co-injected PFC 

nanoemulsions encapsulating perfluorodecalin (3.18) and perfluorotripropylamine (3.20) 

alongside nonencapsulated porphyrin photosensitizers.14 It took 25 years for this technology to be 
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revisited and advanced with the inclusion of the photosensitizer in the PFC droplets. To date, three 

different photosensitizers have been incorporated into the lipid tails stabilizing the water-

perfluorocarbon interface. These photosensitizers are cyanine dyes IR780 (3.2)11,50,51 and FDA 

approved ICG52, along with Ce6 (3.4).12,18 Aggregation of the photosensitizer is observed in each 

formulation; however, the fluorous nanomaterial does outperform the introduction of the 

photosensitizer alone.   

The seminal paper combining a photosensitizer into a lipid-stabilized perfluorocarbon 

nanoemulsion was published by Hu and coworkers in 2015.11 The specific nanomaterial, termed 

Oxy-PDT, included a mixture of DSPE-PEG2000 (3.13), lecithin (3.14), and cholesterol (3.15) to 

stabilize perfluorohexanes (PFH, 3.7), with IR780 (3.2) incorporated in the surfactant layer. The 

implementation of PFH in lipid-stabilized droplets produced higher amounts of 1O2, caused 

increased cell death in cellulo and shrunk tumors compared to controls without PFH via both 

intratumor and intravenous injection (Figure 3.20D). These nanoemulsions can also be used with 

good PDT efficiency (80-90% reduction in cellular viability upon irradiation) even under extreme 

hypoxic conditions due to the oxygen carrying ability of the PFC droplets.11,50  

Following Hu’s report, the benefits of lipid-stabilized perfluorocarbon nanoemulsions for 

PDT were quickly combined with the previously established ultrasound activity of 

perfluorocarbons. Ultrasound has been a useful, noninvasive, imaging modality to monitor tumor 

regression following PDT treatment.53 Song et. al. employed lipid-stabilized PFCs and external 

ultrasound stimuli to deliver bursts of oxygen to tumor sites for combined PDT and ultrasound 

imaging. Nanoemulsions were delivered to tumor bearing mice via intravenous injection which 

accumulate in the tumor via the EPR effect. When ultrasound was applied to the tumor site, a burst 

of oxygen is released due to the energy provided by the sound waves, rather than slow diffusion  
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Figure 3.20. Lipid-stabilized nanoemulsions for photodynamic therapy. (A) Formulation of lipid-
stabilized nanoemulsions utilize lipid rehydration and subsequent sonication. (B) Panel of 
common lipids used to stabilize nanoemulsions. (C) Panel of common fluorous solvents for PDT. 
(D) Reduction in tumor volume when treated with liposomes containing IR780 without PFH (blue) 
or with PFH (red) compared to the saline control (grey). Data adapted from Nat. Commun. 2015, 
6, 8785. (E) Schematic showing the increase in oxygenation through delivery of lipid-stabilized 
PFC nanoemulsions and SNO-HSA.  
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of oxygen as seen without stimuli.18 Yu et. al. prepared droplets that were designed to undergo 

pH-dependent coalesce upon ultrasound treatment. 

In this report, the lipid-stabilized droplets were able to accumulate in the acidic 

environment surrounding solid tumors through the enhanced permeability and retention effect. The 

acidic pH protonates the lipids stabilizing the PFC nanoemulsions, promoting the membrane fusion 

upon the introduction of ultrasonication. With sonication, the droplet size increases to ~ 1 µm and 

becomes trapped inside the tumor.12 Both responsive materials displayed enhanced photodynamic 

efficiencies compared to non-responsive controls.  

Further combined responsive perfluorocarbon nanoemulsions have been designed to 

enhance the photodynamic efficiency. In one example, glutathione (GSH) concentrations were 

decreased through the co-delivery of S-nitrosated human serum albumin (SNO-HSA).51 In the 

presence of GSH, which is upregulated in solid tumors, SNO-HSA is reduced to nitric oxide (NO) 

which inhibits mitochondrial respiration thereby increasing cellular oxygen. This, in addition to 

the oxygen delivered by the PFC droplets, enhances the photodynamic efficiency (Figure 3.20E).  

Overall, lipid-stabilized perfluorocarbon nanoemulsions showcase the advantages of 

delivering photosensitizer and perfluorocarbon simultaneously for PDT. In all cases, 

perfluorinated droplets outperformed oil or nonfluorinated controls in cellulo and in vivo. 

Furthermore, combination with ultrasound allows for further oxygen delivery, imaging, and 

controlled coalescence. Disadvantages of lipid-stabilized droplets include the need for lipid 

rehydration methods and limited opportunities for decreasing aggregation of the photosensitizer. 

More customizable macromolecule-stabilized perfluorocarbon droplets have allowed some of 

these initial limitations to be overcome.  
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3.5.2 Macromolecule-stabilized nanoemulsions 

Droplets of perfluorocarbon can also be effectively stabilized in water by macromolecular 

amphiphiles (Figure 3.21A). Indeed, the FDA-approved perfluorocarbon nanoemulsion, Fluosol-

DA, employed the 8 kDa triblock copolymer Pluronic F-68 (3.22) as a co-surfactant. 

Perfluorocarbon nanoemulsions stabilized with macromolecular amphiphiles are primarily 

formulated via ultrasonic emulsification of a biphasic solution producing nanoemulsions ranging 

from 100-400 nm in diameter. The serum half-lives of the nanoemulsions are related to their size, 

with smaller nanoemulsions having half-lives of a few days.54 Macromolecular amphiphiles offer 

many opportunities to modify the surface chemistry of the nanoemulsions, which also allows for 

modulation of the serum half-lives and biodistribution.55 Notably, both lipid and macromolecular 

stabilized nanoemulsions are kinetically stable, and will not disassemble upon introduction to 

dilute environments (e.g. upon intravenous injection). 

A variety of macromolecular surfactants, ranging from naturally occurring polymers and 

proteins such as hyaluronic acid and human serum albumin to synthetic polymers, have 

successfully yielded perfluorocarbon nanoemulsions (Figure 3.21B). Droplets stabilized by 

hyaluronic acid show high targeting of solid tumors in cellulo and in vivo.56 Those stabilized by 

albumin,57 and  poloxamers58,59 demonstrated biocompatibility and stability. Recently, we have 

focused on poly(2-oxazoline) amphiphiles (3.24) and found through varying the hydrophilic 

lipophilic balance (HLB) and architecture of polymer amphiphiles, that the size, stability, cargo 

retention, and cellular uptake can be predicted and controlled.60  

One advantage of macromolecular surfactants has been decreasing aggregation of 

photosensitizers, leading to increased PDT efficiency (Figure 3.21C).57,61 For example, the surface 
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Figure 3.21 Macromolecule-stabilized nanoemulsions for PDT (A) One step formulation of PFC 
nanoemulsions for PDT. (B) Selected polymeric surfactants for stabilizing PFC nanoemulsions. 
(C) Schematic of PFC promoting an unquenched IR780 by forcing IR780 into hydrophobic 
pockets; Schematic of PFC promoting an unquenced IR780 through prevention of p-p interations 
of the amphiphile-PS; Schematic of GSH responsive nanomaterial that becomes unquenched after 
disassembly. (D) Solubilization of PS in the fluorous phase increases ROS-induced cell death 140 
fold compared to hydrophobic control. Data adapted from Chem. Commun. 2017, 53, 13043.  
(E) Compilation of tumor regression. Tumors treated with saline were normalized to 1, with 
change in tumor volume plotted (grey). (F) Deoxygenated PFC nanoemulsions increase tumor 
hypoxia by absorbing the minimal oxygen found in the tumor environment. 
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active protein albumin can act as a surfactant to stabilize PFC nanoemulsions36 and also provides 

a hydrophobic binding pocket for the photosensitizer. In this case, the perfluorocarbon core not 

only contributed to oxygen delivery but also helped decrease photosensitizer aggregation.57 In 

other work, the photosensitizer was synthesized into an amphiphilic surfactant by the addition of 

a poly(ethylene glycol) chain and hydrocarbon to a heptamethine photosensitizer (3.23). The 

authors compared micelles of 3.23 to perfluorocarbon droplets stabilized by 3.23 and, following 

results similar to the albumin study, determined that the perfluorocarbons enhanced the PDT 

efficiency by both delivering oxygen and preventing aggregation.61 A more advanced variant of a 

combined surfactant amphiphile is surfactant 3.25 which is composed of hyaluronic acid with 

photosensitizer Ce6 (3.4) attached via disulfide linkages. Upon self-assembly and loading of 

perfluorohexanes (PFH), droplets are formed that will disassemble to release free Ce6 after 

encountering high concentrations of glutathione found in the tumor microenvironment.56  

Each of these materials produces ROS in vitro, in cellulo, and many were extended to tumor 

regression in vivo. By normalizing the tumor weight of saline treated tumors to one and subtracting 

the weight of the treated tumors, we can compare the overall tumor regression between systems 

(Figure 3.21D). In all cases, the materials containing perfluorocarbons outperformed the empty 

and oil controls, demonstrating the delivery of oxygen simultaneously with photosensitizers is 

critical for enhanced photodynamic efficiency. In contrast to the typical use of perfluorocarbon 

nanoemulsions presented in this review, deoxygenated PFC nanoemulsions can also be utilized to 

further increase the hypoxia found in solid tumors to increase the efficacy of hypoxia-based agents 

such as Tirapazamine and Salmonella. By saturating PFC nanoemulsion containing IR780 with 

inert gasses, the droplets will absorb the little oxygen present in solid tumors. This oxygen is then 

depleted by irradiating the droplets to produce ROS. The droplets are then able to absorb more 
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oxygen, creating a cycle increasing tumor hypoxia (Figure 3.21E). This variation in photodynamic 

therapy was quite effective at enhancing the efficacy of hypoxia-based agents to efficiently kill 

cells in culture and promote tumor regression.62 

In summary, perfluorocarbon nanoemulsions stabilized by macromolecules are easily 

formulated via ultrasonication. Often the photosensitizers are localized in the surfactant layer and 

aggregated. However, through clever design, the photosensitizers can be forced into a monomeric 

state upon the addition of perfluorocarbons, the disassembly of the droplets, or solubilization 

within the fluorous phase with perfluorocarbon tags. In all cases, the non-aggregated 

photosensitizers outperform aggregated photosensitizers in vitro, in cellulo and in vivo.  

 

3.5.3 Micelles 

Micelles are self-assembled architectures composed solely of polymer amphiphiles with 

hydrophobic payloads either covalently attached to the amphiphile or non-covalently associated 

with the hydrophobic center of the micelle (Figure 3.22A). A key difference between micelles and 

nanoemulsions is the quantity of perfluorocarbon. Although fluorous solvents are not directly 

incorporated in the micelles as they are in lipid- and macromolecule-stabilized nanoemulsions, 

fluorous segments of polymer amphiphiles still have a high affinity for oxygen compared to water  

when saturated with oxygen (900 mM O2 vs. 600 mM O2)63. Rodionov and coworkers 

systematically studied the oxygen carrying ability of a range of fluorous polymers, varying the 

fluorous monomer (C3F7, C6F13, C8F17) and the overall fluorous weight percent of the polymer (10, 

12, or 15 wt%). Interestingly, they found the polymer composed of the shortest fluorous containing 

monomer but the highest wt% fluorine incorporation had the highest oxygen saturation (C3F7, 15 

wt%).63  
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Figure 3.22 Fluorous polymer micelles for photodynamic therapy. (A) One step formulation of 
fluorine containing micelles for PDT. (B) Panel of surfactants utilized for micelle formation.  
(C) Compilation of cell viability and tumor regression following PDT treatment. Cell viability was 
measured in hypoxia (blue) and normoxia (red) conditions.  Tumors treated with saline were 
normalized to 1, with change in tumor volume plotted (grey). 
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Fluorinated amphiphiles can be synthesized via living polymerizations or coupling 

reactions (designated with red vs. orange dots in Figure 3.22B). Photosensitizers can be covalently 

attached to the polymer backbone or noncovalently associated with the hydrophobic center of the 

micelles to render fluorous micelles active agents for photodynamic therapy (designated with gray 

vs. black dots in Figure 3.22B, respectively). In addition, the polymers can be designed to have 

additional mechanisms to decrease off-target effects through the addition of acid or esterase 

sensitive functional groups (designated with purple dot in Figure 3.22B). As with nanoemulsions, 

photosensitizers can be prone to aggregation upon self-assembly (blue dot in Figure 3.22B), but 

careful amphiphile design can result in the photosensitizer being in the monomeric state (yellow 

dot in Figure 3.22B). 

The majority of fluorous amphiphiles used to formulate micelles are synthesized through 

RAFT polymerization (3.26-3.29).28,64–66 This controlled radical polymerization allows precise 

control of block lengths, and has high functional group tolerance, which provides opportunities for 

post-polymerization attachment of photosensitizers. Other amphiphiles employed for micelles for 

PDT include the coupling of standard hydrophilic polymers (i.e. polyethyleneimine (3.30)67 or 

hyaluronic acid (3.31)68) with fluorous carboxylic acids (Figure 3.22B). In all cases, the 

amphiphiles will self-assemble into thermodynamically stable micelles (~15 nm) or aggregates 

(<200 nm) when placed in water. These small nanomaterials accumulate in the tumor via the EPR 

effect. Due to their small size, they can exhibit long serum-half lives; however, they are prone to 

disassembly when diluted below the critical micelle concentration (CMC) within the body. 

Approaches to photosensitizer introduction vary based on the amphiphile. Hydrophobic 

photosensitizers such as porphyrins,28 chlorins,67 and derivatives68 have been incorporated via 

copolymerization with hydrophobic and fluorous containing monomers (3.27, 3.29, 3.31). The 
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covalent incorporation of photosensitizers prevents the undesired or premature leakage of 

payloads, a major limitation of perfluorocarbon nanoemulsions. In other instances, 

photosensitizers are non-covalently sequestered into the interior of the polymer micelles (3.26, 

3.28, 3.30).64,66,67 For both approaches, photosensitizer aggregation is observed. Even so, in all 

cases, the fluorinated analogs outperformed the hydrocarbon variants delivering more oxygen, 

thereby producing more reactive oxygen species, leading to increased cell death in cellulo and in 

vivo. 

Polymer amphiphiles can also be modified to have responsive behavior in the presence of 

cellular stimuli such as the acidic microenvironment surrounding tumors and hyaluronic acid 

esterases. In the first example, an acrylate containing pentafluorophenyl porphyrin was 

copolymerized with diethylaminoethylmethacrylate and poly(ethylene glycol) to create an acid 

sensitive amphiphile that self-assembles into micelles (3.27). When 3.27 is exposed to acidic 

environments, the diethlyamino side chains become protonated, facilitating a hydrophobic to 

hydrophilic transition, which substantially changes the critical micelle concentration, leading to 

nanomaterial disassembly. This disassembly results in the de-aggregation of photosensitizers, 

increasing the fluorescence and the photodynamic efficiency in vitro, in cellulo, and in vivo. In the 

second example, hyaluronic acid was esterified with perfluorooctanoic acid and the photosensitizer 

pyropheophorbide a (Ppa) (3.31). Upon self-assembly, polymer aggregates of approximately 150 

nm were formed displaying significant aggregation of Ppa. The fluorinated segments increased the 

photodynamic efficiency 3-fold compared to controls with no fluorination.68 

Overall, each self-assembled, fluorinated polymer outperformed the hydrocarbon variants 

both in cell culture and tumor regression studies. Under hypoxic cell culture conditions, the 

micelles and larger polymer aggregates are able to facilitate cell death upon irradiation, suggesting 
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oxygen is indeed incorporated into the nanoparticles. In xenograft tumor models, the nanoparticles 

were all reported to reduce the tumor volume by 75-90% compared to the volume of the saline 

control (Figure 3.22C).  

 

3.5.4 Other 

The majority of approaches toward dual oxygen and photosensitizer delivery with fluorous 

nanomaterials involve nanoemulsions (both lipid- and macromolecule-stabilized) or micelles. 

With some apparent limitations in these nanomaterial scaffolds, other architectures that 

accomplish combined delivery of oxygen and photosensitizer have started to be pursued. These 

include Mg-Al layered double hydroxides with a photosensitizer and fluorous solvent 

cointercalated,69 covalent organic polymers,70 and superhydrophobic silica.71 Each of these take 

different approaches to deliver oxygen and photosensitizer simultaneously but a unifying 

advantage is that their composition promotes the monomeric form of the photosensitizer, 

eliminating the challenges with photosensitizer aggregation that occur in droplets and micelles.   

Layered double hydroxides (LDHs) are synthetic clay materials composed of layers of 

positively charged metal hydroxides separated by layers of anions and water. Often, these materials 

are used as catalysts for chemical conversions.72 Interestingly, LDHs can enter cells and release 

their interlayer anions either through ion exchange with cellular anions or dissolution in the acidic 

environment of the lysosome. LDHs with magnesium and aluminum cations were prepared and 

protoporphyrin IX (ppIX) and perfluoroheptanoic acid (PFHA) were coupled to the surface. 

Notably, the protoporphyrin aggregated significantly with the addition of the PFHA compared to 

PS immobilized on LDH alone. However, this did not inhibit the photodynamic efficiency as the  
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Figure 3.23 Other fluorous nanomaterial scaffolds loaded with photosensitizer for photodynamic 
therapy. (A) Layered double hydroxides (LDHs) decorated with PS and fluorous chains.  
(B) Covalent organic polymer (COP) formulated with PS and fluorous linkers for the inclusion of 
perfluorocarbons to enhance PDT. (C) Superhydrophobic surfaces for the treatment of bacterial 
biofilms.  
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fluorous containing LDH-ppIX oxidized two substrates specific for reaction with singlet oxygen 

faster than non-fluorous containing LDH or PS alone (Figure 3.23A).69 

The covalent organic polymer (COP) was cleverly designed with 

tetra(hydroxyphenyl)porphyrin (THPP) vertices bridged with perfluorosebacic acid (PFSEA) to 

create a crosslinked fluorous polyester. Due to the fluorinated linkages, perfluoro-15-crown-5-

ether (PFCE) could be loaded into the COP (Figure 3.23B). The fluorinated COP loaded with 

PFCE outperformed the fluorinated COP and a hydrophobic control COP in dissolved oxygen 

loading, singlet oxygen production, cellular toxicity and tumor regression.70  

Superhydrophobic silica surfaces for biofilm reduction were formulated through coupling 

either a phthalocyanine or a combination of Chlorin e6 and a silyl perfluorobutane to a glass slide. 

Both surfaces were effective at reducing biofilm formation through PDT; however, in this case the 

phthalocyanine-decorated surface outperformed the Chlorin e6/perfluorobutane functionalized 

surface. The authors attribute this to increased loading of the phthalocyanine photosensitizer as 

compared to the Chlorin e6 (4.1 vs 1.4 mmol/g). As biofilms are commonly hypoxic, one would 

expect optimization of the photosensitizer loading accompanied with fluorous chains, will in the 

future, be a superior material (Figure 3.23C). 

Each of these architectures display the importance of co-delivery of photosensitizer and 

oxygen. When designing novel platforms separate from the traditional emulsions and micelles, the 

most important factor is the biocompatibility of the platform utilized. From there, it has been 

shown that fluorous small molecules can be functionalized to the surface of materials or used as 

building blocks to further load with more fluorous solvent and oxygen.  
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3.5.5 Summary and Outlook 
 
Photodynamic therapy with fluorous materials is a promising approach to treat diseases through 

the co-delivery of oxygen and photosensitizers. While there are other methods to increase tumor 

oxygenation including the reduction of hydrogen peroxide to oxygen in situ and hyperbaric oxygen 

inhalation,40–44 perfluorocarbons represent a simple, safe, and inert approach. In the past five years, 

the use of perfluorocarbons to deliver oxygen and improve photodynamic efficiencies has become 

an attractive method to propel photodynamic therapy into the treatment of non-surface exposed 

cancers and diseases.4 Future work will continue to improve on the photosensitizer properties 

including reduction in aggregation, shifting the absorbance to the near-infrared region of the 

electromagnetic spectrum for enhanced tissue penetration, and increasing quantum yields of 

singlet oxygen generation.45 Nanomaterial scaffolds will also continue to be optimized, providing 

means to increase perfluorocarbon/oxygen content and monomeric photosensitizer. A particularly 

promising approach is the use of mesoporous silica nanoparticles, which have already shown 

individual use for photodynamic therapy46 and as molecular oxygen shuttles through the inclusion 

of fluorous solvents.47,48 Self-assembled peptide-photosensitizer conjugates also have the potential 

for perfluorocarbon incorporation.49 With continued optimization and building from the clinical 

precedence for photodynamic therapy and perfluorocarbons for oxygen delivery, we expect the 

utility of fluorous nanomaterials for photodynamic therapy to make rapid strides in the next 

decade.  
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3.6 Experimental Procedures 

3.6.1 General experimental procedures 

Chemical reagents were purchased from Sigma-Aldrich, TCI America or Acros Organics and used 

without purification unless noted otherwise. Anhydrous and deoxygenated dimethylformamide 

(DMF) was dispensed from a Grubb’s-type Phoenix Solvent Drying System. Thin layer 

chromatography was performed using Silica Gel 60 F254 (EMD Millipore) plates.  Flash 

chromatography was performed with technical grade silica gel with 60 Å pores and 40–63 µm 

mesh particle size (Sorbtech Technologies). Solvent was removed under reduced pressure with a 

Büchi Rotovapor with a Welch self-cleaning dry vacuum pump and further dried with a Welch 

DuoSeal pump. Bath sonication was performed using a Branson 3800 ultrasonic cleaner. 

Emulsions were prepared using a QSonica (Q125) sonicator. Nuclear magnetic resonance (1H 

NMR and 19F NMR) spectra were taken on Bruker Avance 500 (1H NMR), Bruker Avance 400 

(1H NMR, 19F NMR) or Bruker Avance 300 (19F NMR) instruments and processed with TopSpin 

or MNova software.  Size and surface charge were measured with Malvern Zetasizer Nano 

instrument. 

 

3.6.2 General photophysics procedures 

Absorbance spectra were collected on a JASCO V-770 UV-Visible/NIR spectrophotometer with 

a 4000 nm/min scan rate after blanking with the appropriate solvent. Photoluminescence spectra 

were obtained on a Horiba Instruments PTI QuantaMaster Series fluorometer. Quartz cuvettes (1 

cm) were used for absorbance and photoluminescence measurements unless otherwise noted. 

Extinction coefficients were calculated with serial dilutions in DMF in volumetric glassware. Error 

was taken as the standard deviation of the triplicate measurement. Relative singlet oxygen quantum 
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yields were determined in DMF as described in relative quantum yield experimental procedure. 

Absolute quantum yields were determined in acetone with an integrating sphere as described in 

absolute quantum yield experimental procedure.    

 

All irradiation was performed with THORLabs M420L3 (420 nm) LED with SM1P25-A lens. 

Power was supplied with a KORAD KD3005D Digital-control DC Power Supply: 0-30V, 0-5A. 

Samples were placed 18 cm from the lens and kept in the center of the light. Power densities were 

measured with a FieldMate Laser Power Meter + Iris. 

 

3.6.3 General cell culture procedures 

HEK293 cells were donated by the lab of Professor Jorge Torres. A375 and MCF7 cells were 

purchased from ATCC. 

 

HEK293 cells and A375 cells were cultured in Dulbecco’s Modified Eagle Media (Life 

Technologies, cat# 11995073) supplemented with 10% fetal bovine serum (Corning, lot# 

35016109) and 1% penicillin-streptomycin (Life Technologies, cat# 15070063). MCF7 cells were 

cultured in Minimal Essential Medium supplemented with 10% fetal bovine serum (Corning, lot# 

35016109) and 1% penicillin-streptomycin (Life Technologies, cat# 15070063). Cells were 

washed with PBS, or PBS supplemented with 1% fetal bovine serum (FACS buffer). Cells were 

incubated at 37 ˚C, 5% CO2, during treatments and throughout culturing, in HERACell 150i CO2 

incubators. Cells were pelleted through use of Sorvall ST 40R centrifuge. All cell work was 

performed in 1300 Series A2 biosafety cabinets. 
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For cell viability experiments: following incubation, cells were washed three times by 

centrifugation (526xg, 3 min, 4 ˚C). 2 µL of propidium iodide solution (1 mg/mL in PBS) was 

added to each well. Cells/PI were transferred to FACS tubes with a final volume of 300 L FACS 

buffer (PBS + 1% FBS). Cells were incubated on ice for 15 minutes prior to flow cytometry 

measurement. PI fluorescence was measured on FL2 channel. Data was analyzed by splitting the 

population at 102 as a live/dead line. Flow cytometry was performed on a BDBiosciences 

FACSCalibur equipped with 488 nm and 635 nm lasers. For assessment of the statistical 

significance of differences, a one-tailed Student’s t-test assuming unequal sample variance was 

employed.  

 

Confocal microscopy was performed on a TCS SPE Leica confocal microscope containing 405 

nm, 488 nm, 532 nm and 635 nm lasers.  

 

3.6.4 Calculating quantum yield procedures 

1. Relative measures of singlet oxygen quantum yield 

The singlet oxygen quantum yield of a photosensitizer is defined as follows 

𝑄𝑄𝑄𝑄∆𝑠𝑠 = �
𝐼𝐼∆𝑟𝑟
𝐼𝐼∆𝑠𝑠
� ∗ 𝑄𝑄𝑄𝑄∆𝑟𝑟                                                                                                                        (3.1) 

Where IΔr is the integral from 1200-1350 nm of singlet oxygen phosphorescence of the reference, 

and IΔs is of the sample. QYΔr is the known singlet oxygen quantum yield of the reference in a 

specified solvent.  

Rose Bengal and zinc phthalocyanine were used as references in DMF. References of Rose Bengal 

(47%, DMF) and zinc phthalocyanine (56%, DMF)73 were used to check the method, then used to 

calculate the singlet oxygen quantum yields of 3.8 and 3.9. The following parameters were used: 
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exslits 5 nm, emslits 30 nm, step size 1 nm, integration time, 0.1 s. (ex: 560 nm, 660 nm, collection 

1200-1350 nm). 

 

Each photosensitizer was excited at their respective absorbance λmax, and phosphorescence was 

collected at a 90˚ angle to excitation. Excitation slit widths were 5 nm, and the emission slit widths 

were opened to 30 nm to allow maximum detection. A 1000 nm longpass filter was placed before 

the entrance slit of the detector to block any emission below 1000 nm, and the trace was integrated 

for 0.1 seconds.  

 

2. Absolute measures of fluorescence quantum yield  

The photoluminescence quantum yield of a dye or material is defined as follows  

𝑄𝑄𝑄𝑄 =
𝑃𝑃𝐸𝐸
𝑃𝑃𝐴𝐴

                                                                                                                                           (3.2) 

Where PE, PA are the number of photons absorbed and emitted respectively. To determine absolute 

quantum yield, we either use a known standard (relative method), or measure the number of 

photons absorbed and emitted independently (absolute method). 

An integrating sphere is utilized to measure the absolute quantum yields, in which a standard 

cuvette is illuminated on all sides by scattering a laser against white Teflon. The direct scatter is 

diminished by a baffle, and a side port is used with a large-area detector (Horiba Instruments PTI 

QuantaMaster Series fluorometer). Excitation is provided by a xenon lamp and excitation 

monochromator, both of which are shared with the steady state system. The sample compartment 

and excitation correction fixture (RCQC) are shared. An emission correction file (in quanta/nm) 

for the sphere/fiber/mono/PMT combination is provided (EMCORsphere). The measurement 

consists of two emission scans, which are excitation and emission corrected during the acquisition. 



133 

Emission corrections are necessary to correct for the wavelength dependent efficiency of the 

detection system and to convert to quanta. Excitation corrections are recommended since they 

correct for fluctuation in lamp power and for intensity drifts.  

 

The number of fluorescence quanta is found by integrating the sample emission curve without a 

neutral density filter over all the fluorescence. The number of absorbed quanta is given by the 

integral of (blank excitation curve – sample excitation curve) over the excitation wavelength. The 

number of emitted quanta is given by the integral of (blank emission curve – sample emission 

curve) over the emission range. PTI software contains an integration function. The product of the 

scaling factor and the absorbed/emitted quanta accounts for potential attenuation of the scattered 

excitation peak. 

 

Scaling factors for the filter were calculated by finding the integration of the reference excitation 

without the filter divided by the reference excitation with the filter. All calculations were done 

through the Trace Math function of the software. The excitation traces were integrated over several 

ranges, giving a range of scaling factors that all gave the same quantum yield in further 

calculations.  

 

Experiments were performed on 0.45 µM, 0.9 µM, and 1.8 µM of both 1 and 2 in DMF, all giving 

the same values.  
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3.7 Figure experimental procedures 

Figure 3.3B. 

The λmax,abs  values were obtained in dimethylformamide (DMF) on a JASCO V-770 UV-

Visible/NIR spectrophotometer with a 2000 nm/min scan rate. Extinction coefficient values were 

obtained from serial dilutions using volumetric flasks. All masses were determined on a Sartorius 

MSE6.6S-000-DM Cubis Micro Balance. λmax,em values were obtained in DMF on a Horiba 

Instruments PTI QuantaMaster Series fluorometer. For the emission of 3.8 and 3.9, the following 

parameters were used: slits 5 nm, step size 1 nm, integration time, 0.1 s. Emission collection were 

as follows: 3.8 and 3.9 (Ex 410, collection 600 – 800 nm). For the 1O2 phosphorescence of 3.8 and 

3.9, the following parameters were used: exslits 5 nm, emslits 30 nm, step size 1 nm, integration time, 

0.1 s. The 1O2 phosphorescence settings were as follows: 1 and 2 (Ex 410, collection 1200 – 1350 

nm, 1000 nm longpass filter). The ΦF for 3.8 and 3.9 in DMF, the following parameters were used: 

slits 5 nm, step size 1 nm, integration time 1.0 s. Excitation were: 3.8 and 3.9 (Ex 410, collection 

390-430 nm). Emission were: 3.8 and 3.9 (Ex 410, collection 600-750 nm). Scaling factor 

measurements were as follows: exslits 3 nm, emslits 4.2 nm, step size 1 nm, integration time, 1.0 s. 

Excitation were: 3.8 and 3.9 (Ex 410, collection 390-430 nm). Excitation and emission were 

collected of 3.8 and 3.9, and blanks of DMF. The ΦΔ were calculated through integration of the 

1O2 phosphorescence peak at 1274 nm. The following parameters were used: exslits 5 nm, emslits 30 

nm, step size 1 nm, integration time, 0.1 s. Emission were: 3.8 and 3.9 (Ex 410, collection 1200–

1350 nm). References of Rose Bengal (47%, DMF) and zinc phthalocyanine (56%, DMF)73 with 

the following parameters were used: exslits 5 nm, emslits 30 nm, step size 1 nm, integration time, 0.1 

s. (Ex 560 nm, 660 nm, collection 1200-1350 nm). 

 



135 

Figure 3.3C.  

Spectra were taken in hexanes and perfluorohexanes (6 nmol, 0.02 mg 3.8, 0.011 mg 3.9). 

Absorbance values were obtained on a JASCO V-770 UV-Visible/NIR spectrophotometer with a 

2000 nm/min scan rate. Emission values were obtained on a Horiba Instruments PTI QuantaMaster 

Series fluorometer with the following settings: slits 5 nm, step size 1 nm, integration time 0.1 s 

(Ex 410 nm, collection 600-800 nm). 1O2 phosphorescence were obtained on a Horiba Instruments 

PTI QuantaMaster Series fluorometer with the following settings: exslits 5 nm, emslits 30 nm, step 

size 1 nm, integration time 0.1 s, 1000nm longpass filter (Ex 410 nm, collection 1200-1350nm). 

 

Figure 3.4-3.5 

Photosensitizer 3.8 or 3.9 (18.6 nmol, 0.06 mg 3.8, 0.03 mg 3.9) were dissolved in the indicated 

solvents (200 µL) through inversion or minimal sonication (<10 sec, bath sonicator). Photographs 

were taken in either visible or long-wave UV light (UVGL-25, 365 nm).  

 

Figure 3.6 

Characterization of photosensitizer 3.8 and 3.9 in dimethylformamide (DMF) (30 µM, 6 nmol in 

200 µL). Spectra were taken in a 300 µL quartz cuvette. Extinction coefficient was calculated 

through serial dilution of 3.8 and 3.9 in DMF, performed in a 1 mL volumetric flask. Extinction 

coefficient was measured on a JASCO V-770 UV-Visible/NIR spectrophotometer with a 2000 

nm/min scan rate. Photoluminescence spectra were obtained on a Horiba Instruments PTI 

QuantaMaster Series fluorometer. Emission spectra: slits 5 nm, step size 1 nm, integration time 

0.1 s (Ex: 410 nm, collection 600-750 nm). Phosphorescence spectra (grey, dotted): exslits 5 nm, 
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emslits 30 nm, step size 1 nm, integration time 0.1 s (Ex: 410 nm, collection 1200-1350 nm, 1000 

nm long-pass filter).  

 

Figure 3.7. 

Photosensitizer 3.9 (1.16 nmol, 0.002 mg) was dissolved in dimethylformamide with increasing 

percentages of methoxyperfluorobutane (0-100%, TCI America). The total volume was kept 

consistent at 0.75 mL. Absorbance was measured on a JASCO V-770 UV-Visible/NIR 

spectrophotometer with a 2000 nm/min scan rate. Photoluminescence spectra were obtained on a 

Horiba Instruments PTI QuantaMaster Series fluorometer. Emission spectra: slits 5 nm, step size 

1 nm, integration time 0.1 s (Ex 410 nm, collection 600-750nm). Phosphorescence spectra: exslits 

5 nm, emslits 30 nm, step size 1 nm, integration time 0.1 s (Ex 410 nm, collection 1200-1350nm, 

1000 nm longpass filter). All data was normalized to λmax,abs, λmax,em, and λmax,phos. The average of 

the normalized data is plotted. Error bars represent the standard deviation of three samples. 

  

Figure 3.9A.  

Emulsions A-D were prepared by predissolving 3.8 or 3.9 (6 nmol, 0.02 mg 3.8 or 0.011 mg 3.9) 

in 7:3 perfluorodecalin/perfluorotripropylamine or in olive oil (10 vol%, 20 µL) in an Eppendorf 

tube. Pluronic F-68 was predissolved in PBS pH 7.4 (28 mg/mL) and this solution (200 µL, 2.8 

wt%) was added to the fluorous solvent or olive oil. Sonication (35% amp, 90 s, 0 ˚C) resulted in 

emulsions of sizes shown in Figure 3.9B and Figure 3.9C without filtration.  
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Figure 3.9B/C. 

Empty emulsions were prepared by sonicating 7:3 perfluorodecalin/ perfluorotripropylamine (10 

vol%, 20 µL) with Pluronic F-68 predissolved in PBS pH 7.4 (28 mg/mL, 2.8 wt%, 200 µL). 

Emulsions were diluted in MilliQ H2O (20 µL emulsions in 2 mL MilliQ H2O, Ω = -18 mV) in a 

plastic cuvette. The size was monitored with Malvern Zetasizer Nano dynamic light scattering and 

data is representative of three replicate measurements. Error bars represent the standard deviation 

of three measurements. 

 

Figure 3.9E. 

Emulsions containing 3.8 and 3.9 were prepared as described in Figure 3.9A. Emulsions were 

diluted in PBS (200 µL emulsion in 3 mL PBS). To this dilution was added 3.10 (25 µL of 1 

mg/mL stock, 61 µM final concentration).   This solution (1 mL) was irradiated (420 nm, 8.5 

mW/cm2) for 30 min. Emission values were collected over 30 min on a Horiba Instruments PTI 

QuantaMaster Series fluorometer with the following settings: exslits 5 nm, emslits 2, step size 1 nm, 

integration time 0.1 s (ex: 375 nm, collection 390-500 nm).  A control of 3.10 alone was irradiated 

(420 nm, 8.5 mW/cm2) to determine background photobleaching. The data was integrated from 

390-500 nm, and the control photobleaching of 3.10 was added to each data set to account for the 

photobleaching of 3.10 alone. Emulsion A is statistically significant from emulsions B-D with 

p<0.001. Statistical significance was determined with a one tailed, unequal variance T-test. 

 

Figure 3.9F/G. 

Emulsions containing 3.8 or 3.9 were prepared as described in Figure 3.9A except the 

concentration of 3.8 and 3.9 was 0.04 µmol (0.13 mg 3.8 or 0.07 mg 3.9 in 20 µL 7:3 PFD/PFTPA 
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or oil, 10 vol%) and diluted (200 µL emulsions in 5 mL). A portion of these solutions (1 mL) was 

taken and placed in the presence of 1-octanol (0.5 mL) in an Eppendorf tube. The biphasic samples 

were then rocked for 1 week. The Eppendorf tubes containing the samples were allowed to roll 

freely on a KJ-201BD Orbital shaker at 20 rpm. The fluorescence of the 1-octanol layer was 

monitored to determine the amount of 3.8 and 3.9 that diffused out of the emulsions (Figure 3.9F). 

Emission values were obtained by taking an aliquot (200 µL) of the 1-octanol in a 0.3 mL quartz 

cuvette and measuring the fluorescence on a Horiba Instruments PTI QuantaMaster Series 

fluorometer with the following settings: slits 5 nm, step size 1 nm, integration time 0.1 s (Ex 410 

nm, collection 600-750nm).  The 1-octanol was returned to the sample after the measurement.  

Emulsion B is statistically significant from emulsions A, C and D with p<0.001. Statistical 

significance was determined with a one tailed, unequal variance T-test.  

 

Figure 3.10. 

NMR samples were prepared with each of the components of PFC or oil emulsions in the presence 

of Rose Bengal (1.6 µmol, 1 mg), a known photosensitizer. A final volume of 0.5 mL for each of 

the NMRs were prepared, with 100 µL of either 7:3 perfluorodecalin (PFD)/ 

perfluorotripropylamine (PFTPA) or olive oil, or Pluronic F-68 (0.4 µmol, 1.1 mg). Anthracene, 

3.10, was used as a control (8.1 µmol, 2 mg) to ensure 1O2 was being produced in high enough 

quantities to interact with the fluorous solvent, oil, or Pluronic F-68. NMR samples were then kept 

in the dark or irradiated (420 nm, 90 min, 8.5 mW/cm2). NMRs were taken on Bruker AV-500 or 

AV-300 instruments. 
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Figure 3.11. 

Emulsions were prepared as described in Figure 3.9B/C. Emulsions were diluted (20 µL emulsions 

in 2 mL MilliQ H2O, Ω = -18 mV), and Rose Bengal was added (0.4 µM, 2 µL of 1 mM stock). 

Size measurements of the emulsions were taken over a period of two weeks in the presence of 

Rose Bengal, with and without light (420 nm, 30 min, 8.5 mW/cm2). Size was monitored with 

Malvern Zetasizer Nano dynamic light scattering and data is representative of three replicate 

measurements. Error bars represent the standard deviation of the product of the Zaverage and the 

polydispersity index of three measurements.  

 

Figure 3.12. 

Emulsions A-D were prepared as described in Figure 3.9A.  The emulsions were transferred to a 

new Eppendorf tube and diluted with dichloromethane (1 mL) and evaporated to dryness. 

Dimethylformamide (0.5 mL) was added to the dried emulsions (denoted “included in 

emulsions”), and the original Eppendorf tube the emulsions were prepared in (denoted “excluded 

from emulsions”). The maximum control was 3.8 or 3.9 (6 nmol, 0.02 mg 3.8 or 0.011 mg 3.9) 

dissolved in dimethylformamide (0.5 mL).  Absorbance was measured on a JASCO V-770 UV-

Visible/NIR spectrophotometer with a 2000 nm/min scan rate. Photoluminescence spectra were 

obtained on a Horiba Instruments PTI QuantaMaster Series fluorometer. Emission spectra: slits 5 

nm, step size 1 nm, integration time 0.1 s (Ex 410 nm, collection 600-750 nm). Phosphorescence 

spectra: exslits 5 nm, emslits 30 nm, step size 1 nm, integration time 0.1 s (ex: 410 nm, collection 

1200-1350 nm, 1000 nm longpass filter). Data was normalized relative to the maximum control. 

Error bars represent the standard deviation of three samples. 
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Figure 3.13.  

Emulsions were prepared as in Figure 3.9 B/C. A portion of these solutions (1 mL) was taken and 

placed in the presence of 1-octanol (0.5 mL) in an Eppendorf tube. The biphasic samples were 

then rocked for three days. The Eppendorf tubes containing the samples were allowed to roll freely 

on a KJ-201BD Orbital shaker at 20 rpm. Each day, the aqueous layer was removed and placed in 

a 1 mL plastic cuvette and the size of the emulsions was measured by dynamic light scattering.  

After the measurement, the emulsions were replaced and returned to rocking. Error bars represent 

the standard deviation of the product of the Zaverage and the polydispersity index of three samples. 

 

Figure 3.14C-E/Figure S3.4 

Emulsion E was prepared by predissolving 3.8 (6 nmol, 0.02 mg) and 3.12 (0.11 µmol, 0.25 mg) 

in 7:3 perfluorodecalin / perfluorotripropylamine (10 vol%, 20 µL) in an Eppendorf tube. Pluronic 

F-68 predissolved in PBS pH 7.4 (28 mg/mL, 2.8 wt%, 200 µL) was added to the fluorous solvent. 

Sonication (35% amp, 90 s, 0 ˚C) resulted in emulsion E. Emulsions were diluted in FACS buffer 

(200 µL in 1 mL, PBS buffer + 1% FBS).  

 

A375 cells (30,000 cells/50 µL) were plated on a single well glass microscope slide (VWR 10118-

600) that had been treated with FBS (2 mL, 30 min) and allowed to dry at RT in a biosafety cabinet 

to maintain sterility. Cells were allowed to adhere (O/N) and were washed with FACS buffer (PBS 

buffer + 1% FBS, 3x). Cells were treated with emulsion E (50 µL dilution in 100 µL media, 3 h). 

Cells were stained with Hoechst and NucGreenTM from ReadyProbes Cell Viability Imaging Kit 

(ThermoFisher, ref # R37609). Cells were stained with Hoechst (1 drop/1mL media, 15 min) 

before confocal images were taken. Cells were imaged before light treatment without NucGreenTM. 
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Cells were then stained with NucGreenTM (1 drop/1mL media, 15 min) and imaged before and 

after light treatment. Confocal settings were as follows: Rhodamine (532 laser-51%, 970 gain, 

offset -0.4, collection 540-700nm), Hoechst (405 laser-51%, 970 gain, offset -0.4, collection 420-

500nm), NucGreenTM (488 laser-51%, 970 gain, 0ffset -0.4, collection 500-550 nm), DIC (scan-

BF, 450 gain, offset -0.7). Scale bar represents 75 µm. Images were processed in ImageJ. 

 

Figure 3.14F/Figure 3.17 

Emulsions A-D were prepared as described in Figure 3.9A. A375 cells were placed in a 96-well 

plate (200,000 cells per 150 µL/well). Emulsions were diluted in FACS buffer (200 µL in 1 mL, 

PBS buffer + 1% FBS). Cells suspended in 150 µL media were treated with 50 µL of the diluted 

emulsions. Cells were incubated in the presence of emulsions (37 ˚C, 5% CO2, 3 h). Cells were 

washed by centrifugation (3x, 526xg, 3 min) and resuspended in FACS buffer (PBS with 1% FBS) 

to a final volume of 200 µL. Cells were irradiated (30 min, 420 nm, 8.5 mW/cm2).  After 

irradiation, cells were diluted to 300 µL with FACS buffer and incubated (0 ˚C, 15 min) with 

propidium iodide (2 µL, 1 mg/ml solution). Cell death was analyzed by FL2 channel on 

FACSCalibur.  15,000 cells were collected per sample.  Emulsions A, B, and C were statistically 

significant after 10 min irradiation from the dark control with p<0.05. All emulsions were 

statistically significant after 30 min irradiation from the dark control with p<0.0001. Statistical 

significance was determined with a one tailed, unequal variance T-test. 

 

Figure 3.15/S3.4. 

Emulsion F was prepared by predissolving 3.12 (0.11 µmol, 0.25 mg) in 7:3 perfluorodecalin / 

perfluorotripropylamine (10 vol%, 20 µL) in an Eppendorf tube. A solution of Pluronic F-68 in 
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PBS pH 7.4 (28 mg/mL, 2.8 wt%, 200 µL) was added to the fluorous solvent. Sonication (35% 

amp, 90 s, 0 ˚C) resulted in emulsion F.  

 

A375 cells (30,000 cells/50 µL) were plated on a single welled glass microscope slide (VWR 

10118-600) that had been treated with FBS (2 mL, 30 min) and allowed to dry at RT in biosafety 

cabinet to maintain sterility. Cells were allowed to adhere (O/N) and were washed with FACS 

buffer (PBS buffer + 1% FBS, 3x). Cells were treated with emulsion F (50 µL in 100 µL media, 3 

h). Cells were stained with Hoechst from ReadyProbes Cell Viability Imaging Kit (ThermoFisher, 

ref # R37609) (1 drop/1mL media, 15 min) before confocal images were taken. Cells were stained 

with LysoTracker Green DND-26 (Cell Signaling #8783, 1:20,000 in PBS buffer, 100 µL, 5 min) 

and washed with FACS buffer (PBS buffer + 1% FBS, 3x). Cells were imaged via excitation at 

405 nm (Hoescht), 488 nm (LysoTracker Green), and 532 nm (Rhodamine). Images were 

processed in ImageJ. Scale bar represents 75 µm (top panel), 25 µm (bottom panel). 

 

Figure 3.16/S3.6 

Emulsion F was prepared by predissolving 3.12 (0.11 µmol, 0.25 mg) in 7:3 

perfluorodecalin/perfluorotripropylamine (10 vol%, 20 µL) in an Eppendorf tube. A solution of 

Pluronic F-68 in PBS pH 7.4 (28 mg/mL, 2.8 wt%, 200 µL) was added to the fluorous solvent. 

Sonication (35% amp, 90 s, 0 ˚C) resulted in emulsion F.  

 

A375 cells (30,000 cells/50 µL) were plated on a single welled glass microscope slide (VWR 

10118-600) that had been treated with FBS (2 mL, 30 min) and allowed to dry at RT in biosafety 

cabinet to maintain sterility. Cells were allowed to adhere (O/N) and were washed with FACS 
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buffer (PBS buffer + 1% FBS, 3x). Cells were treated with emulsion F (50 µL in 100 µL media, 3 

h). Cells were stained with Hoechst and NucGreenTM from ReadyProbes Cell Viability Imaging 

Kit ThermoFisher, (ref # R37609). Cells were stained with Hoechst (1 drop/1mL media, 15 min) 

before confocal images were taken. Cells were imaged before light treatment without NucGreenTM. 

Cells were stained with NucGreenTM (1 drop/1mL media, 15 min) and imaged before and after 

light treatment (30 min, 420 nm, 8.5 mW/cm2). Confocal settings were as follows: Rhodamine 

(532 laser-51%, 970 gain, offset -0.4, collection 540-700 nm), Hoechst (405 laser-51%, 970 gain, 

offset -0.4, collection 420-500 nm), NucGreenTM (488 laser-51%, 970 gain, offset -0.4, collection 

500-550 nm), DIC (scan-BF, 450 gain, offset -0.7). Images were processed in ImageJ. Scale bar 

represents 75 µm. 

 

Figure 3.17.  

200,000 HEK cells/150 µL media were placed in 96-well plates. 

(A) Emulsion A was prepared with varying amount of 3.8 (0-155 µM, 0-0.1 mg). Emulsions were 

diluted with FACS buffer (PBS, 1% FBS, 200 µL emulsions in 1 mL). Cells suspended in 150 µL 

media were treated with 50 µL diluted emulsions.  

(B) Emulsions containing 3.8 were prepared as described in Figure 3.9A. Emulsions were diluted 

in PBS (200 µL emulsion in 1 mL PBS). HEK cells suspended in media were treated with varying 

amounts of diluted emulsions (5-150 µL, 200 µL emulsion diluted in 1 mL FACS buffer) to a final 

volume of 200 µL.  

 

Cells were incubated in the presence of emulsions (37 ˚C, 5% CO2, 3 h). Cells were washed by 

centrifugation (3x, 526xg, 3 min) and resuspended in FACS buffer (PBS with 1% FBS) at a final 
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volume of 200 µL. Cells were irradiated (30 min, 420 nm, 8.5 mW/cm2).  After irradiation, cells 

were diluted to 300 µL FACS buffer and incubated     (0 ˚C, 15 min) with propidium iodide (2 µL, 

1 mg/mL solution). Cell death was analyzed by FL2 channel on FACSCalibur. The live/dead line 

was drawn at 102. 10,000 cells were collected per sample.  Error bars represent the standard 

deviation of three samples. 

 

Figure 3.18-S3.2. 

Emulsions A-D were prepared as described in Figure 3.9. MCF7 cells were placed in a 96-well 

plate (200,000 cells per 150 µL/well). Emulsions were diluted in FACS buffer (200 µL in 1 mL, 

PBS buffer + 1% FBS). Cells suspended in 150 µL media were treated with 50 µL of the diluted 

emulsions. Cells were incubated in the presence of emulsions (37 ˚C, 5% CO2, 3 h). Cells were 

washed by centrifugation (3x, 526xg, 3 min) and resuspended in FACS buffer (PBS with 1% FBS) 

to a final volume of 200 µL. Cells were irradiated (30 min, 420 nm, 8.5 mW/cm2).  After 

irradiation, cells were diluted to 300 µL with FACS buffer and incubated (0 ˚C, 15 min) with 

propidium iodide (2 µL, 1 mg/ml solution). Cell death was analyzed by FL2 channel on 

FACSCalibur.  15,000 cells were collected per sample.  Emulsions A, B, and C were statistically 

significant after 10 min irradiation from the dark control with p<0.05. All emulsions were 

statistically significant after 30 min irradiation from the dark control with p<0.0001. Statistical 

significance was determined with a one tailed, unequal variance T-test. 

 

Figure 3.19-3.28. 

Emulsions A-D were prepared as described in Figure 3.9. HEK293 cells were placed in a 96-well 

plate (200,000 cells per 150 µL/well). Emulsions were diluted in FACS buffer (200 µL in 1 mL, 
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PBS buffer + 1% FBS). Cells suspended in 150 µL media were treated with 50 µL of the diluted 

emulsions. Cells were incubated in the presence of emulsions (37 ˚C, 5% CO2, 3 h). Cells were 

washed by centrifugation (3x, 526xg, 3 min) and resuspended in FACS buffer (PBS with 1% FBS) 

to a final volume of 200 µL. Cells were irradiated (30 min, 420 nm, 8.5 mW/cm2). After irradiation, 

cells were diluted to 300 µL with FACS buffer and incubated (0 ̊ C, 15 min) with propidium iodide 

(2 µL, 1 mg/ml solution). Cell death was analyzed by FL2 channel on FACSCalibur. 15,000 cells 

were collected per sample. Emulsions A, B, and C were statistically significant after 10 min 

irradiation from the dark control with p<0.05. All emulsions were statistically significant after 30 

min irradiation from the dark control with p<0.0001. Statistical significance was determined with 

a one tailed, unequal variance T-test. 

 

Figure 3.29. 

Characterization of photosensitizer 3.8 in 7:3 perfluorodecalin (PFD)/ perfluorotripropylamine 

(PFTPA) (30 µM 3.8, 6 nmol in 200 µL). Spectra were taken in a 300 µL quartz cuvette. Extinction 

coefficient was calculated through serial dilution of 3.8 in 7:3 PFD/PFTPA, performed in a 1 mL 

volumetric flask. Extinction coefficient was measured on a JASCO V-770 UV-Visible/NIR 

spectrophotometer with a 2000 nm/min scan rate. Photoluminescence spectra were obtained on a 

Horiba Instruments PTI QuantaMaster Series fluorometer. Emission spectra: slits 5 nm, step size 

1 nm, integration time 0.1 s (Ex: 410 nm, collection 600-750 nm). Phosphorescence spectra (grey, 

dotted): exslits 5 nm, emslits 30 nm, step size 1 nm, integration time 0.1 s (Ex: 410 nm, collection 

1200-1350 nm, 1000 nm long-pass filter).  
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3.8 Scheme experimental procedures 

Fluorous Porphyrin (3.8)  

5,10,15,20-Tetrakis[4- (10H,10H,20H,20H-perfluorododecyl) -2,3,5,6- 

tetrafluorophenyl] porphyrin19 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin (11.5 mg, 

11.8 µmol, 1 equiv., TCI America) was dissolved in DMF (1 mL, anhydrous). 1H, 1H, 2H, 2H-

perflurododecane-1-thiol (38 mL, 112 µmol, 9.5 equiv.) and diethylamine (20 µL, 194 µmol, 16 

equiv.) were dissolved in 2:1 ethyl acetate/DMF under nitrogen (3 mL). The 5,10,15,20-

Tetrakis(pentafluorophenyl)porphyrin dissolved in DMF was added to the solution of 1H, 1H, 2H, 

2H-perflurododecane-1-thiol and diethylamine. The resulting solution was stirred overnight at 

room temperature and evaporated onto silica gel. Photosensitizer 1 was purified via silica gel 

chromatography, eluting with hexane/acetone. (Rf = 0.6 in 20:1 hexane/acetone). This procedure 

gave pure 1 (37.9 mg, 11.8 µmol, 39.6%). 1H NMR (300 MHz, CDCl3, 5% TFA): δ 8.98 (s, 8H), 

3.61 (t, J = 9 Hz, 8H), 2.78-2.73 (m, 8H), -0.72 (br s, 2H). 19F (282 MHz, CDCl3, 5% TFA): δ -

81.08 (t, J = 10 Hz, 12F), -114.09 (m, 8F), -121.77 (m, 8F), -122.04 (m, 16F), -122.88 (m, 8F), -

123.31 (m, 8F), -126.32 (m, 8F), -132.22 (m, 8F), -137.80 (m, 8F). HRMS (MALDI): Calculated 

for C84H27F84N4S4
+ [M+H]+: 2814.9772; found: 2814.9798. Absorbance (DMF): 408 nm (ε = 

8.4x104 M-1cm-1). Emission (DMF, Ex 410 nm): 704 nm, ΦF = 0.02 ± 0.03 (DMF), Φ∆ = 86 ± 0.8 

% (DMF). 
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Hydrophobic Porphyrin (3.9) 

5,10,15,20-Tetrakis[4- (10H,10H,20H,20H-dodecyl) -2,3,5,6- 

tetrafluorophenyl] porphyrin 5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin (11.5 mg, 11.8 

µmol, 1 equiv.) was dissolved in DMF (1 mL, anhydrous). Dodecane-1-thiol (150 µL, 600 µmol, 

50 equiv.) and diethylamine (36 µL, 354 µmol, 30 equiv.) were dissolved in 2:1 ethyl acetate/DMF 

under nitrogen (3 mL). The 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin dissolved in DMF 

was added to the solution of dodecane-1-thiol and diethylamine. The resulting mixture was stirred 

overnight at room temperature and evaporated onto silica gel. Photosensitizer 2 was purified via 

silica gel chromatography, eluting with pentane ether solvent gradient of: pentane, 1000:1 pentane: 

ether, 500:1 pentane: ether, 250:1 pentane: ether. This procedure gave pure 2 (7.5 mg, 2.0 µmol, 

38%). 1H NMR (500 MHz, CDCl3): δ 8.93 (s, 8H), 3.29 (t, J = 8 Hz, 8H), 1.86 (m, 8H), 1.61 (m, 

8H), 1.36-1.19 (m, 64H), 0.87 (m, 12H), -2.86 (s, 2H). 19F NMR (377 MHz, CDCl3): δ -134.26 

(m, 8F), -137.22 (m, 8F). HRMS (MALDI): Calculated for C92H111F16N4S4
+ [M+H]+: 1703.7431; 

found: 1703.7426. Absorbance (DMF): 406 nm (ε = 9x104 M-1cm-1). Emission (DMF, Ex. 410 

nm): 706 nm, ΦF = 0.02 ± 0.03 (DMF), Φ∆ = 85  ± 3.6 % (DMF). 
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3.9 Supplemental figures 

3.9.1 FACS Histograms 

Figure S3.1 Histograms for flow cytometry 
data in Figure 3.14F.   
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Figure S3.2 Histograms for flow cytometry 
data in Figure 3.18.   
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Figure S3.3 Histograms for flow cytometry 
data in Figure S3.19.   
  
 
 
 
 
 

  



151 

3.9.2 Single channel microscopy 

 
Figure S3.5   Single channel images for Figure 3.14C-E. 
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Figure S3.4  Single channel images for Figure 3.15. 
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Figure S3.6  Single channel images for Figure 3.16 
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3.10 NMR Characterization 

3.10.1 1H NMR Spectra 
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3.10.2 19F NMR Spectra 
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CHAPTER FOUR 

 

Redox responsive materials for payload delivery via perfluorocarbon nanoemulsions 

 

Adapted from:  

Margeaux A. Miller,± Rachael A. Day,± Daniel A. Estabrook± and Ellen M. Sletten.* A 

reduction-sensitive fluorous fluorogenic coumarin. Synlett, 2020, 31, 450-454.  

DOI: 10.1055/s-0039-1690770        ± denotes equal contribution 

and 

Daniel A. Estabrook, Rachael A. Day, and Ellen M. Sletten.* Redox-responsive gene delivery 

from perfluorocarbon nanoemulsions through cleavable poly(2-oxazoline) surfactants. Angew. 

Chem. Int. Ed. 2021, Accepted. DOI: 10.1002/anie.202102413. 

 

4.1 Abstract 

In order to deliver active therapeutics to the cytosol of cells, a responsive payload and surfactant 

to stabilize nanoemulsions is desired. The concentration of glutathione in the cytosol is 5-10 mM 

and the concentration of glutathione in the extracellular matrix is in the micromolar range. Thus, 

we looked to design a payload that will become fluorescent, and a polymer surfactant that will 

release payload when exposed to the high concentrations of glutathione in the cytosol. To do this, 

we used strategically placed disulfide bonds. We use these tools to study how payloads 

encapsulated in perfluorocarbon nanoemulsions experience the environment surrounding the 

nanoemulsions, and ways to predictably, and with control, release payloads from the 

perfluorocarbon core.   
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4.2 Introduction 

 Emulsions, a class of soft nanomaterials, have been explored for drug delivery since World 

War II.1 Nanoemulsions – droplets less than ~200 nm – are well-suited to biomedical applications 

due to their small size and long-term kinetic stability.2 While the former results in extended half-

lives in vivo and tumor accumulation,3 the latter allows for stability and tolerance to environmental 

changes (e.g., pH, temperature)4 with the in vivo fate being controlled by the interior lipophilic 

core and surface properties.5 Currently, all five FDA-approved emulsion formulations involve 

passive release of small molecule payloads.4,6 Taking inspiration from stimuli that are present 

within the cytosol of cells, but not present in the extracellular environment, we looked to design 

materials that would be responsive to the high concentrations of glutathione found within cells.7 

Here, we design a fluorogenic, fluorous soluble fluorophore (Figure 4.1A; Sections 4.3.1) and a 

redox responsive polymer for the controlled release and delivery of plasmid DNA (Figure 4.1B; 

Sections 4.3.2).  

 As introduced in prior chapters, we are interested in studying nanoemulsions in which the 

inner phase is composed of perfluorocarbons (PFCs). The orthogonality of perfluorocarbons to 

aqueous and organic solution prevents the leaching of fluorous soluble molecules into biological 

environments,8 which is a limitation of traditional oil emulsions and has hindered the translation 

to the clinic. The extreme hydrophobicity and nonpolarizability of perfluorocarbons9,10 necessitate 

the use of fluorous tags11 to solubilize payloads and fluorous soluble fluorophores for the 

visualization of PFC nanoemulsions.12,13 
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Figure 4.1 Redox responsive tools for the study of PFC nanoemulsions. (A) Redox sensitive, 
fluorogenic coumarin 4.1, becomes fluorescent coumarin 4.2 after exposure to reducing agents. 
Coumarin 4.1 can be incorporated in PFC nanoemulsions. (B) Controlled release of payload 
through PFC nanoemulsions stabilized by responsive polymer 4.3, compared to previous work 
which relied on passive diffusion or ultrasound treatment for release of payload.  
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4.3 Results and Discussion 

4.3.1 Fluorogenic coumarin 

Chromophores that undergo changes in their photophysical properties in response to 

environmental or chemical perturbations are valuable tools to gain quantitative information in 

complex systems.14–17 These probes are designed such that they either undergo a shift in λmax,abs or 

λmax,em, deemed solvatochromic or ratiometric, respectively, or an enhancement in quantum yield, 

deemed fluorogenic (Figure 1A). Thousands of solvatochromic, ratiometric, and fluorogenic 

probes have been prepared to measure polarity changes,14–18 quantify ion concentrations,19–22 

image cellular compartments,23,24 detect metabolites,25–27 sense chemical warfare agents,28–31 etc. 

The medium that these probes can function in varies from gas phase to organic solvents to aqueous 

buffers; however, applications in the fluorous phase are scarce. 

  We chose coumarin as a scaffold for the development of a fluorogenic fluorous 

fluorophore due to literature precedent for solubilizing coumarin in perfluorocarbons,12,32–34 in 

addition to the large body of work demonstrating that coumarin fluorescence can be modulated by 

changes in substituents at the 7-position.35–37 We envisioned that the hydroxyl group of 7-

hydroxycoumarin could be alkylated with a chemically sensitive linkage connected to a fluorous 

tag. The branched fluorous tag imparts fluorous solubility to the starting fluorophore, while the 

chemically sensitive linker facilitates fluorescence turn-on. For our initial work, we chose a 

disulfide as the chemically sensitive linkage, which was connected to the coumarin via a self-

immolating carbonate linker38 to facilitate release of 7-hydroxycoumarin (4.2).  

We looked to a commonly used, self-immolative, redox responsive linker38,39 and reasoned 

that we could use previously developed chemistry in the Sletten lab to form a fluorous soluble self-

immolative linker. With this linker in hand, we synthesized the first fluorous soluble, fluorogenic 
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fluorophore, a coumarin (4.1). We evaluated the response of coumarin 4.1 to a variety of reducing 

agents. We anticipated that disulfide cleavage via a reducing agent would lead to thiol 4.4 and 4.5, 

which would spontaneously eliminate 1,3-oxathiolane-2-one (4.6) to release fluorescent 4.2 

(Figure 4.2A). To test an initial panel of reducing agents, we dissolved 4.1 in acetone. Acetone 

was chosen as we have found it to be sufficient to solubilize many partially fluorinated compounds 

and it is miscible with water, allowing polar reducing agents to be analyzed. As can be seen in 

Figure 4.2B, upon addition of 10 mM β-mercaptoethanol (BME, dark blue), dithiothrietol (DTT, 

green), glutathione (GSH, purple), or tris(carboxyethyl phosphine) (TCEP, orange) significant 

fluorescence is observed, becoming similar to that of free 7-hydroxycoumarin, suggested that 

efficient cleavage of the disulfide in 4.1 was readily obtained.40 Importantly, if reagents that are 

not able to reduce disulfide bonds are added, such as oxidized glutathione (ox GSH, gray) or 

ethylene glycol (black), little fluorescence is observed.  

Next, we moved to evaluating the fluorogenic nature of 4.1 in fluorous solvents. Coumarin 

4.1 was dissolved in perfluorooctyl bromide (PFOB, 3.19), methoxyperfluorobutane (MPFB), 

perfluorodecalin (PFD, 3.18), or perfluorohexanes (PFH, 3.7) and partitioned with phosphate 

buffered saline (PBS). It is important to note, although 4.1 was soluble in fluorous solvent, there 

was aggregation seen via a hypsochromic shoulder in the absorbance spectra in all solvents tested 

(Figure 4.3). Minimal signal is observed until the addition of β-mercaptoethanol (BME), at which 

point robust emission from the aqueous layer is apparent (Figure 4.2C).  

Of particular interest is the response to glutathione, as glutathione levels are very high 

intracellularly (5–10 mM) but low extracellularly (10 µM).7,41 We further probed the turn-on 

kinetics of 4.1 under various concentrations of glutathione and found that when treated with 

micromolar concentrations of glutathione there was less than 10-fold turn-on over the course 



174 

 
Figure 4.2  (A) Cleavage of disulfide bond in the presence of reducing agent to release a free thiol 
that rapidly undergoes self-immolation to give fluorescent 7-hydroxycoumarin. (B) Fluorescence 
spectra of 4.1 (49.1 µM, 1:1 acetone/PBS pH 7.4) after 30 min treatment with 10 mM: glutathione 
(GSH, purple), tris(carboxyethylphosphine) (TCEP, orange), dithiothreitol (DTT, green), β-
mercaptoethanol (BME, blue), oxidized glutathione (ox. GSH, gray), and ethylene glycol (black). 
7-hydroxycoumarin 3 (49.1 µM in 1:1 acetone/PBS) is shown in red. Inset: Long-wave UV image 
of 4.1 in 1:1 acetone /PBS before and after the adition of 10 mM β-mercaptoethanol (BME).  
(C) Long-wave UV images of 4.1 (0.05 mg in 0.75 mL fluorous solvent partitioned against 0.75 
mL PBS pH 7.4) before and after reduction with 10 mM BME. Fluorous solvent = perfluorooctyl 
bromide (PFOB, 3.19), methoxyperfluorobutane (MPFB), perfluorodecalin (PFD), 
perfluorohexane (PFH). (D) Time-dependent turn-on of 4.1 (19.1 µM, 1:1 acetone/PBS pH 7.4) in 
the presence of intra- (5–10 mM) and extracellular (0–0.1 mM) concentrations of glutathione: (0 
mM, black hexagon; 0.01 mM, gray diamond; 0.1 mM, orange circle; 5 mM, red square; 10 mM, 
blue triangle)  
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Figure 4.3  Normalized UV/Vis spectra of 4.1 (78.6 µM) in perfluorooctyl bromide (3.19, purple), 
methoxyperfluorobutane (MPFB, orange), perfluorodecalin (PFD, gray), perfluorohexanes (PFH, 
yellow), trifluorotoluene (TFT, dark green), trifluoroethanol (TFE,light green), dimethylsulfoxide 
(DMSO, blue), acetone (red), and phosphate buffered saline (PBS, black).   
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of an hour compared to the control (Figure 4.2D, orange, gray vs. black). When exposed to either 

5 mM or 10 mM glutathione, the fluorescence increased over 100-fold within an hour (Figure 

4.2D, red, blue vs. black). These data suggest that fluorogenic coumarin 4.1 can differentiate 

between biologically relevant glutathione levels. 

 One application of 4.1 is as a probe to measure the response of fluorous nanomaterials to 

intra- and extracellular conditions. Towards this end, we compared the properties of 4.1 

encapsulated in two different delivery vehicles: (i) droplets of fluorous solvent stabilized in water, 

(i.e., perfluorocarbon nanoemulsions) and (ii) fluorous coreshell micelles. Our group is interested 

in exploiting the orthogonal nature of the fluorous phase to create advanced 

nanotherapeutics.8,11,12,42,43 An important component of fluorous nanotherapeutics is the ability for 

fluorous-tagged molecules to be protected inside the biologically inert and nontoxic fluorous 

core.44,45 Fluorogenic coumarin 4.1 allowed us to directly test if cargo loaded into the center of the 

perfluorocarbon nanoemulsions or micelles sense the surrounding environment.  

Perfluorocarbon nanoemulsions containing 4.1 were prepared by first solubilizing 4.1 in 

3.19 (982 µM) and then combining with PBS to make a biphasic solution of 10 vol% fluorous oil. 

A commercially available nonionic fluorosurfactant, Zonyl FSN-100 (2.4), was added to a 

surfactant loading of 2.8 wt% in PBS (Figure 4.4A). Emulsions were then formed through 

ultrasonication at the liquid–liquid interface for 90 s at 0 °C. This procedure resulted in weakly 

fluorescent emulsions with a diameter of 185 nm and a polydispersity of 0.13 (Figures 4.5A). To 

prepare micelles, 2.4 was dissolved in a stock solution of MilliQ water at 2.8 wt% (far above the 

critical micelle concentration), and 4.1 was added via an acetone stock, yielding weakly 

fluorescent 6 nm micelles with a polydispersity of 0.04 (Figures 4.5B).46  
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To probe the role of these delivery vehicles in protecting the fluorogenic dye from the 

surrounding environment, nanomaterials were treated with no, low (e.g., extracellular, 0.1 mM), 

or high (e.g., intracellular, 10 mM) levels of glutathione in PBS. The fluorescence was then 

monitored over 48 h at 25 °C (Figure 4.4B and 4.6A, 4.6B). As expected, when encapsulated in 

either micelles or nanoemulsions, 4.1 shows reduced turn-on. After a 12 h incubation in 10 mM 

GSH at 25 °C, micelles and emulsions show similar levels of cargo protection, having 79% and 

83% less fluorescence than the free dye, respectively. After 48 h, micelles and emulsions exhibit 

85% and 70% less release than the free dye, indicating that, at room temperature, micelles show 

delayed release kinetics over time compared to emulsions. However, after 48 h at physiological 

temperature (37 °C), similar levels of protection are observed for the two vehicles (Figures 

4.7A/B). As seen in Figure 4.4C, which compares 48 h fluorescence measurements at 25 °C or 37 

°C, the micelles and emulsions both effectively reduce fluorescence by roughly 40% compared to 

free dye, although there is more significant turn-on of 4.1 at elevated temperatures. Together, these 

data demonstrate that encapsulation of a fluorogenic dye within the perfluorocarbon droplets or 

fluorous micelles effectively shields cargo from environmental stimuli. Yet, different turn-on 

kinetics are observed for the two vehicles, suggesting opportunities for engineering slow release 

of drugs by tuning the fluorous delivery vehicle.  
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Figure 4.4  (A) Fluorogenic coumarin 4.1 was loaded into either perfluorooctylbromide-in-water 
emulsions or micelles formed from fluorosurfactant 9. See Figures 4.5A, 4.5B for size analysis of 
emulsions and micelles, respectively. See Figures 4.6A, 4.7A for emission spectra of emulsions 
and micelles containing 4.1 at 25 °C and 37 °C, respectively. (B) Emulsions and micelles were 
exposed to no, low (0.1 mM, extracellular), or high (10 mM, intracellular) levels of glutathione 
(GSH) in PBS, and fluorescence was monitored over 48 h at 25 °C. See Figure 4.6B for inset.  
(C) Fluorescence turn-on of 4.1 in emulsions, micelles, or free in solution after 48 h at both 25 °C 
and 37 °C. See Figures 4.7B for fluorescence traces over time at 37 °C. 
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Figure 4.5  (A) Dynamic light scattering data for the 2.4 emulsions in MilliQ water. Data are an 
average of five replicate measurements. See general nanoemulsion formation and analysis 
procedures for more information. (B) Dynamic light scattering data for the 2.4 micelles in MilliQ 
water (2.8 mg/mL). Data are an average of five replicate measurements. See general micelle 
formation and analysis procedures for more information. 
 
 

 
Figure 4.6  (A) Fluorescence of 4.1 either free in solution (red) or loaded in 2.4 stabilized micelles 
(green) or perfluorooctylbromide-in-water nanoemulsions (982 µM in 3.19, blue). All samples are 
incubated with 10 mM GSH at 25 °C and fluorescence was monitored over 48 hours (see Figure 
4.4B). Data are representative of three replicate measurements. (B) Zoom in of Figure 4.4B. 
Fluorescence at 450 nm of 4.1 either free in solution (red) or loaded in 2.4 stabilized micelles 
(green) or perfluorooctylbromide-in-water nanoemulsions (982 µM in 3.19, blue). All samples are 
incubated with 0 (dotted line), 0.1 (dashed line) or 10 mM (solid line) GSH at 25 °C and 
fluorescence was monitored over 48 hours. Data are an average of three replicate measurements. 
Error bars represent the standard deviation of three replicates. 
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Figure 4.7  (A) Fluorescence of 4.1 either free in solution (red) or loaded in 2.4 stabilized micelles 
(green) or perfluorooctylbromide-in-water nanoemulsions (982 µM in 3.19, blue). All samples are 
incubated with 10 mM GSH at 37 °C and fluorescence was monitored over 48 hours (see Figure 
4.4C). Data are representative of three replicate measurements. (B) Fluorescence at 450 nm of 4.1 
either free in solution (red) or loaded in 2.4 stabilized micelles (green) or perfluorooctylbromide-
in-water nanoemulsions (982 µM in 3.19, blue). All samples are incubated with 0 (dotted), 0.1 
(dashed) or 10 (solid) mM GSH at 37 °C and fluorescence was monitored over 48 hours. Data are 
an average of three replicate measurements. Error bars represent the standard deviation of three 
replicates. 
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4.3.2 Redox-responsive nanoemulsions for pDNA delivery 
 
 To obtain a stimuli-responsive surfactant, we envisioned that a cleavable bond could link 

the hydrophilic and hydrophobic blocks of a diblock copolymer such that, upon stimulus, the 

surfactant would be irreversibly cleaved. The separated hydrophilic and hydrophobic 

homopolymers, having no surface activity, would no longer stabilize droplets, leading to 

demulsification. Previous work on responsive emulsions has involved a variety of stimuli, 

including pH47–49, ions50, gases51,52, temperature53,54, and redox agents55,56. Among these, redox 

agents are appealing for intracellular delivery vehicles due to the high concentration of reducing 

agents within the cell. Redox-responsive surfactants have been reported that contain functionalities 

such as ferrocenes57,58, selenium atoms55,59, and disulfide bonds56,60,61. However, these surfactants 

were not explored as emulsifiers for nanoemulsions. 

 We modified a previously developed poly(2-oxazoline) (POx) block copolymer 

scaffold43,62 to form redox-responsive polymer surfactant 4.3. We confirmed that 4.3 stabilized 

nanoemulsions had a similar size distribution to the control, non-responsive surfactant (2.5), and 

confirmed the responsive nature of 4.3 and 2.5 stabilized nanoemulsions.  

 Inspired by Medina and coworkers63 who rendered fluorescent protein, GFP, fluorous 

soluble through the use of non-covalent fluorinated anionic tags, we looked to solubilize a GFP 

plasmid in the fluorous phase for in cellulo delivery via responsive nanoemulsions stabilized by 

4.3. Efforts within gene delivery using polymeric materials, e.g. polyethyleneimine (PEI) are often 

limited by inefficient gene release.64 Nucleic acid delivery with oil nanoemulsions has been 

explored since the mid-90s, with the major loading strategy being electrostatic adsorption of 

cationic surfactants with the phosphodiester backbone.65 More recently, plasmid encapsulation in 

a hydrocarbon oil core was reported and compared to surface adsorption loading methods.66 While 
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adsorption suffered from burst release behavior, encapsulation suffered the inverse—plasmid was 

not released even after 48 h of media incubation. Herein, we demonstrate the ability to selectively 

release pDNA from a bioorthogonal fluorinated liquid core and drive protein expression in cellulo, 

representing a significant advance in nonviral gene delivery. This first required a strategy to 

solubilize hydrophilic DNA into the non-polarizable fluorous phase. Fundamental studies by 

Bühlmann and coworkers have quantified ion pairs to be ~105 times stronger in fluorous solvents 

than organic solvents,67 suggesting electrostatic interactions between the anionic backbone of 

DNA and a cationic fluorous tag would be a fruitful approach to loading PFC nanoemulsions with 

DNA. 

We employed ammonium 4.7 with two C6F13 chains11 as a fluorous tag to solubilize plasmid 

(pDNA) in the fluorous phase (Figure 4.8A). Importantly, this tag is designed to maximize fluorous 

solubility while retaining biocompatible perfluorocarbon tags.68 For the pDNA, we chose an eGFP 

plasmid such that a fluorescence readout could measure payload delivery. Notably, cytosolic 

delivery and nuclear entry of the pDNA are essential for gene expression (Figure 4.8B). We 

combined 4.7 (7.7 mg) with eGFP pDNA (4.3, 15 or 30 µg) and freeze-dried overnight. The 

pDNA/4.7 polyplex was then dissolved in a PFC mixture and sonicated (Figure 4.8A). Model 

poly(2-oxazoline) amphiphile poly(2-ethyl-2-oxazoline)90-b-poly(2-nonyl-2-oxazoline)10 (2.12) 
62 

was solubilized in dimethylformamide and diluted with PBS (pH 7.4) to a loading of 2.8 wt%. 

This solution was combined with 10 vol% of the PFC/pDNA/4.7 mixture and ultrasonicated. To 

verify encapsulation, supernatant was separated and solution corresponding to eGFP loaded within 

PFC nanoemulsions was analyzed on an agarose gel (Figure 4.8C). DNA bands were assigned 

following literature precedent.69 These data showed that eGFP pDNA could be loaded into PFC  
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Figure 4.8   Delivery of eGFP pDNA with GSH-responsive nanoemulsions. (A) Fluorous amine 
tag (4.7) complexes with pDNA, solubilizing it within a PFC core that is sonicated in the presence 
of 4.3 or nonresponsive polymer (2.5) to form 4.7/eGFP PFC nanoemulsions. (B) Schematic of 
delivery and eGFP expression. (C) Gel electrophoresis of destroyed PFC emulsions loaded with 
different amounts of pDNA complexed with 4.7. (D) Flow cytometry of HEK-293 cells incubated 
with PFC/4.7/pDNA nanoemulsions for 3 hours in MEM media with or and without GSH (10 
mM). Cells were washed and incubated with MEM media with or without GSH (10 mM) 
overnight. Cells were trypsonized, washed, resuspended in FACS buffer and analyzed for eGFP 
fluorescence. Data is representative of four independent experiments. See Fig. 4.13–4.15 for 
histograms of independent experiments. Statistical significance is defined by ANOVA test 
followed by Tukey HSD test for significance. α is defined as 0.05. See Fig. 4.11 for analysis. 
 
 

 

 

 

 

 



184 

 
 
Figure 4.9 (A) Schematic showing emulsions were pelleted, (i) supernatant was isolated and (II) 
remaining emulsions were destroyed. Solutions isolated from both phases were run on agarose gel. 
(B) Agarose gel electrophoresis (1.2%) of 4.7/eGFP pDNA solubilized within P(EtOx)90-b-
P(NonOx)10 (2.12) stabilized PFD : PFTPA nanoemulsions at varying concentrations of pDNA (5 
µg, 15 µg, 30 µg). Gel was run at 120V for 45 min and stained with ethidium bromide. Data is 
representative of three independent experiments. For detailed information, see supplemental figure 
experimental protocols. 2.12 was synthesized as previously reported.62 
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droplets in a dose-dependent manner from 5–30 µg. By comparison, electrophoresis of the 

supernatant solution showed reduced pDNA (Figure 4.9). These data were verified by fluorescence 

experiments using Thiazole Orange, a DNA-binding dye suggesting that 40 ± 4% of the pDNA 

was encapsulated in the 30 µg sample (Figure 4.10). 

With 4.7 loaded into PFC nanoemulsions, we investigated the ability of responsive surfactant 

4.3 to promote eGFP expression (Figure 4.8B). Emulsion formation was accomplished with 

responsive surfactant 4.3 or control surfactant 2.5. Large aggregates were also made with 

homopolymers, as these are not amphiphiles, they were unable to stabilize PFC nanoemulsions. 

To monitor transfection efficiency, eGFP pDNA complexed with lipofectamine was added as a 

positive control. Human embryonic kidney cells (HEK-293) were treated with pDNA-loaded 

nanomaterials for 3 hours in media. After emulsions were washed away, the cells were incubated 

in the presence or absence of GSH (10 mM) overnight.70,71 The following day, cells were washed 

and analyzed by flow cytometry (Figure 4.8D). Incubation with control 2.5-stabilized droplets 

resulted in statistically insignificant expression regardless of GSH treatment. By contrast, 

responsive 4.3-stabilized emulsions showed effective eGFP expression only in cells treated with 

GSH buffer, while untreated cells had fluorescence similar to that of control 2.5. These data 

suggest that the cleavable disulfide within 4.3-stabilized droplets enables release of encapsulated 

eGFP pDNA. Treating cells with endosomal escape agent chloroquine had no benefit over 

treatments with GSH buffer alone (Figure S4.1-S4.3). 
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Figure 4.10 (A) Fluorescence measurements of thiazole orange dye incubated with solutions 
isolated from 4.7 (4.5 mM)/eGFP pDNA solubilized within 2.11-stabilized PFD : PFTPA 
nanoemulsions at varying concentrations of pDNA (5 µg, 15 µg, 30 µg). As schematized, 
emulsions were pelleted, (i) supernatant was isolated and (ii) remaining emulsions were destroyed. 
Solutions isolated from both phases were incubated with thiazole orange (1.9 mM).  
(B) Fluorescence measurement of thiazole orange stained pDNA (Ex: 500 nm, Em: 510-700 nm). 
Data are representative of three independent experiments. For detailed information, see 
supplemental figure experimental protocols. (C) DNA encapsulation efficiencies, as referenced in 
the main text, were calculated by comparing area under the curve (AUC) values of PFC/4.7 
emulsions + 30 µg pDNA to the AUC sum of both emulsions and supernatant for that experiment. 
The average and standard deviation were calculated from three independent experiments to be 39.8 
± 4.1%. 2.12 was synthesized as previously reported.62 
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Figure 4.11 Statistical tests of significance for Figure 4.7D. (A) Anova test of significance 
showing there is statistical significance with an alpha value of 0.05 across all samples. (B/C) Tukey 
HSD post hoc analysis showing 4.3, GSH are statistically significant from all other conditions. 
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4.4 Conclusions 

 With both redox-responsive payloads and surfactants in hand, we are able to determine 

payloads solubilized with the PFC core do not significantly experience the environment 

surrounding the PFC nanoemulsions. This provides us the ability to deliver sensitive payloads, 

such as pDNA, that can then be released into the cytosol upon destabilization of the surfactant and 

therefore nanoemulsion. We found that self-immolative fluorous tags can readily solubilize small 

molecule fluorophores and promote a fluorescence turn-on upon destabilization, and non-covalent 

fluorous tags can form ionic interactions with the backbone of plasmid DNA resulting in ~40% 

encapsulation within PFC nanoemulsions. These studies have provided valuable insight into the 

use of PFC nanoemulsions for drug delivery.  
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4.5 Experimental Procedures 

4.5.1 General experimental procedures 

Chemical reagents were purchased from Sigma-Aldrich, Alfa Aesar, Fisher Scientific, SynQuest 

Laboratories, Chem-Impex International or Acros Organics and used without purification unless 

noted otherwise. Zonyl FSN-100 was obtained from DuPont. Perfluorooctylbromide was obtained 

from SynQuest Laboratories. Anhydrous dimethyl sulfoxide (DMSO) was obtained from a Sure-

SealTM bottle (Aldrich). Anhydrous and deoxygenated solvents dichloromethane (DCM), 

dimethylformamide (DMF), acetonitrile (MeCN), methanol (MeOH), and tetrahydrofuran (THF) 

were dispensed from a Grubb’s-type Phoenix Solvent Drying System.72 Solvent was removed 

under reduced pressure with a Büchi Rotovapor with a Welch self-cleaning dry vacuum pump and 

further dried with a Welch DuoSeal pump. Lyophilization was performed with Labconco FreeZone 

Benchtop Freeze Dryer, 4.5 L -84 °C, operating with an Edwards RV5 Rotary Vane pump 10:03 

Vacuum, set point 0.000 mbar. Dialysis was performed with pre-wetted Spectra/Por regenerated 

cellulose dialysis membranes with a 1 kDa molecular weight cutoff purchased from Spectrum 

Laboratories. Bath sonication was performed using a Branson 3800 ultrasonic cleaner. Nuclear 

magnetic resonance (1H NMR, 13C NMR, and 19F NMR) spectra were taken on Bruker Avance 

500 (1H NMR) instrument and processed with MestReNova 11.0.1 software. All 1H NMR peaks 

are reported in reference to CDCl3 at 7.26 ppm. 

 

4.5.2 General photophysics procedure 

4.3.1 Absorbance spectra were collected on a JASCO V-770 UV-Visible/NIR spectrophotometer 

with a 4000 nm/min scan rate after blanking with the appropriate solvent. Fluorescence was 

performed on Falcon 96-well black, flat-bottom plates on a Tecan M1000 Plate Reader. 
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Photoluminescence spectra were obtained on a Horiba Instruments PTI QuantaMaster Series 

fluorometer. 

4.3.2 Values were obtained in a 0.3 mL quartz cuvette on a Horiba Instruments PTI QuantaMaster 

Series fluorometer with the following settings: 

Thiazole Orange, Figure 4.9: Emission Scan. Slits 3 nm, step size 1 nm, integration time 

0.1 s (Ex 500 nm, collection: 510–700 nm). 

 

4.5.3 General nanoemulsion formation procedure 

4.3.1 Zonyl FSN-100 (2.4, 5.6 mg) was dissolved in PBS (1x, pH 7.4, 200 µL) and 

perfluorooctylbromide (10 vol%, 20 µL) was added. The mixture was sonicated at 35% amplitude 

for 15 minutes at 0 °C on a QSonica (Q125) sonicator. Sonication was performed by lowering the 

probe directly at the liquid-liquid interface of the two immiscible solvents. 

4.3.2 Polymer surfactant (3.0 mg) was pre-solubilized in DMF (20 µL) and vortexed gently until 

fully dissolved. In a separate 2 mL eppendorf tube, oil (10 vol%, 20 µL of either 

perfluorooctylbromide or olive oil) was added, followed by PBS buffer pH 7.4 (200 µL), 15 wt% 

total surfactant. The mixture was quickly sonicated at 35% amplitude for at least 90 seconds at 0 

°C on a QSonica (Q125) sonicator. Sonication was performed by lowering the probe directly to 

the liquid-liquid interface of the two immiscible solvents. 

 

4.5.4 General micelle formation procedure 

4.3.1 Zonyl FSN-100 (28 mg) was dissolved in PBS (1x, pH 7.4, 1 mL) and vortexed briefly to 

dissolve. 
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4.5.5 General nanoemulsion analysis procedure 

4.3.1 and 4.3.2 Size analysis: The bulk emulsion solution was diluted in MilliQ H2O (20 µL 

emulsions in 2 mL MilliQ H2O) in a plastic 1 cm cuvette. Size was analyzed with a Malvern 

Zetasizer Nano dynamic light scattering. SOP parameters: 10 runs, 10 seconds/run, three 

measurements, no delay between measurements, 25 °C with 120 second equilibration time. 

Collection parameters: Lower limit = 0.6, Upper limit = 1000, Resolution = High, Number of size 

classes = 70, Lower size limit = 0.4, Upper size limit = 1000, Lower threshold = 0.05, Upper 

threshold = 0.01. Data are representative of three replicate measurements. 

 

4.5.6 General micelle analysis procedure  

4.3.1 The micelle solution (28 mg/mL) was diluted in MilliQ H2O (20 µL micelles in 2 mL MilliQ 

H2O) in a plastic 1 cm cuvette. Size was analyzed with a Malvern Zetasizer Nano dynamic light 

scattering. SOP parameters: 10 runs, 10 seconds/run, three measurements, no delay between 

measurements, 25 °C with 120 second equilibration time. Collection parameters: Lower limit = 

0.6, Upper limit = 1000, Resolution = Normal, Number of size classes = 70, Lower size limit = 

0.4, Upper size limit = 1000, Lower threshold = 0.05, Upper threshold = 0.01. Data are 

representative of five replicate measurements. 

 

4.5.7 Fluorous tagging and encapsulation of eGFP pDNA in nanoemulsions procedure 

A fluorous ammonium 4.7 stock (10 mM) was prepared by dissolving 4.7 (7.7 mg, 0.010 mmol) 

in MeOH (1 mL). This was diluted to a 1 mM stock in water.  DNA (30 µg, eGFP, addgene: 13031) 

(as measured by nanodrop) was placed in Eppendorf tubes, 1 mL 1 mM stock 4.7 was added and 

freeze dried overnight. Emulsions were prepared by dissolving the pDNA/4.7 in 20 µL 7:3 
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PFD:PFTPA (vol%) and bath sonicating for 5 min.  Phosphate buffered saline (PBS, 200 µL) was 

added, and polymer 4.3 or 2.5 (5.6 mg dissolved in 20 µL DMF) was added immediately before 

sonication. Emulsions were sonicated for 3 min, pulsed on for 2 s, off for 5 s. Emulsions were 

centrifuged (5.6 x g, 3 min) to separate un-encapsulated eGFP pDNA and resuspended in PBS. 

 

4.5.8 Cell culture experimental procedures 

HEK-293 cells were purchased from ATCC (Cat# CRL-1573). Chloroquine hydrochloride was 

purchased from Sigma-Aldrich. 

 

HEK-293 cells were cultured in Minimum Essential Media (Gibco, cat# 11095080) supplemented 

with 10% fetal bovine serum (Corning, lot# 35016109) and 1% penicillin-streptomycin (Life 

Technologies, cat# 15070063). Cells were washed with PBS. Cells were incubated at 37 ˚C, 5% 

CO2, during treatments and throughout culturing, in HERACell 150i CO2 incubators. Cells were 

pelleted through use of Sorvall ST 40R centrifuge. All cell work was performed in 1300 Series A2 

biosafety cabinets. 

 

eGFP pDNA was purchased from AddGene (13031). Thiazole Orange was purchased from Fisher 

(Cat# 50-176-3367). Lipofectamine 2000 was purchased from Fisher (Cat# 11668030). 

 

For transfection experiments: Media was removed and replaced with media + emulsions. Positive 

control (lipofectamine) followed Invitrogen’s Lipofectamine® 2000 DNA Transfection Reagent 

Protocol. The cells were incubated with treatment for 3 hours at 37 °C and then washed gently to 

remove treatment. Media or GSH (10 mM) was added back and cells were incubated overnight at 
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37 ˚C. The next day, cells were lifted via trypsonization, washed via centrifugation (526 x g, 3 

min) and resuspended in 200 µL FACS buffer (PBS, 1% FBS). The cells were analyzed for GFP 

(FL-1) fluorescence via flow cytometry. Error bars represent the standard deviation of 3 replicate 

experiments. 
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4.6 Figure experimental procedures 

Figure 4.2B 

Either 7-hydroxycoumarin (3, 0.01 mg, 20 nmol) or fluorous coumarin (2, 0.02 mg, 20 nmol) were 

place in vials and dissolved in acetone (0.5 mL, 50 µM solution). A stock solution (20 mM) of the 

indicated reducing agent or control was prepared and the pH was adjusted to 7.4. To the solutions 

of 2 or 3, 0.5 mL of the stock solution of reducing agent was added (pH 7.4, final concentration 

10 mM) and rocked for 30 min at room temperature. The fluorescence was collected on a Horiba 

Instruments PTI QuantaMaster Series fluorometer. Excitation: 325 nm, collect 350–600nm, all 

slits were 2 nm, with an integration time of 0.1 sec. B inset) Two aliquots of fluorous coumarin 2 

(0.02 mg, 20 nmol) was placed in a vial sand dissolved in acetone (0.5 mL). To one aliquot, 0.5 

mL PBS, pH 7.4 was added. To the other vial 20 mM BME in PBS (0.5 mL, pH 7.4) was added. 

Long-wave UV images were taken of each vial after preparation. 

 

Figure 4.2C 

Fluorous coumarin 2 (0.1 mg, 100 nmol) was dissolved in the indicated fluorous solvents (0.75 

mL) and PBS (pH 7.4, 0.75 mL). Neat BME (7 µL) was added to the vials and shaken (final 

concentration 660 mM). Visible and Long-wave UV images were taken before and after the 

addition of BME. 

 

Figure 4.2D 

Fluorous coumarin 2 (0.02 mg, 20 nmol) was dissolved in acetone (1 mL) in a 1 cm cuvette. A 

glutathione stock in PBS was prepared (20 mM, pH 7.4) and was added to the cuvette (10mM-1 

mL stock, 5 mM-0.5 mL stock, 0.1 mM- 10 µL stock, 0.01 mM- 1 µL stock) and diluted to a final 
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volume of 2 mL with PBS. Immediately after the addition of GSH, the cuvettes were sealed, mixed 

thoroughly and monitored via fluorescence. The solutions were monitored every 10 minutes for 1 

hour. Fluorescence spectra were collected on a Horiba Instruments PTI QuantaMaster Series 

fluorometer. Excitation: 325 nm, collect 350–600nm, all slits were 2 nm, with an integration of  

0.1 sec. 

 

Figure 4.3 

Fluorous coumarin 2 (0.08 mg, 80 nmol) was dissolved in the indicated solvent (1 mL). The  

solution was sonicated briefly followed by analysis via UV/Vis blanked on the indicated solvent. 

A 0.3 mL cuvette, with a 1 mL path length was utilized. Spectra were taken from 250–400 nm.  

 

Figure 4.4A 

Emulsions: Perfluorocarbon nanoemulsions containing 2 were prepared by first solubilizing 2 in 

perfluorooctyl bromide (PFOB, 20 µL, 982 µM). Phosphate buffered saline (PBS, pH 7.4, 200 µL) 

was then added to make a biphasic solution of 10 vol% fluorous oil. 2.4, was added to a surfactant 

loading of 2.8 wt% in PBS. Emulsions were then formed through ultrasonication at the liquid-

liquid interface for 90 seconds at 0 °C. Micelles: A stock solution of 28 mg/mL 2.4 was made in 

PBS pH 7.4. This solution was vortexed briefly to dissolve. For a 200 µL aliquot of micellar 

solution, 20 µL of fluorous coumarin 2 in acetone (982 µM stock) was added directly and rocked 

briefly to encapsulate.  

 

Figure 4.4B/C A solution of PFOB-in-water nanoemulsions loaded with 2 (220 µL) were formed 

as described in (A). Zonyl micellar solution was made as described in (B). A stock of reduced 
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glutathione in PBS (20 mM, pH 7.4) was prepared. The experiment was then set up on black, flat 

bottomed, 96-well plates from BD Falcon. To each well, the following was performed, with the 

final volume of each well being 200 µL. If relevant, GSH solution was added directly before 

measurements began. All samples were performed in triplicate:  

Emulsions: Emulsion solution formed in (A) (10 µL) was added to each well and diluted with 

either PBS or 20 mM GSH stock to a final concentration of either 0, 0.1 or 10 mM GSH. S14  

Micelles: 2.4 solution formed in (A) (10 µL) was added to each well and diluted with either PBS 

or 20 mM GSH stock to a final concentration of either 0, 0.1 or 10 mM GSH. Free dye: Fluorous 

coumarin 2 in acetone (1 µL of 982 µM stock) was added to each well and diluted with either PBS 

or 20 mM GSH stock to a final concentration of either 0, 0.1 or 10 mM GSH.  

Prior to measurements, the plate was shaken for 60 seconds. Between measurements, plates were 

rocked at either (i) 37 °C on a New Brunswick Scientific Innova 4230 incubator shaker at 40 rpm, 

or (ii) 25 °C on an orbital shaker at 40 rpm. Measurements were taken on a Tecan M1000 Plate 

Reader with the following settings: Emission settings: Ex: 325 nm; Em. range: 350-600 nm; Step 

size: 2; Bandwidth: 5.0 nm; Mode: top; Gain: Manual, 100; Z-Position: Manual, 20000 µm; 

Flashes: Mode 1 [400 Hz]: 50; Settle Time: 0 ms. For the first 12 hours, measurements were taken 

every hour, then measurements were taken at the 24- and 48-hour time points. Data are an average 

of three replicate measurements. 

 

Figure 4.5 

See general nanoemulsion and micelle formation and analysis procedures. 
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Figure 4.6-4.7  

See Figure 4.4 experimental information. Solutions were diluted 1:20 in PBS pH 7.4 and 

transferred to a microwell plate for fluorimeter measurements. The microwell plate was a black, 

flat bottomed, 96-well plates from BD Falcon. Measurements were taken on a Tecan M1000 Plate 

Reader with the following settings: Emission settings: Ex: 325 nm; Em. range: 350-600 nm; Step 

size: 2; Bandwidth: 5.0 nm; Mode: top; Gain: Manual, 100; Z-Position: Manual, 20000 µm; 

Flashes: Mode 1 [400 Hz]: 50; Settle Time: 0 ms. Data are an average of three replicate 

measurements. Error bars represent the standard deviation between replicates. 

 

Figure 4.8A.  

Fluorous ammonium 4.7 stock (10 mM) was made by dissolving 4.7 in MeOH. This was diluted 

to a stock in water (1 mM). pDNA (eGFP, addgene: 13031, 30 µg) (as measured by nanodrop) was 

placed in Eppendorf tubes, 1 mL 0.1 mM stock 4.7 was added, freeze dried overnight. Emulsions 

were prepared by dissolving the pDNA/4.7 in 20 µL 7:3 PFD:PFTPA (vol%) and bath sonicating 

for 5 min. Phosphate buffered saline (PBS, 200 µL) was added, and polymer 4.3 or 2.5 (5.6 mg 

dissolved in 20 µL DMF) was added immediately before sonication. Emulsions were sonicated for 

3 min, pulsed on for 2 s, off for 5 s. Emulsions were centrifuged (5.6 x g, 3 min) and supernatant 

was discarded. 

 

Figure 4.8C 

Emulsions were formed as described in Fig. 4.8A. 2.11 was used as a model polymeric surfactant. 

The emulsions were then centrifuged (5.6 x g, 3 min) and the supernatant was collected. The 

emulsions were resuspended with 200 µL PEG-8k (100 mg/mL). Phenol and chloroform (~200 
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µL each) were added to the resuspended emulsions and the supernatant, and vortexed followed by 

immediate centrifugation (18 x g, 5 min). The aqueous (top) layer was removed and placed in new 

vials, chloroform (~200 µL) was added, vortexed, and centrifuged (18 x g, 5 min). The aqueous 

(top) layer was removed again and placed in new vials with 20 µL acetate buffer (5 mM, pH 5.5) 

and 500 µL ethanol. This was placed in -80 °C freezer overnight. The next day, the eppendorf 

tubes were centrifuged to pellet any DNA present (18 x g, 5 min) and the supernatant was decanted. 

The pellet was washed with 70% ethanol, centrifuged (18 x g, 5 min), supernatant decanted, and 

dried at room temperature (~10 min). DNA pellets were dissolved in 50 µL MilliQ water. 2 µL of 

loading buffer was added to each sample, then loaded onto a 1.2% agarose gel. The gel was run 

for 45 min, 120 V and visualized with ethidium bromide. 

 

Figure 4.8D  

Emulsions were formed as described in Fig. 4.8A. Polymers 4.3 or 2.5 were used for responsive 

and control emulsions, respectively. Emulsions were then centrifuged (5.6 x g, 3 min), supernatant 

was discarded and emulsions were resuspended in PBS (200 µL). 200,000 HEK293 cells (ATCC: 

CRL-1573) were plated in 12 well plate (Fisher, cat# FB012928), and allowed to adhere overnight. 

Media (MEM, Gibco cat# 11095080) was removed and replaced with two treatments (media + 

emulsions, or media + emulsions + glutathione (GSH, 10 mM)) with a total volume of 1 mL. 

Positive control (lipofectamine) followed Invitrogen’s Lipofectamine® 2000 DNA Transfection 

Reagent Protocol. The cells were incubated with treatment for 3 hours at 37 °C and then washed 

gently to remove treatment. Media or GSH (10 mM) was added back and cells were incubated 

overnight at 37 ˚C. The next day, cells were lifted via trypsonization, washed via centrifugation 

(526 x g, 3 min) and resuspended in 200 µL FACS buffer (PBS, 1% FBS). The cells were analyzed 
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for GFP (FL-1) fluorescence via flow cytometry. ANOVA test was done to determine statistical 

significance across all samples, followed by a Tukey HSD analysis with α = 0.05. 

 

Figure 4.9  

Emulsions were formed as described in Fig. 4.8A and the fluorous tagging and encapsulation of 

eGFP pDNA in the nanoemulsions procedure. 2.11 was used as a model polymeric surfactant. 

The emulsions were then centrifuged (5.6 x g, 3 min) and the supernatant was collected. The 

emulsions were resuspended with 200 µL PEG-8k (100 mg/mL). Phenol and chloroform (~200 

µL each) were added to the resuspended emulsions and the supernatant, and vortexed followed 

by immediate centrifugation (18 x g, 5 min). The aqueous (top) layer was removed and placed in 

new vials, chloroform (~200 µL) was added, vortexed, and centrifuged (18 x g, 5 min). The 

aqueous (top) layer was removed again and placed in new vials with 20 µL acetate buffer (5 

mM, pH 5.5) and 500 µL ethanol. This was placed in -80 °C freezer overnight. The next day, the 

eppendorf tubes were centrifuged to pellet any DNA present (18 x g, 5 min) and the supernatant 

was decanted. The pellet was washed with 70% ethanol, centrifuged (18 x g, 5 min), supernatant 

decanted, and dried at room temperature (~10 min). DNA pellets were dissolved in 50 µL MilliQ 

water. 2 µL of loading buffer was added to each sample, then loaded onto a 1.2% agarose gel. 

The gel was run for 45 min, 120 V and visualized with ethidium bromide. 

 

Figure 4.10  

Emulsions were formed as described in Fig. 4.8A and the fluorous tagging and encapsulation of 

eGFP pDNA in the nanoemulsions procedure. Polymer 2.11 was used as a model polymeric 

surfactant. The emulsions were then centrifuged (5.6 x g, 3 min) and the supernatant was collected. 
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The emulsions were resuspended with 200 µL PEG-8k (100 mg/mL). Phenol and chloroform 

(~200 µL each) were added to the resuspended emulsions and the supernatant, and vortexed 

followed by immediate centrifugation (18 x g, 5 min). The aqueous (top) layer was removed and 

placed in new vials, chloroform (~200 µL) was added, vortexed, and centrifuged (18 x g, 5 min). 

The aqueous (top) layer was removed again and placed in new vials with 20 µL acetate buffer (5 

mM, pH 5.5) and 500 µL ethanol. This was placed in -80 °C freezer overnight. The next day, the 

eppendorf tubes were centrifuged to pellet any DNA present (18 x g, 5 min) and the supernatant 

was decanted. The pellet was washed with 70% ethanol, centrifuged (18 x g, 5 min), supernatant 

decanted, and dried at room temperature (~10 min). DNA pellets were dissolved in 50 µL MilliQ 

water. Thiazole orange (0.5 µL, 1.9 mM, Fisher cat# 50-176-3367) was added, fluorescence was 

measured. Fluorometer settings: Ex: 500 nm; Em: 510-700 nm; Slits: 3 nm; Int: 0.1 s; Step Size: 

1 nm. DNA encapsulation efficiencies, as referenced in the main text, were approximated by 

comparing area under the curve (AUC) values of PFC/4.7 emulsions + 30 µg pDNA to the AUC 

sum of both emulsions and supernatant for that experiment. The average and standard deviation 

were calculated from three independent experiments. 

 

Figure S4.1–S4.3  

Emulsions were formed as described in Fig. 4.8A. Polymers 4.3 or 2.5 were used for responsive 

and control emulsions, respectively. Emulsions were then centrifuged (5.6 x g, 3 min), supernatant 

was discarded, and emulsions were resuspended in PBS (200 µL). 200,000 HEK293 cells (ATCC: 

CRL-1573) were plated in 12 well plate (Fisher, cat# FB012928), and allowed to adhere overnight. 

Media (MEM, Gibco cat# 11095080) was removed and replaced with four treatments at a total 

volume of 1 mL: (i) media + emulsions, (ii) media + emulsions + chloroquine (CQ, 50 µM), (iii) 
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media + emulsions + glutathione (GSH, 10 mM), (iv) media + emulsions + CQ (50 µM) + GSH 

(10 mM). Positive control (lipofectamine) followed Invitrogen’s Lipofectamine® 2000 DNA 

Transfection Reagent Protocol. The cells were incubated with treatment for 3 hours at 37 °C and 

then washed gently to remove treatment. Media or GSH (10 mM) was added back, and cells were 

incubated overnight at 37 ˚C. The next day, cells were lifted via trypsonization, washed via 

centrifugation (526 x g, 3 min) and resuspended in 200 µL FACS buffer (PBS, 1% FBS). The cells 

were analyzed for GFP (FL-1) fluorescence via flow cytometry. 

 

Figure S4.4–S4.6  

Emulsions were formed as described in Fig. 4.8A. Polymers 4.3 or 2.5 were used for responsive 

and control emulsions, respectively. Homopolymers were used together as controls along with free 

DNA delivered in media. Emulsions were then centrifuged (5.6 x g, 3 min), supernatant was 

discarded, and emulsions were resuspended in PBS (200 µL). 100,000 HEK293 cells (ATCC: 

CRL-1573) were plated in 96 well plate (Fisher, cat# FB012928), and allowed to adhere overnight. 

Complete media (MEM +10% FBS +1% PS, Gibco cat# 11095080) was removed and replaced 

with media + emulsions. Positive control (lipofectamine) followed Invitrogen’s Lipofectamine® 

2000 DNA Transfection Reagent Protocol. The cells were incubated with treatment for 3 hours at 

37 °C and then washed gently to remove treatment. Media or GSH (10 mM) was added back and 

cells were incubated overnight at 37 ˚C. The next day, cells were lifted via trypsonization, washed 

via centrifugation (526 x g, 3 min) and resuspended in 200 µL FACS buffer (PBS, 1% FBS). The 

cells were analyzed for GFP (FL-1) fluorescence via flow cytometry. 
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Figure S4.7  

Emulsions were formed as described in Fig. 4.8A. Polymers 4.3 or 2.5 were used for responsive 

and control emulsions, respectively. Homopolymers were used together as controls along with free 

DNA delivered in media. Emulsions were then centrifuged (5.6 x g, 3 min), supernatant was 

discarded, and emulsions were resuspended in PBS (200 µL). 200,000 HEK293 cells (ATCC: 

CRL-1573) were plated in 96 well plate (Fisher, cat# FB012928), and allowed to adhere overnight. 

Complete media (MEM +10% FBS +1% PS, Gibco cat# 11095080) was removed and replaced 

with two treatments at a total volume of 200 mL: (i) media + emulsions, (ii) media + emulsions + 

chloroquine (CQ, 50 µM. Positive control (lipofectamine) followed Invitrogen’s Lipofectamine® 

2000 DNA Transfection Reagent Protocol. The cells were incubated with treatment for 3 hours at 

37 °C and then washed gently to remove treatment. Media or GSH (10 mM) was added to GSH 

wells and cells were incubated overnight at 37 ˚C. The next day, cells were lifted via 

trypsonization, washed via centrifugation (526 x g, 3 min) and resuspended in 200 µL FACS buffer 

(PBS, 1% FBS). The cells were analyzed for GFP (FL-1) fluorescence via flow cytometry. 
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4.7 Supplemental figures 

4.7.1 FACS Histograms 

 
 

Figure S4.1 First replicate of flow cytometry results. (A) Flow cytometry of human embryonic 
kidney (HEK-293) cells incubated with PFC/4.7/pDNA nanoemulsions for 3 hours, with 
emulsions formed as described in the fluorous tagging and encapsulation of eGFP pDNA in 
nanoemulsions procedure. During treatment, cells were incubated with (i) Media (MEM + 10% 
FBS, Blue), (ii) MEM + chloroquine (CQ, 50 µM, Orange), (iii) MEM + Glutathione (GSH, 10 
mM, Red), and (iv) MEM + CQ/GSH (50 µM/10 mM, Green) alongside emulsions for 3 hours. 
After treatment, cells were washed gently to remove emulsions. MEM media with and without 
respective GSH treatments were then added back and cells were incubated overnight at 37 °C. The 
cells were then lifted, washed, resuspended in FACS buffer and analyzed for eGFP (FL-1) 
fluorescence via flow cytometry. Data is representative of three independent experiments. For 
assessment of the statistical significance of differences, a one-tailed Student’s t-test assuming 
unequal sample variance was employed. Results were considered significant/not significant versus 
no treatment per the following definitions: ns = p > 0.01, * = p ≤ 0.01. (B) Side scatter (SSC) vs. 
forward scatter (FSC) overlay of HEK-293 cells incubated for 3 hours with emulsions and washed. 
(C) Representative FL-2 histograms of each sample, gated. 
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Figure S4.2 Second replicate of flow cytometry results. (A) Flow cytometry of human 
embryonic kidney (HEK-293) cells incubated with PFC/4.7/pDNA nanoemulsions for 3 hours, 
with emulsions formed as described in the fluorous tagging and encapsulation of eGFP pDNA in 
nanoemulsions procedure. During treatment, cells were incubated with (i) Media (MEM + 10% 
FBS, Blue), (ii) MEM + chloroquine (CQ, 50 µM, Orange), (iii) MEM + Glutathione (GSH, 10 
mM, Red), and (iv) MEM + CQ/GSH (50 µM/10 mM, Green) alongside emulsions for 3 hours. 
After treatment, cells were washed gently to remove emulsions. MEM media with and without 
respective GSH treatments were then added back and cells were incubated overnight at 37 °C. 
The cells were then lifted, washed, resuspended in FACS buffer and analyzed for eGFP (FL-1) 
fluorescence via flow cytometry. Data is representative of three independent experiments. For 
assessment of the statistical significance of differences, a one-tailed Student’s t-test assuming 
unequal sample variance was employed. Results were considered significant/not significant 
versus no treatment per the following definitions: ns = p > 0.01, * = p ≤ 0.01. (B) Side scatter 
(SSC) vs. forward scatter (FSC) overlay of HEK-293 cells incubated for 3 hours with emulsions 
and washed. (C) Representative FL-2 histograms of each sample, gated. 
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Figure S4.3 Third replicate of flow cytometry results. (A) Flow cytometry of human embryonic 
kidney (HEK-293) cells incubated with PFC/4.7/pDNA nanoemulsions for 3 hours, with 
emulsions formed as described in the fluorous tagging and encapsulation of eGFP pDNA in 
nanoemulsions procedure. During treatment, cells were incubated with (i) Media (MEM +10% 
FBS, Blue), (ii) MEM + chloroquine (CQ, 50 µM, Orange), (iii) MEM + Glutathione (GSH, 10 
mM, Red), and (iv) MEM + CQ/GSH (50 µM/10 mM, Green) alongside emulsions for 3 hours. 
After treatment, cells were washed gently to remove emulsions. MEM media with and without 
respective GSH treatments were then added back and cells were incubated overnight at 37 °C. 
The cells were then lifted, washed, resuspended in FACS buffer and analyzed for eGFP (FL-1) 
fluorescence via flow cytometry. Data is representative of three independent experiments. For 
assessment of the statistical significance of differences, a one-tailed Student’s t-test assuming 
unequal sample variance was employed. Results were considered significant/not significant 
versus no treatment per the following definitions: ns = p > 0.01, * = p ≤ 0.01. (B) Side scatter 
(SSC) vs. forward scatter (FSC) overlay of HEK-293 cells incubated for 3 hours with emulsions 
and washed. (C) Representative FL-2 histograms of each sample, gated. 
 



206 

 
Figure S4.4 Fourth replicate of flow cytometry results, the average of which is shown in Figure 
4D. (A) Flow cytometry of human embryonic kidney (HEK-293) cells incubated with 
PFC/4.7/pDNA nanoemulsions for 3 hours, with emulsions formed as described in the fluorous 
tagging and encapsulation of eGFP pDNA in nanoemulsions procedure. During treatment, cells 
were incubated in complete Media (10% FBS, 1% PS) alongside emulsions for 3 hours. After 
treatment, cells were washed gently to remove emulsions. MEM media with and without 
respective GSH (10 mM) treatments were then added back and cells were incubated overnight at 
37 °C. The cells were then lifted, washed, resuspended in FACS buffer and analyzed for eGFP 
(FL-1) fluorescence via flow cytometry. Data is representative of three independent experiments. 
For assessment of the statistical significance of differences, an ANOVA test followed by Tukey 
HSD were performed with significance determined by alpha value of 0.05. (B) Side scatter 
(SSC) vs. forward scatter (FSC) overlay of HEK-293 cells incubated for 3 hours with emulsions 
and washed. The gate employed for Figure 4.7D is shown. (C) Representative FL-2 histograms 
of each sample, gated. 
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Figure S4.5 Fifth replicate of flow cytometry results, the average of which is shown in Figure 
4D. (A) Flow cytometry of human embryonic kidney (HEK-293) cells incubated with 
PFC/4.7/pDNA nanoemulsions for 3 hours, with emulsions formed as described in the fluorous 
tagging and encapsulation of eGFP pDNA in nanoemulsions procedure. During treatment, cells 
were incubated in complete Media (10% FBS, 1% PS) alongside emulsions for 3 hours. After 
treatment, cells were washed gently to remove emulsions. MEM media with and without 
respective GSH (10 mM) treatments were then added back and cells were incubated overnight at 
37 °C. The cells were then lifted, washed, resuspended in FACS buffer and analyzed for eGFP 
(FL-1) fluorescence via flow cytometry. Data is representative of three independent experiments. 
For assessment of the statistical significance of differences, an ANOVA test followed by Tukey 
HSD were performed with significance determined by alpha value of 0.05. (B) Side scatter 
(SSC) vs. forward scatter (FSC) overlay of HEK-293 cells incubated for 3 hours with emulsions 
and washed. The gate employed for Figure 4.7D is shown. (C) Representative FL-2 histograms 
of each sample, gated. 
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Figure S4.6 Sixth replicate of flow cytometry results, the average of which is shown in Figure 
4D. (A) Flow cytometry of human embryonic kidney (HEK-293) cells incubated with 
PFC/4.7/pDNA nanoemulsions for 3 hours, with emulsions formed as described in the fluorous 
tagging and encapsulation of eGFP pDNA in nanoemulsions procedure. During treatment, cells 
were incubated in complete Media (10% FBS, 1% PS) alongside emulsions for 3 hours. After 
treatment, cells were washed gently to remove emulsions. MEM media with and without 
respective GSH (10 mM) treatments were then added back and cells were incubated overnight at 
37 °C. The cells were then lifted, washed, resuspended in FACS buffer and analyzed for eGFP 
(FL-1) fluorescence via flow cytometry. Data is representative of three independent experiments. 
For assessment of the statistical significance of differences, an ANOVA test followed by Tukey 
HSD were performed with significance determined by alpha value of 0.05. (B) Side scatter 
(SSC) vs. forward scatter (FSC) overlay of HEK-293 cells incubated for 3 hours with emulsions 
and washed. The gate employed for Figure 4.7D is shown. (C) Representative FL-2 histograms 
of each sample, gated. 
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CHAPTER FIVE 

 

Experimental perspectives on direct visualization of endosomal rupture 

 

Adapted from: Rachael A. Day and Ellen M. Sletten.* Experimental perspectives on direct 

visualization of endosomal rupture. 2021, Submitted. 

 

5.1 Abstract 

Endosomal escape continues to be a limiting factor in the therapeutic use of nanomaterials. Assays 

to visualize endosomal escape often do not decouple the endosomal disruption from the release of 

payload into the cytosol. Here, we focus on three approaches to directly probe endosomal rupture: 

calcein dye dilution, lysosome size quantification and endosome/lysosome membrane integrity 

visualized with a genetically engineered cell line. We apply the three assays to endosomes ruptured 

via osmotic pressure and photochemical internalization. 

5.2 Introduction 

Endosomal escape is the elephant in the room for nanomaterial studies. While nanomaterials 

have been hailed as the solution to many challenges in medicine, most nanomaterials are 

internalized by cells through endocytosis mechanisms, delivering them to the endosome (Figure 

5.1A). Failure to escape the endosomal/lysosomal pathway results in degradation of the material 

and payload1–3 (path 1, Figure 5.1A) or exocytosis from the cell4,5 (path 2, Figure 5.1A). 

Consequently, a plethora of methods to rupture/escape the endosome and assays to visualize 

escape have been explored (path 3, Figure 5.1A). Common assays include transfection efficiency,6 
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Forster resonance energy transfer assays,7 colocalization with cellular markers,8,9 and fluorescence 

correlation spectroscopy (FCS) measurements.10,11 While each of these assays have their 

advantages and disadvantages, they all rely on visualization of the escaped nanomaterial or 

payload (path 3b, Figure 5.1A). If endosomal escape is successful, these methods are convincing 

and even quantitative in the case of FCS; however, if no escape is observed these assays do not 

provide information on whether the challenge lies in rupturing the endosome/lysosome (path 3a, 

Figure 5.1A) or release from the ruptured endosome/lysosome (path 3b, Figure 5.1A). The ability 

to separately assay path 3a and 3b becomes particularly relevant for the release of large 

nanomaterials.   

A common assay to identify endosomal rupture is calcein (5.1, Figure 5.1B),12–17 an 

impermeable, fluorescein derivative that is self-quenched at high concentrations and low pH. Upon 

endosomal disruption, calcein diffuses into the cytosol resulting in an increase in fluorescence 

within the cell. However, the use of calcein can be complicated by premature leakage from the 

lysosomes and inefficient,  cell-line dependent quenching18,19 that is difficult to quantify. In 

addition, calcein is excited by 488 nm light without adequate equivalents at higher wavelengths, 

diminishing flexibility for multiplexing with common fluorescent protein markers (Figure 5.1B). 

Here, we compare the use of calcein with two less explored approaches for direct visualization 

of endosomal rupture: lysosome swelling visualized with pH sensitive dyes (Figure 5.1C) or a 

genetically-engineered cell line developed by Duvall and coworkers20,21 (Figure 5.1D). Lysosome 

swelling occurs when weakly basic molecules accumulate in the lysosome, preventing the natural 

acidification, resulting in an increase of water, protons and chloride ions pumped into the 

lysosome.19,22 The genetically engineered cell line developed by Duvall and coworkers use 

galectins, a class of lectins that bind to β-galactoside which is localized in the inner leaflet of 
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Figure 5.3. (A) Nanomaterial endocytosis pathways. (B) Advantages and disadvantages of 
traditional calcein dilution assays. (C) This work utilizing lysosome swelling and (D) genetic 
engineered cell lines to visualized endosomal disruption. 
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endosomes. A primary role of galectins is to sense endosomal membrane damage, resulting in the 

accumulation within disrupted endosomes.23,24 This mechanism has been leveraged to visualize 

endosomal disruption by fusing YFP to Galectin-8 (Gal8)20,21,23,25 and Galectin-9 (Gal9).24,26 We 

showcase the benefits and limitations of these two assays, as compared to calcein, using two 

methods of endosomal escape: osmotic rupture and photochemical internalization (PCI).27  

 

5.3 Results and Discussion 

We are interested in perfluorocarbon (PFC) nanoemulsions, a class of soft nanomaterials, where 

an immiscible PFC solvent is stabilized by a surfactant to create particles ~100-300 nm in 

diameter.28,29 PFC nanoemulsions are endocytosed via clathrin mediated pathways,29,30 and 

trafficked to the lysosome. The large size of PFC nanoemulsions provide a significant challenge 

for endosomal escape and motivated this work exploring assays which give a direct readout of 

endosomal rupture.  

First, we investigated the three assays using osmotic rupture to facilitate endosomal escape 

(Figure 5.2A). Chloroquine (5.2), a lysosomotropic weak base, inhibits the acidification of the 

lysosome through the protonation of the diethylamino group.31–33 Cell-penetrating, cationic 

peptides containing arginine and lysine residues, such as the TAT-HA2 peptide (5.3) and 

derivatives, can be used alone or in combination with chloroquine to increase endosomal escape 

efficiencies (Figure 5.2B).12,34,35  

We treated a macrophage cell line (RAW264.7; Figure 5.2C i.-ii.; Figure 5.3-5.5) with PFC 

nanoemulsions and 150 µM calcein (5.1) in the presence or absence of endosomal escape treatment 

5.2, 5.3, or the combination of 5.2/5.3 (Figure 5.2 C-D) at non-toxic concentrations (Figure 5.6). 

Despite following literature reports,15,17 in our hands the calcein assay did not produce the expected 
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Figure 5.2. Osmotic rupture of endosomes. (A) Schematic showing osmotic rupture of endosomes. 
(B) Lysosomotropic molecule (5.2) and cell-penetrating peptide (5.3) used to promote osmotic 
rupture. (C) Confocal scanning microscopy of RAW264.7 cells +/- treatment (5.2/5.3). Scale bar 
represents 25 mm. (D) Quantification of lysosome size (calcein, blue; LysoTracker green, green; 
LysoTracker red, red). (E) Quantification of lysosome size in MDA-MB-231 Gal8-YFP cells 
stained with LysoTracker red (red, see Figure 5.20-5.21 for microscopy), and quantification of the 
puncta to nuclear ratio (vii.-viii.; gray). Description of quantification in ImageJ Analysis Section 
of Supporting Information. Statistical significance is defined by one tailed Student T’s test of 
unequal variance compared to no treatment controls. *p<0.05, **p<0.01. 
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Figure 5.3. Confocal microscopy visualizing endosomal disruption via calcein (5.1) staining of 
RAW cells. (A) Single channel microscopy of calcein (green, top panel) and black and white 
(bottom panel). Cells were treated with chloroquine (5.2, 100 mM) 0.5 h before addition of 
emulsions (-0.5 h), at the same time as emulsions (+0 h), or one hour after emulsions (+1 h).  
(B) Quantification of calcein stained lysosomes. Bars represent the average of three representative 
images and error bars represent the standard deviation of 3 images. Statistical significance is 
defined by a one-sided Student T-test with unequal variance compared to no treatment control.  
* p < 0.05 ** p < 0.01 
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Figure 5.4. Confocal microscopy visualizing endosomal disruption via calcein (5.1) staining of 
RAW cells. (A) Single channel microscopy of calcein (green, top panel) and black and white 
(bottom panel). Cells were treated with chloroquine (5.2, 100 mM) 0.5 h before addition of 
emulsions (-0.5 h), at the same time as emulsions (+0 h), or one hour after emulsions (+1 h).   
(B) Quantification of calcein stained lysosomes. Bars represent the average of three representative 
images and error bars represent the standard deviation of 3 images. Statistical significance is 
defined by a one-sided Student T-test with unequal variance compared to no treatment control. * 
p < 0.05 ** p < 0.01 
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Figure 5.5. Confocal microscopy visualizing endosomal disruption via calcein (5.1) staining of 
RAW cells. (A) Multi channel microscopy of calcein (green, top panel), Hoescht (blue, top panel) 
and black and white staining of calcein (bottom panel). (B) Quantification of calcein stained 
lysosomes. Bars represent the average of three representative images and error bars represent the 
standard deviation of 3 images. Statistical significance is defined by a one-sided Student T-test 
with unequal variance compared to no treatment control. * p < 0.05 
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cytosolic labeling upon treatment with 5.2/5.3 (Figure 5.2C ii.). However, we did reliably observe 

larger areas of fluorescence after endosomal escape treatment which we reasoned were enlarged 

endosomes that resulted from swelling due to osmotic imbalance. This was supported by 

Verkman22 and Braeckmans19 who both used fluorescence microscopy to visualize the swelling of 

endosomes associated with endocytosis of weakly basic nanocarriers. With this precedent, we 

expected common endosome/lysosome markers would produce the same result and enable 

detection of compromised endosomes.   

We proceeded to treat RAW264.7 (Figure 5.2C iii.-vi.; Figure 5.7-5.12) and A375 cell lines 

(Figure 5.13-5.18) with LysoTracker stains and PFC nanoemulsions in the presence or absence of 

5.2/5.3. The LysoTracker stains are quick, easy to use, and can be multiplexed as there are variants 

that align with the four common confocal laser channels. We found treatment with both 

LysoTracker green (iii.-iv.), and LysoTracker red (v.-vi.) provided similar results to the calcein-

stained cells (i.-ii.; 5.7-5.18). To quantify the lysosome enlargement, a threshold was applied to 

each set of images, and the average number of pixels per lysosome was counted (see ImageJ 

analysis section in the Supporting Information). We found that before treatment, lysosome size 

averaged between 50-100 pixels. After treatment with 5.2/5.3, the lysosomes stained with 

LysoTracker increase 2-3.5 fold (Figure 5.2D). Visually, calcein follows the same trend; however, 

quantification only resulted in a 1.4 fold increase in lysosome size compared to no treatment.  
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Figure 5.6. Cell viability of RAW264.7 after treatment with chloroquine (5.2) and TAT-HA2 
peptide (5.3). (A) Cell viability for four identical trials. Bars represent the average of three wells 
per experiment. Error bars represent the standard deviation. (B) The average cell viability of the 
four trials. Error bars represent the standard deviation. 
 
 

 
Figure 5.7. Confocal microscopy visualizing endosomal disruption via LysoTracker green 
staining of RAW cells. (A) Multi channel microscopy of LysoTracker (green, top panel), Hoescht 
(blue, top panel) and black and white staining of the lysosomes (LysoTracker green, bottom panel). 
(B) Quantification of stained lysosomes. Bars represent the average of three representative images 
and error bars represent the standard deviation of 3 images. Statistical significance is defined by a 
one-sided Student T-test with unequal variance compared to no treatment control. * p < 0.05 
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Figure 5.8. Confocal microscopy visualizing endosomal disruption via LysoTracker green 
staining of RAW cells. (A) Multi channel microscopy of LysoTracker (green, top panel), Hoescht 
(blue, top panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification 
of stained lysosomes. Bars represent the average of three representative images and error bars 
represent the standard deviation of 3 images. Statistical significance is defined by a one-sided 
Student T-test with unequal variance compared to no treatment control. * p < 0.05 
 
 

 
Figure 5.9. Confocal microscopy visualizing endosomal disruption via LysoTracker green 
staining of RAW cells. (A) Single channel microscopy of LysoTracker (green, top panel) and black 
and white (bottom panel). (B) Quantification of stained lysosomes. Bars represent the average of 
three representative images and error bars represent the standard deviation of 3 images. Statistical 
significance is defined by a one-sided Student T-test with unequal variance compared to no 
treatment control. * p < 0.05 
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Figure 5.10. Confocal microscopy visualizing endosomal disruption via LysoTracker green 
staining of RAW cells. (A) Multi channel microscopy of LysoTracker (green, top panel), Hoescht 
(blue, top panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification 
of stained lysosomes. Bars represent the average of three representative images and error bars 
represent the standard deviation of 3 images. Statistical significance is defined by a one-sided 
Student T-test with unequal variance compared to no treatment control. * p < 0.05 
 
 

 
Figure 5.11. Confocal microscopy visualizing endosomal disruption via LysoTracker red staining 
of RAW cells. (A) Multi channel microscopy of LysoTracker (red, top panel), Hoescht (blue, top 
panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification of stained 
lysosomes. Bars represent the average of three representative images and error bars represent the 
standard deviation of 3 images. Statistical significance is defined by a one-sided Student T-test 
with unequal variance compared to no treatment control. * p < 0.05 ** p < 0.01 
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Figure 5.12. Confocal microscopy visualizing endosomal disruption via LysoTracker red staining 
of RAW cells. (A) Multi channel microscopy of LysoTracker (red, top panel), Hoescht (blue, top 
panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification of stained 
lysosomes. Bars represent the average of three representative images and error bars represent the 
standard deviation of 3 images. Statistical significance is defined by a one-sided Student T-test 
with unequal variance compared to no treatment control. * p < 0.05 ** p < 0.01 
 
 
 

 
Figure 5.13. Confocal microscopy visualizing endosomal disruption via LysoTracker green 
staining of A375 cells. (A) Multi channel microscopy of LysoTracker (green, top panel), Hoescht 
(blue, top panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification 
of stained lysosomes. Bars represent the average of three representative images and error bars 
represent the standard deviation of 3 images. Statistical significance is defined by a one-sided 
Student T-test with unequal variance compared to no treatment control. * p < 0.05 
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Figure 5.14. Confocal microscopy visualizing endosomal disruption via LysoTracker green 

staining of A375 cells. (A) Multi channel microscopy of LysoTracker (green, top panel), Hoescht 
(blue, top panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification 
of stained lysosomes. Bars represent the average of three representative images and error bars 
represent the standard deviation of 3 images. Statistical significance is defined by a one-sided 
Student T-test with unequal variance compared to no treatment control. * p < 0.05 
 
 
 
 

 
Figure 5.15. Confocal microscopy visualizing endosomal disruption via LysoTracker green 
staining of A375 cells. (A) Multi channel microscopy of LysoTracker (green, top panel), Hoescht 
(blue, top panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification 
of stained lysosomes. Bars represent the average of three representative images and error bars 
represent the standard deviation of 3 images. Statistical significance is defined by a one-sided 
Student T-test with unequal variance compared to no treatment control. * p < 0.05 
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Figure 5.16. Confocal microscopy visualizing endosomal disruption via LysoTracker red staining 
of A375 cells. (A) Multi channel microscopy of LysoTracker (red, top panel), Hoescht (blue, top 
panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification of stained 
lysosomes. Bars represent the average of three representative images and error bars represent the 
standard deviation of 3 images. Statistical significance is defined by a one-sided Student T-test 
with unequal variance compared to no treatment control. * p < 0.05 
 
 
 

 
Figure 5.17. Confocal microscopy visualizing endosomal disruption via LysoTracker red staining 
of A375 cells. (A) Multi channel microscopy of LysoTracker (red, top panel), Hoescht (blue, top 
panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification of stained 
lysosomes. Bars represent the average of three representative images and error bars represent the 
standard deviation of 3 images. Statistical significance is defined by a one-sided Student T-test 
with unequal variance compared to no treatment control. * p < 0.05 
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Figure 5.18. Confocal microscopy visualizing endosomal disruption via LysoTracker red staining 
of A375 cells. (A) Multi channel microscopy of LysoTracker (red, top panel), Hoescht (blue, top 
panel) and black and white staining of the lysosomes (bottom panel). (B) Quantification of stained 
lysosomes. Bars represent the average of three representative images and error bars represent the 
standard deviation of 3 images. Statistical significance is defined by a one-sided Student T-test 
with unequal variance compared to no treatment control. * p < 0.05 
 

 

 

 

 

 

 

 

 

 

 

 

 



235 

We corroborated that we were indeed achieving endosomal rupture upon treatment with 5.2/5.3 

by using a genetically engineered human melanoma cell line (MDA-MB-231, Figure 5.2C vii.-

viii.). To establish endosomal rupture in the MDA-MB-231 cell line, the number of puncta per cell 

was quantified by applying a threshold to each image, counting the number of puncta and 

normalizing by the number of nuclei in each image. More puncta per cell represent greater 

endosomal disruption. We found that endosomes were significantly disrupted when 

nanoemulsions and 5.2 were added, regardless of timing (Figure 5.19). Upon treatment with 

endosomal disruption agents 5.2/5.3 the puncta to nuclear ratio increases ~3-fold compared to 

untreated controls (Figure 5.2E, gray).  

We next looked to multiplex the visualization of lysosome size with the genetically engineered 

MDA-MB-231 cells and LysoTracker red. Indeed, we observed an ~1.5 fold increase in lysosome 

size in the MDA-MB-231 cells line (Figure 5.2E, 5.20-5.21), confirming the lysosome size and 

genetically encoded cell lines were successful at visualizing endosomal disruption with 5.2/5.3. 

This is consistent with both RAW264.7 and A375 cells, demonstrating that this assay can easily 

be applied to a variety of cell lines.  

We then moved to compare the calcein, lysosome size, and genetically modified MDA-MB-231 

cells to visualize endosomal disruption via PCI (Figure 5.22A).16,36–39 PCI uses a photosensitizer 

that produces reactive oxygen species (ROS) when irradiated with light to induce membrane 

destabilization, and endosomal/lysosomal rupture. PFC nanoemulsions are an ideal nanomaterial 

for PCI as the fluorous phase boasts 20-fold higher dissolved oxygen concentrations than water, 

increasing the amount of ROS that can be produced.40–42 As such, we used a platform previously 

optimized for photodynamic therapy with PFC nanoemulsions,43 with shortened irradiation times 

to disrupt the endosomes/lysosomes without causing cell death (Figure 5.23). As PFC 
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Figure 5.19. Confocal microscopy visualizing endosomal disruption via Lysosome size and Gal8-
YFP localization in MDA-MB-231 cells. (A) Multi channel microscopy of Gal8 (green) and 
Hoescht (blue). Cells were treated with chloroquine (5.2, 100 mM) 0.5 h before addition of 
emulsions (-0.5 h), at the same time as emulsions (+0 h), or one hour after emulsions (+1 h).  
(B) Quantification of puncta (Gal8) of cells treated in basal media (dark blue) or complete media 
(light blue). Bars represent the average of three representative images and error bars represent the 
standard deviation. Statistical significance is defined by a one-sided Student T-test with unequal 
variance compared to no treatment control. * p < 0.05 ** p < 0.01 
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Figure 5.20. Confocal microscopy visualizing endosomal disruption via Lysosome size and Gal8-
YFP localization in MDA-MB-231 cells. (A) Multichannel microscopy of Gal8 localization 
(green, first panel); lysosomes stained with LysoTracker (red, second panel); black and white 
images of lysosomes stained with LysoTracker (third panel). Nuclei are stained with Hoescht 
(blue, first and second panel). (B) Quantification of lysosome size of panel 2 images.  
(C) Quantification of puncta to nuclear ratio of panel 1 images. Bars represent the average of three 
representative images and error bars represent the standard deviation of 3 images. Statistical 
significance is defined by a one-sided Student T-test with unequal variance compared to no 
treatment control. * p < 0.05 ** p < 0.01 
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Figure 5.21. Confocal microscopy visualizing endosomal disruption via Lysosome size and Gal8-
YFP localization in MDA-MB-231 cells. (A) Multichannel microscopy of Gal8 localization 
(green, first panel); lysosomes stained with LysoTracker (red, second panel); black and white 
images of lysosomes stained with LysoTracker (third panel). Nuclei are stained with Hoescht 
(blue, first and second panel). (B) Quantification of lysosome size of panel 2 images.  
(C) Quantification of puncta to nuclear ratio of panel 1 images. Bars represent the average of three 
representative images and error bars represent the standard deviation of 3 images. Statistical 
significance is defined by a one-sided Student T-test with unequal variance compared to no 
treatment control. * p < 0.05 ** p < 0.01 
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nanoemulsions were a new approach to deliver the photosensitizer necessary for PCI, we first 

optimized the conditions using the MDA-MB-231 cells. We found hydrophobic photosensitizer 

(5.4, Figure 5.22B), encapsulated in PFC nanoemulsions irradiated for 1 min (420 nm, 8.5 

mW/cm2), produced optimal lysosomal disruption (Figure 5.22C vii., viii.). The puncta : nuclear 

ratio (Figure 5.22E, Figure 5.24-5.29) increased 5-fold compared to dark controls after 1 minute 

of irradiation.  

Moving to apply PCI to RAW264.7 cells, which readily internalize PFC nanoemulsions,28 we 

treated cells with PFC nanoemulsions containing 5.4, irradiated them with or without light, and 

stained with calcein (5.1). We found that cells that did not undergo light treatment (Figure 5.22C, 

i.) displayed localized fluorescence indicating calcein was trapped within the lysosomes. However, 

cells that had undergone irradiation (Figure 5.22C, ii.) did show some weak cytosolic labelling, 

supporting the results observed with the MDA-MB-231 cells that ROS disrupts the 

endosomal/lysosomal membrane (Figure 5.22C, Figure 5.30-5.32). Analyzing the calcein that 

remained in the lysosome after light treatment did not suggest an increase in lysosome size, despite 

the two other assays supporting endosomal rupture (Figure 5.22D). We reasoned this result was 

due to the distinct mechanism of PCI which causes endosomal membrane disruption via ROS 

instead of promoting osmotic imbalance.  

To confirm the lysosome size results observed with calcein, we treated RAW264.7 cells with 

PFC nanoemulsions containing 5.4 in the presence or absence of light. These cells were then 

stained with either LysoTracker green or red and analyzed lysosomes size. In cells lacking light 

treatment, lysosomes are ~40 pixels (Figure 5.22C/D, iii., iv.) and do not display statistically 

significantly increase in size after light treatment (Figure 5.22C/D, v., vi.; Figure 5.33-5.34). We 

observed a similar result with A375 cells (Figure 5.35-5.36).  
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Figure 5.22. PCI disruption of endosomes. (A) Schematic showing the production of ROS upon 
irradiation disrupting endosomal/lysosomal membranes.  (B) Photosensitizer (5.4), irradiated with 
420 nm light (8.5 mw/cm2) produces ROS. (C) Confocal scanning laser microscopy of RAW264.7 
cells +/- light treatments. Scale bar represents 25 mm. (D) Quantification of lysosome size (calcein, 
blue; LysoTracker green, green; LysoTracker red, red), dark treatment (solid), 1 min light 
treatment (striped). (E) Quantification of puncta : nuclear ratio (vii.-viii.) See ImageJ Analysis 
Section in Supporting Information for description of quantification. Statistical significance is 
defined by one tailed Student T’s test of unequal variance compared to no treatment controls. 
*p<0.05, **p<0.01. 
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Figure 5.23. Cell viability of (A) RAW and (B) A375 cells after PCI endosomal disruption. Cells 
were treated with media (no treat) or PFC nanoemulsions containing TPPH (TPPH) in the dark 
(blue) or after 1 min irradiation (red). Bars represent the average of three wells and error bars 
represent the standard deviation of 3 wells. 
 
 
 

 
Figure 5.24. Confocal microscopy visualizing endosomal disruption via Gal8-YFP localization in 
MDA-MB-231 cells. (A) Multichannel microscopy of Gal8 localization (green). Nuclei are stained 
with Hoescht (blue). (B) Quantification of puncta to nuclear ratio of cells treated with media (no 
treat) or PFC nanoemulsions containing TPPH (TPPH) in the dark (dark green) or after 1 min 
irradiation (light green). Bars represent the average of three representative images and error bars 
represent the standard deviation of 3 images. 
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Figure 5.25. Confocal microscopy visualizing endosomal disruption via Gal8-YFP localization in 
MDA-MB-231 cells. (A) Multichannel microscopy of Gal8 localization (green). Nuclei are stained 
with Hoescht (blue). (B) Quantification of puncta to nuclear ratio of cells treated with media (no 
treat) or PFC nanoemulsions containing TPPH (TPPH) in the dark (dark green) or after 1 min 
irradiation (light green). Bars represent the average of three representative images and error bars 
represent the standard deviation of 3 images. 
 
 

 
Figure 5.26. Confocal microscopy visualizing endosomal disruption via Gal8-YFP localization in 
MDA-MB-231 cells. (A) Multichannel microscopy of Gal8 localization (green). Nuclei are stained 
with Hoescht (blue). (B) Quantification of puncta to nuclear ratio of cells treated with media (no 
treat) or PFC nanoemulsions containing TPPH (TPPH) in the dark (dark green) or after 1 min 
irradiation (light green). Bars represent the average of three representative images and error bars 
represent the standard deviation of 3 images. 
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Figure 5.27. Confocal microscopy visualizing endosomal disruption via Lysosome size and Gal8-
YFP localization in MDA-MB-231 cells. (A) Multichannel microscopy of lysosome size (red). 
Nuclei are stained with Hoescht (blue). (B) Quantification of lysosome size of cells treated with 
media (no treat) or PFC nanoemulsions containing TPPH (TPPH) in the dark (dark red) or after 1 
min irradiation (pink). (C) Multichannel microscopy of Gal8 localization (green). Nuclei are 
stained with Hoescht (blue). (D) Quantification of puncta to nuclear ratio of cells treated with 
media (no treat) or PFC nanoemulsions containing TPPH (TPPH) in the dark (dark green) or after 
1 min irradiation (light green). Bars represent the average of three representative images and error 
bars represent the standard deviation of 3 images. 
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Figure 5.28. Confocal microscopy visualizing endosomal disruption via Lysosome size and Gal8-
YFP localization in MDA-MB-231 cells. (A) Multichannel microscopy of lysosome size (red). 
Nuclei are stained with Hoescht (blue). (B) Quantification of lysosome size of cells treated with 
media (no treat) or PFC nanoemulsions containing TPPH (TPPH) in the dark (dark red) or after 1 
min irradiation (pink). (C) Multichannel microscopy of Gal8 localization (green). Nuclei are 
stained with Hoescht (blue). (D) Quantification of puncta to nuclear ratio of cells treated with 
media (no treat) or PFC nanoemulsions containing TPPH (TPPH) in the dark (dark green) or after 
1 min irradiation (light green). Bars represent the average of three representative images and error 
bars represent the standard deviation of 3 images. 
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Figure 5.29. Black and white images for LysoTracker red (A) Figure 5.27A and (B) Figure 5.28A. 
 
 
 
 
 
 
 
 

 

 
Figure 5.30. Confocal microscopy visualizing endosomal disruption via calcein (5.1) staining of 
RAW cells. (A) Single channel microscopy of calcein stained lysosomes (green). (B) Black and 
white images of A. (C) Quantification of lysosome size of cells treated with media (no treat) or 
PFC nanoemulsions containing TPPH (TPPH) in the dark (dark gray) or after 1 min irradiation 
(light gray). Bars represent the average of three representative images and error bars represent the 
standard deviation of 3 images. 
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Figure 5.31. Confocal microscopy visualizing endosomal disruption via calcein (5.1) staining of 
RAW cells. (A) Single channel microscopy of calcein stained lysosomes (green). (B) Black and 
white images of A. (C) Quantification of lysosome size of cells treated with media (no treat) or 
PFC nanoemulsions containing TPPH (TPPH) in the dark (dark gray) or after 1 min irradiation 
(light gray). Bars represent the average of three representative images and error bars represent the 
standard deviation of 3 images. 
 
 
 
 

 
Figure 5.32. Confocal microscopy visualizing endosomal disruption via calcein (5.1) staining of 
A375 cells. (A) Single channel microscopy of calcein stained lysosomes (green). (B) Black and 
white images of A. (C) Quantification of lysosome size of cells treated with media (no treat) or 
PFC nanoemulsions containing TPPH (TPPH) in the dark (dark gray) or after 1 min irradiation 
(light gray). Bars represent the average of three representative images and error bars represent the 
standard deviation of 3 images. 
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Figure 5.33. Confocal microscopy visualizing endosomal disruption via LysoTracker red staining 
of RAW cells. (A) Single channel microscopy of LysoTracker stained lysosomes (red), nuclei are 
stained with Hoescht (blue). (B) Black and white images of lysosomes stained with LysoTracker. 
(C) Quantification of lysosome size of cells treated with media (no treat) or PFC nanoemulsions 
containing TPPH (TPPH) in the dark (dark red) or after 1 min irradiation (pink). Bars represent 
the average of three representative images and error bars represent the standard deviation of 3 
images. 
 
 
 
 
 
 

 
Figure 5.34. Confocal microscopy visualizing endosomal disruption via LysoTracker red staining 
of RAW cells. (A) Single channel microscopy of LysoTracker stained lysosomes (red), nuclei are 
stained with Hoescht (blue). (B) Black and white images of lysosomes stained with LysoTracker. 
(C) Quantification of lysosome size of cells treated with media (no treat) or PFC nanoemulsions 
containing TPPH (TPPH) in the dark (dark red) or after 1 min irradiation (pink). Bars represent 
the average of three representative images and error bars represent the standard deviation of 3 
images. 
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Figure 5.35. Confocal microscopy visualizing endosomal disruption via LysoTracker red staining 
of A375 cells. (A) Single channel microscopy of LysoTracker stained lysosomes (red), nuclei are 
stained with Hoescht (blue). (B) Black and white images of lysosomes stained with LysoTracker. 
(C) Quantification of lysosome size of cells treated with media (no treat) or PFC nanoemulsions 
containing TPPH (TPPH) in the dark (dark red) or after 1 min irradiation (pink). Bars represent 
the average of three representative images and error bars represent the standard deviation of 3 
images. 
 
 
 
 
 

 
Figure 5.36. Confocal microscopy visualizing endosomal disruption via LysoTracker red staining 
of A375 cells. (A) Single channel microscopy of LysoTracker stained lysosomes (red), nuclei are 
stained with Hoescht (blue). (B) Black and white images of lysosomes stained with LysoTracker. 
(C) Quantification of lysosome size of cells treated with media (no treat) or PFC nanoemulsions 
containing TPPH (TPPH) in the dark (dark red) or after 1 min irradiation (pink). Bars represent 
the average of three representative images and error bars represent the standard deviation of 3 
images. 
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5.4 Conclusion 

Here, we discuss a variety of methods to visualize endosomal disruption in an effort to decouple 

endosomal rupture from the release of payload. We use three different assays, calcein dye dilution, 

lysosome size and direct visualization of endosomal disruption with a genetically engineered cell 

line. Calcein, although a finicky assay, is still viable to visualize endosomal swelling in osmotic 

rupture and can be used to visualize loss of endosomal membrane integrity via PCI, though faint 

cytosolic labeling was observed in our hands. When inducing endosomal escape via osmotic 

rupture, lysosome size is an easily monitored parameter that can be visualized with various 

LysoTracker probes. Importantly, this approach is applicable to many different cell types and can 

be used in combination with standard fluorescent proteins. Genetically engineered cell lines can 

visualize the endosomal disruption, regardless of method of disruption; however, these 

experiments are limited to the spectral properties of genetically encoded fluorescent protein. An 

additional limitation of the genetically engineered cell line is the cell type of relevance to one’s 

experiment may be different from the MDA-MB-231 cell line, meaning endosomal disruption 

conditions may not translate. Nevertheless, we have found the MDA-MB-231 cells to be an 

advantageous cell line to begin endosomal escape studies with and highly recommend this cell line 

developed by Duvall to all struggling to optimize endosomal escape.  
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5.5 Experimental Procedures 

5.5.1 General experimental procedures 

Chloroquine diphosphate (5.2) was purchased from VWR (Cat # 102624-086), TAT-HA2 (5.3) 

was purchased from VWR (Cat # 103008-568) and used without further purification. 

 

5.5.2 General cell culture procedures 

RAW264.7 cells were purchased from ATCC (Cat# TIB-71). A375 cells were purchased from 

ATCC (Cat# CRL-1619). MDA-MB-231 Gal8-YFP cells were a gift from Craig Duvall’s lab at 

Vanderbilt University. 

 

RAW264.7 and A375 cells were cultured in Dulbecco’s Modified Eagle Media (DMEM, Life 

Technologies, cat# 11995073) supplemented with 10% fetal bovine serum (Corning, lot# 

35016109) and 1% penicillin-streptomycin (Life Technologies, cat# 15070063). MDA-MB-231 

cells were cultured in Dulbecco’s Modified Eagle Media (DMEM, Life Technologies, cat# 

11995073) supplemented with 10% fetal bovine serum (Corning, lot# 35016109) and 1% 

gentamicin (Fisher, cat# 50-983-231). Cells were washed with PBS, or lithium chloride buffer 

(LiCl: 0.25 M LiCl, 1 mM EDTA, 10 mM Tris-HCl). Cells were incubated at 37 ˚C, 5% CO2, 

during treatments and throughout culturing, in HERACell 150i CO2 incubators. Cells were 

pelleted through use of Sorvall ST 40R centrifuge. All cell work was performed in 1300 Series A2 

biosafety cabinets. 

 

Confocal microscopy was performed on a TCS SPE Leica confocal microscope containing 405 

nm, 488 nm, 532 nm and 635 nm lasers.  
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5.5.3 Live cell imaging procedures 

Following treatment, washes, and staining, cells were placed in complete DMEM (10% FBS, 1% 

PenStrep or gentamicin) and transferred to the microscope. Cells were imaged in <1 h to prevent 

cell death.  

 

All images were acquired with 63x oil objective and 1024 x 1024 resolution.  

 

Confocal microscopy was performed on a TCS SPE Leica confocal microscope containing 405 

nm, 488 nm, 532 nm and 635 nm lasers. Confocal settings were as follows: Hoechst (405 laser-

50%, 800 gain, offset -0.35, collection 410-470nm), LysoTracker green and calcein (488 laser-

50%, 900 gain, offset -0.35, collection 495-525 nm), LysoTracker red (532 laser-50%, 800 gain, 

offset -0.35, collection 560-700nm), DIC (scan-BF, 450 gain, offset -0.4). Scale bar represents 25 

µm.  

 

5.5.4 General nanoemulsion formation procedure 

Polymer surfactant (5.6 mg, 2.8 wt%) was dissolved in cosolvent (20 µL, DMF, MeOH or THF) 

and sonicated in a bath sonicator (~15 minutes) until fully dissolved, at which point 7:3 

perfluorodecalin : perfluorotripropylamine (10 vol%, 20 µL) was added, followed by PBS buffer 

pH 7.4 (200 µL). Sonication was performed by lowering the probe directly at the liquid-liquid 

interface of the two immiscible solvents (90s, 35% amp). To remove cosolvents, emulsions are 

washed by centrifugation (5.6 x g, 3 min, 2x). 
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TPPH (5.4) was incorporated into nanoemulsions by taking 100 mL of emulsions, adding 2 mL of 

TPPH stock (1 mg/mL in acetone) and sonicating for a further 90s at 35% amp. 

 

5.5.5 PCI Endosomal Disruption 

PFC nanoemulsions were made following the General nanoemulsion formation procedure 

containing TPPH.  TPPH (5.4) was incorporated into nanoemulsions by taking 100 mL of 

emulsions, adding 2 mL of TPPH stock (1 mg/mL in acetone) and sonicating for a further 90s at 

35% amp. 

 

RAW264.7 or A375 cells were plated 100,000 cells/well on two identical Ibidi m-slide 8 well 

(IbiTreat, Cat # 80826), and allowed to adhere overnight. The next day, media was removed and 

replaced with complete media and emulsions containing 5.4 (10 mL) and incubated (3h, 37 °C, 

5% CO2). After incubation, cells were washed gently 3x with LiCl buffer and slight rocking, 1x 

complete media with slight rocking. Nuclei were stained with Hoescht (3.24 µM, 10 min, 37 ˚C, 

ThermoFisher Cat# PI62249). Hoescht staining was removed, and one plate was irradiated 

(THORLabs, 420 nm, 8.5 mW/cm2, 1 min), while the other was kept in the dark. After irradiation 

LysoTracker (LysoTracker green (50 nM, Cell Signaling Technologies Cat# 8783S), or 

LysoTracker red (50 nM, Fisher Cat# L7528)) was added and imaged to prevent excess 

photobleaching of lysosome stain during imaging.  
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5.6 ImageJ Analysis 

5.6.1 Lysosome size 

 

 

 

ImageJ analysis of all confocal images. 

A) RGB images of LysoTracker green images seen in Figure 5.2C. 

B) Threshold images (settings in D) prior to clicking apply. This is done such that the 

lysosomes (seen in red) can be counted. Only those particles shown in red are analyzed. 

The threshold was chosen to reduce the amount of background and then kept constant for 

each experimental set analyzed. 

C) Threshold images (settings in D) after clicking apply. 

D) Threshold settings for each image were kept constant. 

E) Analysis of particles (on images represented by C). Particles larger than 10 pixel2 were 

analyzed. 
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F) Readout of analysis gives number (count), total area, average size, % area, mean, perimeter, 

and median of all particles in C. The average size was averaged for 3 representative images 

for each graph (Figure 5.2/5.3 D and throughout the Supplemental). 

Analysis of lysosome size was inspired by Verkman and Braeckmans.19,22  

To quantify the size of lysosomes, we used ImageJ “Threshold” and “Analyze Particles.” All 

images were treated identically, with all ImageJ settings kept constant in order to compare between 

treatments and images. The single-color image of the lysosomes (calcein, LysoTracker green as 

seen above in A, or LysoTracker red) were used as raw data files. This image was then converted 

from the RGB (A) to an 8-bit image. A constant threshold (D) was applied as seen in B and C. 

After the black and white thresholded image (C) was produced, we used the “Analyze Particles” 

plug-in to measure the average size of all particles seen in C. ImageJ produced the data from this 

plug-in as seen in F. For all graphs displaying the “Particle size” of the lysosomes, the “average 

size” as seen in F was averaged for three independent images. The error was determined by the 

standard deviation of the “average size” as seen in F for three independent images.  

Scale bar represents 25 µm. 
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5.6.2 Gal8-YFP puncta : nuclear quantification 

 

 

 

ImageJ analysis of all confocal images. 

A) RGB images of Gal8-YFP (green) and nuclei (blue) images seen in Figure 5.22C. 

B) Threshold images (settings in D) prior to clicking apply. The threshold settings in D were 

set such that the diffuse Gal8-YFP staining was below the limit (see first row compared to 

third row).  
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C) Threshold images (settings in D) after clicking apply. 

D) Threshold settings for each image were kept constant for all Gal8 or nuclear images. 

E) Analysis of particles (on images represented by C). Particles larger than 10 pixel2 were 

analyzed. 

F) Readout of analysis gives number (count), total area, average size, % area, mean, perimeter, 

and median of all particles in C. The average size was averaged for 3 representative images 

for each graph (Figure 5.2/5.22 D and throughout the Supplemental). 

 

To quantify the number of puncta, we used ImageJ “Threshold” and “Analyze Particles.” All 

images were treated identically, with all ImageJ settings kept constant in order to compare between 

treatments and images. The single-color image of Gal8-YFP was used as raw data files. This image 

was then converted from the RGB (A) to an 8-bit image. A constant threshold (D) was applied as 

seen in B and C. After the black and white thresholded image (C) was produced, we used the 

“Analyze Particles” plug-in to count the number of all particles seen in C. ImageJ produced the 

data from this plug-in as seen in F. 

 

The count for Gal8-YFP puncta was then divided by the count for the number of nuclei. Sample 

calculation: 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∶ 𝑃𝑃𝑃𝑃𝑃𝑃𝑛𝑛𝑛𝑛𝑃𝑃𝑟𝑟 𝑟𝑟𝑃𝑃𝑃𝑃𝑟𝑟𝑟𝑟 = 8 (𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑝𝑝 𝑙𝑙𝑖𝑖𝑝𝑝𝑙𝑙 1)
29 (𝑝𝑝𝑝𝑝𝑛𝑛𝑙𝑙𝑙𝑙𝑖𝑖 𝑖𝑖𝑝𝑝 𝑙𝑙𝑖𝑖𝑝𝑝𝑙𝑙 2)

= 0.28     (5.1) 

This was inspired by a Matlab code written by Duvall and coworkers that identified and counted 

the number of puncta when endosomes were disrupted.20  

Scale bar represents 25 µm.  
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5.7 Figure experimental procedures 

Figure 5.2C-E 

RAW264.7 cells (ATCC Cat# TIB-71) or MDA-MB-231 Gal8-YFP cells (gift from Duvall lab) 

were plated on Ibidi m-slide 8 well, IbiTreat (Cat # 80826), and allowed to adhere overnight. The 

next day, media was removed and replaced with treatment. No treatment wells: 200 µL media; 

5.2+5.3 wells: 160 mL media, 40 mL Chloroquine (5.2, 100 mM; 500 mM stock, made fresh in 

complete media), 10 mL TAT-HA2 (5.3, 14.5 mM), 10 mL emulsions. 5.3 and emulsions were 

pre-mixed for ~5 min at room temperature before being added to the labelled well. The cells and 

treatment were incubated for 3 h (37 ˚C, 5% CO2). 

 

For cells stained with calcein (5.1, 150 mM): 60 mL (500 mM stock, made fresh in DI H2O, Fisher 

Cat# ICN19508701) was added to the cells at the time of treatment, with a total volume of 200 mL 

of complete media + treatment).  

 

After incubation, cells were washed gently 3x with LiCl buffer and slight rocking, 1x complete 

media with slight rocking. Nuclei were stained with Hoescht (3.24 µM, 10 min, 37 ˚C, 

ThermoFisher Cat# PI62249), LysoTracker green (50 nM, Cell Signaling Technologies Cat# 

8783S), or LysoTracker red (50 nM, Fisher Cat# L7528). Hoescht staining was removed and 

replaced with LysoTracker staining and imaged to prevent excess photobleaching of lysosome 

stain during imaging. 

 

Confocal microscopy was performed on a TCS SPE Leica confocal microscope containing 405 

nm, 488 nm, 532 nm and 635 nm lasers. Confocal settings were as follows: Hoechst (405 laser-
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50%, 800 gain, offset -0.35, collection 410-470nm), LysoTracker green and calcein (488 laser-

50%, 900 gain, offset -0.35, collection 495-525 nm), LysoTracker red (532 laser-50%, 800 gain, 

offset -0.35, collection 560-700nm), DIC (scan-BF, 450 gain, offset -0.4). Scale bar represents 25 

µm.  

 

Images were processed in ImageJ. To quantify the size of the lysosomes stained by calcein, 

LysoTracker green or LysoTracker red, a constant threshold of each image was made, then the 

particles were analyzed for average size (See ImageJ Analysis). Each bar is an average of 3 

individual images, and the error bars represent the standard deviation of three images. Significance 

was determined with a one-tailed Student’s T test of unequal variance compared to no treatment 

controls.  

 

Figure 5.3-5.4.  

RAW264.7 cells (ATCC Cat# TIB-71) were plated on Ibidi m-slide 8 well (100,000 cells/well), 

IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was removed and 

replaced with treatment. RAW cells were treated with media (no treatment), emulsions (Pluronic 

F-68, 2.8 wt%; 7:3 PFD : PFTPA, 10 vol%) or combination of emulsions, and chloroquine (5.2, 

100 mM). 2 treatment was added 0.5 h prior to emulsions (-0.5), at the same time as emulsions 

(+0) or 1 h post emulsions (+1). Calcein (5.1, 150 mM, green) was added at the same time as the 

emulsions / endosomal disruption treatment. Following treatment, cells were washed (3x LiCl 

buffer, 1x media). 
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Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 488 nm to visualize calcein. Scale bars represent 25 µm. 

 

Figure 5.5. 

RAW264.7 cells (ATCC Cat# TIB-71) were plated on Ibidi m-slide 8 well (100,000 cells/well), 

IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was removed and 

replaced with treatment. RAW cells were treated with emulsions (Pluronic F-68, 2.8 wt%; 7:3 

PFD : PFTPA, 10 vol%) or combination of emulsions, chloroquine (5.2, 100 mM) and cationic, 

cell penetrating peptide TAT-HA2 (5.3, 14.5 mM) for 3 h (37 ˚C, 5% CO2). Calcein (5.1, 150 

mM, green) was added at the same time as the emulsions / endosomal disruption treatment. 

Following treatment, cells were washed (3x LiCl buffer, 1x media) and stained with Hoescht 

(blue) in complete media for 10 min. 

 

Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 488 nm to visualize calcein, and merged. Scale bars 

represent 25 µm. 

 

Figure 5.6.  

RAW264.7 cells (ATCC Cat# TIB-71) were plated on flat bottom 96-well plate (100,000 

cells/well) (Fisher Cat # 07-201-94), and allowed to adhere overnight. The next day, media was 

removed and replaced with treatment. No treatment wells: 200 mL media; 5.2+5.3 wells: 160 mL 

media, 40 mL 5.2 (500 mM stock, made fresh in media), 10 mL TAT-HA2 (3, 14.5 mM), 10 mL 

emulsions (Pluronic F-68, 2.8 wt%; 7:3 PFD : PFTPA, 10 vol%). 5.3 and emulsions were pre-
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mixed for ~5 min at room temperature before being added to the labelled well. The cells and 

treatment were incubated for 3h (37 ˚C). 

 

Cells were then washed with media 3x, LiCl buffer 3x, PBS 1x, then lifted with trypsin and 

transferred to a v-bottom 96-well plate (Fisher, Cat# 07-200-96). Cells were washed by 

centrifugation (2x, 526 x g, 3 min) and resuspended in FACS buffer (PBS + 1% FBS) to a final 

volume of 200 µL. Uptake was analyzed by FL2 channel on a FACSCalibur flow cytometer.  

 

Cells were stained with propidium iodide (2 µL, 1 mg/mL, 15 min) on ice. Viability was analyzed 

by FL2 channel on a FACSCalibur flow cytometer. 15,000 cells were collected per sample. Error 

bars represent the standard deviation of three replicate experiments. 

 

Figure 5.7-5.10. 

RAW264.7 cells (ATCC Cat# TIB-71) were plated on Ibidi m-slide 8 well (100,000 cells/well), 

IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was removed and 

replaced with treatment. RAW cells were treated with emulsions (Pluronic F-68 (S6), Me30Non10 

(S7-S9), 2.8 wt%; 7:3 PFD : PFTPA, 10 vol%) or combination of emulsions, chloroquine (5.2, 

100 mM) and cationic, cell penetrating peptide TAT-HA2 (5.3, 14.5 mM) for 3 h (37 ˚C, 5% 

CO2). Following treatment, cells were washed (3x LiCl buffer, 1x media) and stained with 

Hoescht (blue) in complete media for 10 min followed by LysoTracker green (50 nM) and 

imaged with the stain on the cells the prevent photobleaching. 
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Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 488 nm to visualize LysoTracker green, and merged. 

Black and white images of LysoTracker green are below the merged images. Scale bars represent 

25 µm. 

 

Figure 5.11-5.12. 

RAW264.7 cells (ATCC Cat# TIB-71) were plated on Ibidi m-slide 8 well (100,000 cells/well), 

IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was removed and 

replaced with treatment. RAW cells were treated with media (no treatment), emulsions 

(Me30Non10, 2.8 wt%; 7:3 PFD : PFTPA, 10 vol%) or combination of emulsions, chloroquine 

(5.2, 100 mM) and cationic, cell penetrating peptide TAT-HA2 (5.3, 14.5 mM) for 3 h (37 ˚C, 

5% CO2). Following treatment, cells were washed (3x LiCl buffer, 1x media) and stained with 

Hoescht (blue) in complete media for 10 min followed by LysoTracker red (50 nM) and imaged 

with the stain on the cells the prevent photobleaching. 

 

Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 532 nm to visualize LysoTracker red, and merged. 

Scale bars represent 25 µm. 

 

Figure 5.13-5.15. 

A375 cells (ATCC Cat# CRL-1619) were plated on Ibidi m-slide 8 well (100,000 cells/well), 

IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was removed and 

replaced with treatment. A375 cells were treated with media (no treatment), emulsions 
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(Me30Non10, 2.8 wt%; 7:3 PFD : PFTPA, 10 vol%) or combination of emulsions, chloroquine 

(5.2, 100 mM) and cationic, cell penetrating peptide TAT-HA2 (5.3, 14.5 mM) for 3 h (37 ˚C, 

5% CO2). Following treatment, cells were washed (3x LiCl buffer, 1x media) and stained with 

Hoescht (blue) in complete media for 10 min followed by LysoTracker green (50 nM) and 

imaged with the stain on the cells the prevent photobleaching. 

 

Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 488 nm to visualize LysoTracker green, and merged. 

Scale bars represent 25 µm. 

 

Figure 5.16-5.18. 

A375 cells (ATCC Cat# CRL-1619) were plated on Ibidi m-slide 8 well (100,000 cells/well), 

IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was removed and 

replaced with treatment. A375 cells were treated with media (no treatment), emulsions 

(Me30Non10, 2.8 wt%; 7:3 PFD : PFTPA, 10 vol%) or combination of emulsions, chloroquine 

(5.2, 100 mM) and cationic, cell penetrating peptide TAT-HA2 (5.3, 14.5 mM) for 3 h (37 ˚C, 

5% CO2). Following treatment, cells were washed (3x LiCl buffer, 1x media) and stained with 

Hoescht (blue) in complete media for 10 min followed by LysoTracker red (50 nM) and imaged 

with the stain on the cells to prevent photobleaching. 

 

Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 532 nm to visualize LysoTracker red, and merged. 

Scale bars represent 25 µm. 
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Figure 5.19. 

MDA-MB-231 Gal8-YFP (gift from Duvall lab) were plated on Ibidi m-slide 8 well (100,000 

cells/well), IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was 

removed and replaced with treatment. MDA-MB-231 Gal8-YFP cells were treated with media 

(no treatment), emulsions (Me30Non10, 2.8 wt%; 7:3 PFD : PFTPA, 10 vol%) or combination of 

emulsions, chloroquine (5.2, 100 mM) and cationic, cell penetrating peptide TAT-HA2 (5.3, 14.5 

mM) for 3 h (37 ˚C, 5% CO2). 2 treatment was added 0.5 h prior to emulsions (-0.5), at the same 

time as emulsions (+0) or 1 h post emulsions (+1). Following treatment, cells were washed (3x 

LiCl buffer, 1x media) and stained with Hoescht (blue) in complete media for 10 min followed 

by LysoTracker red (50 nM) and imaged with the stain on the cells the prevent photobleaching. 

 

Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 488 nm to visualize Gal8, 532 nm to visualize 

LysoTracker red, and merged. Scale bars represent 25 µm. 

 

Figure 5.20-5.21. 

MDA-MB-231 Gal8-YFP (gift from Duvall lab) were plated on Ibidi m-slide 8 well (100,000 

cells/well), IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was 

removed and replaced with treatment. MDA-MB-231 Gal8-YFP cells were treated with media 

(no treatment), emulsions (Me30Non10, 2.8 wt%; 7:3 PFD : PFTPA, 10 vol%) or combination of 

emulsions, chloroquine (5.2, 100 mM) and cationic, cell penetrating peptide TAT-HA2 (5.3, 14.5 

mM) for 3 h (37 ˚C, 5% CO2). Following treatment, cells were washed (3x LiCl buffer, 1x 
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media) and stained with Hoescht (blue) in complete media for 10 min followed by LysoTracker 

red (50 nM) and imaged with the stain on the cells the prevent photobleaching. 

 

Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 488 nm to visualize Gal8, 532 nm to visualize 

LysoTracker red, and merged. Scale bars represent 25 µm. 

 

Figure 5.22C-E 

RAW264.7 cells (ATCC Cat# TIB-71) or MDA-MB-231 Gal8-YFP cells (gift from Duvall lab) 

were plated on Ibidi m-slide 8 well, IbiTreat (Cat # 80826), and allowed to adhere overnight. The 

next day, media was removed and replaced with treatment. No treatment wells: 200 mL media; 

TPPH (4) wells: 190 mL media, 10 mL emulsions (described in General nanoemulsion formation 

procedure). This was repeated on two plates – one for dark images, and one for irradiation. 

For cells stained with calcein (5.1, 150 mM): 60 mL (500 mM stock, made fresh in DI H2O, Fisher 

Cat# ICN19508701) was added to the cells at the time of treatment, with a total volume of 200 mL 

of complete media + treatment). The cells and treatment were incubated for 3h (37 ˚C). 

After incubation, cells were washed gently 3x with LiCl buffer and slight rocking, 1x complete 

media with slight rocking. Nuclei were stained with Hoescht (3.24 µM, 10 min, 37 ˚C, 

ThermoFisher Cat# PI62249), LysoTracker green (50 nM, Cell Signaling Technologies Cat# 

8783S), or LysoTracker red (50 nM, Fisher Cat# L7528). Hoescht staining was removed, and the 

plate for irradiation for irradiated (THORLabs, 420 nm, 8.5 mW/cm2, 1 min). After irradiation 

LysoTracker staining was added and imaged to prevent excess photobleaching of lysosome stain 

during imaging. 
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Confocal microscopy was performed on a TCS SPE Leica confocal microscope containing 405 

nm, 488 nm, 532 nm and 635 nm lasers. Confocal settings were as follows: Hoechst (405 laser-

50%, 800 gain, offset -0.35, collection 410-470nm), LysoTracker green and calcein (488 laser-

50%, 900 gain, offset -0.35, collection 495-525 nm), LysoTracker red (532 laser-50%, 800 gain, 

offset -0.35, collection 560-700nm), DIC (scan-BF, 450 gain, offset -0.4). Scale bar represents 25 

µm.  

 

Images were processed in ImageJ. To quantify the size of the lysosomes stained by calcein, 

LysoTracker green or LysoTracker red, a constant threshold of each image was made, then the 

particles were analyzed for average size (See ImageJ Analysis). Each bar is an average of 3 

individual images, and the error bars represent the standard deviation of three images. Significance 

was determined with a one-tailed Student’s T test of unequal variance compared to no treatment 

controls.  

 

Figure 5.23.  

RAW264.7 cells (ATCC Cat# TIB-71) and A375 cells (ATCC Cat# CRL-1619) were plated 

100,000 cells / well in a flat bottom 96-well plate (Fisher Cat # 07-201-94) and allowed to adhere 

overnight. The next day, media was removed, replaced with complete DMEM (200 mL) and 

emulsions containing TPPH (10 mL). Cells were incubated for 3 h with treatment (37 °C, 5% 

CO2). Following treatment cells were washed 3x with complete media, with rocking. Cells were 

then lifted via trypsonization and transferred to a 96-well v-bottom (Fisher, Cat # 07-200-96) and 

washed 1x by centrifugation.  
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Cells were resuspended in 200 mL FACS buffer (PBS + 1% FBS), and one plate was irradiated (1 

min, 420 nm, 8.5 mW / cm2). Cells were then transferred to FACS tubes, and stained with 

propidium iodide (VWR Cat # 89139-064) (2 mL, 1 mg/mL stock) and incubated on ice for 15 

min. Cells were then analyzed for FL2 fluorescence. Cells were considered alive if they were not 

fluorescent (<102), and cells were considered dead if they were fluorescent (>102). 

 

Figure 5.24-5.26. 

MDA-MB-231 Gal8-YFP (gift from Duvall lab) were plated on Ibidi m-slide 8 well (100,000 

cells/well), IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was 

removed and replaced with treatment. No treatment wells: 200 mL media; TPPH wells: 190 mL 

media, 10 mL emulsions (described in General nanoemulsion formation procedure). This was 

repeated on two plates – one for dark images, and one for irradiation. Following treatment, cells 

were washed (3x LiCl buffer, 1x media) and stained with Hoescht (blue) in complete media for 10 

min followed by LysoTracker red (50 nM) and imaged with the stain on the cells to prevent 

photobleaching. 

 

After incubation, cells were washed gently 3x with LiCl buffer and slight rocking, 1x complete 

media with slight rocking. Nuclei were stained with Hoescht (3.24 µM, 10 min, 37 ˚C, 

ThermoFisher Cat# PI62249). Hoescht staining was removed, and the plate for irradiation for 

irradiated (THORLabs, 420 nm, 8.5 mW/cm2, 1 min). 
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Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 488 nm to visualize Gal8 and merged. Scale bars 

represent 25 µm. 

 

Figure 5.27-5.29. 

MDA-MB-231 Gal8-YFP (gift from Duvall lab) were plated on Ibidi m-slide 8 well (100,000 

cells/well), IbiTreat (Cat # 80826), and allowed to adhere overnight. The next day, media was 

removed and replaced with treatment. No treatment wells: 200 mL media; TPPH wells: 190 mL 

media, 10 mL emulsions (described in General nanoemulsion formation procedure). This was 

repeated on two plates – one for dark images, and one for irradiation. Following treatment, cells 

were washed (3x LiCl buffer, 1x media) and stained with Hoescht (blue) in complete media for 10 

min followed by LysoTracker red (50 nM) and imaged with the stain on the cells to prevent 

photobleaching. 

 

Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 488 nm to visualize Gal8, 532 nm to visualize 

LysoTracker red, and merged. Scale bars represent 25 µm. 

 

Figure 5.30-5.31. 

RAW264.7 cells (ATCC Cat# TIB-71) were plated on Ibidi m-slide 8 well, IbiTreat (Cat # 80826), 

and allowed to adhere overnight. The next day, media was removed and replaced with treatment. 

No treatment wells: 200 mL media; TPPH wells: 190 mL media, 10 mL emulsions (described in 
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General nanoemulsion formation procedure). This was repeated on two plates – one for dark 

images, and one for irradiation. 

 

Cells were stained with calcein (5.1): 60 mL (500 mM stock, made fresh in DI H2O, Fisher Cat# 

ICN19508701) was added to the cells at the time of treatment, with a total volume of 200 mL of 

complete media + treatment). The cells and treatment were incubated for 3h (37 ˚C). 

After incubation, cells were washed gently 3x with LiCl buffer and slight rocking, 1x complete 

media with slight rocking. Nuclei were stained with Hoescht (3.24 µM, 10 min, 37 ˚C, 

ThermoFisher Cat# PI62249). Hoescht staining was removed, and the plate for irradiation for 

irradiated (THORLabs, 420 nm, 8.5 mW/cm2, 1 min).  

 

Figure 5.32. 

A375 cells (ATCC Cat# CRL-1619) were plated on Ibidi m-slide 8 well, IbiTreat (Cat # 80826), 

and allowed to adhere overnight. The next day, media was removed and replaced with treatment. 

No treatment wells: 200 mL media; TPPH wells: 190 mL media, 10 mL emulsions (described in 

General nanoemulsion formation procedure). This was repeated on two plates – one for dark 

images, and one for irradiation. 

 

Cells were stained with calcein (5.1): 60 mL (500 mM stock, made fresh in DI H2O, Fisher Cat# 

ICN19508701) was added to the cells at the time of treatment, with a total volume of 200 mL of 

complete media + treatment). The cells and treatment were incubated for 3h (37 ˚C). 

After incubation, cells were washed gently 3x with LiCl buffer and slight rocking, 1x complete 

media with slight rocking. Nuclei were stained with Hoescht (3.24 µM, 10 min, 37 ˚C, 
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ThermoFisher Cat# PI62249). Hoescht staining was removed, and the plate for irradiation for 

irradiated (THORLabs, 420 nm, 8.5 mW/cm2, 1 min).  

 

Figure 5.33-5.34. 

RAW264.7 cells (ATCC Cat# TIB-71) were plated on Ibidi m-slide 8 well, IbiTreat (Cat # 80826), 

and allowed to adhere overnight. The next day, media was removed and replaced with treatment. 

No treatment wells: 200 mL media; TPPH wells: 190 mL media, 10 mL emulsions (described in 

General nanoemulsion formation procedure). This was repeated on two plates – one for dark 

images, and one for irradiation. 

 

After incubation, cells were washed gently 3x with LiCl buffer and slight rocking, 1x complete 

media with slight rocking. Nuclei were stained with Hoescht (3.24 µM, 10 min, 37 ˚C, 

ThermoFisher Cat# PI62249). Hoescht staining was removed, and the plate for irradiation for 

irradiated (THORLabs, 420 nm, 8.5 mW/cm2, 1 min). After irradiation LysoTracker red (50 nM) 

was added and imaged to prevent excess photobleaching of lysosome stain during imaging. 

 

Figure 5.35-5.36. 

A375 cells (ATCC Cat# CRL-1619) were plated on Ibidi m-slide 8 well, IbiTreat (Cat # 80826), 

and allowed to adhere overnight. The next day, media was removed and replaced with treatment. 

No treatment wells: 200 mL media; TPPH wells: 190 mL media, 10 mL emulsions (described in 

General nanoemulsion formation procedure). This was repeated on two plates – one for dark 

images, and one for irradiation. 
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After incubation, cells were washed gently 3x with LiCl buffer and slight rocking, 1x complete 

media with slight rocking. Nuclei were stained with Hoescht (3.24 µM, 10 min, 37 ˚C, 

ThermoFisher Cat# PI62249). Hoescht staining was removed, and the plate for irradiation for 

irradiated (THORLabs, 420 nm, 8.5 mW/cm2, 1 min). After irradiation LysoTracker red (50 nM) 

was added and imaged to prevent excess photobleaching of lysosome stain during imaging. 

Cells were then imaged in complete media – see Live cell imaging procedure. Cells were imaged 

via excitation at 405 nm to visualize Hoescht, 532 nm to visualize LysoTracker red and merged. 

Scale bars represent 25 µm. 
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5.8 Supplemental figures 
 
5.8.1 FACS histograms 
 

 
Figure S5.1 Histograms for flow cytometry data in Figure 5.6   
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Figure S5.2 Histograms for flow cytometry data in Figure 5.23 
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CHAPTER SIX 

 

Readily synthesized cyclic RGD as a functional targeting agent 

 

6.1 Abstract 

 One of the main limitations of nanomedicine is the inability to control the biodistribution 

and uptake of nanomaterials within the body. The enhanced permeability and retention effect has 

been shown to be effective in mouse models, but does not translate to human disease, and thus 

very few nanomaterials successfully pass clinical trials. To better control the biodistribution of 

nanomaterials, the addition of active targeting agents such as antibodies, small molecules, 

aptamers, and peptides have been used to functionalize nanomaterials. Here we use a dibromo 

maleimide to simultaneously cyclize and add a functional handle to the small peptide Arg-Gly-

Asp (RGD) for its ability to target the αvβ3 integrin that is upregulated on the surface of many 

cancer types. Ultimately, we did not obtain significant targeting with this system, but are working 

towards adding avidity by functionalizing nanoemulsions with the targeting peptide. 

 

6.2 Introduction 

 Peptides have been used as targeting agents due to the ease of manipulation, ease of 

production, and homology to native proteins that interact with cell surface receptors.1 We 

are interested in the Arg-Gly-Asp (RGD) peptide, with the goal of targeting PFC 

nanoemulsions to diseased sites. RGD is the binding sequence of fibronectin, a soluble 

protein that interacts with integrin αvβ3. Integrins are cell surface proteins involved in 

signalling during morphogenesis, tissue modelling, tissue repair,2 and have been associated 
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with the initiation, progression, and metastasis of solid tumors.3 Integrin αvβ3 is expressed 

at low levels in most healthy tissues, but is highly upregulated in many solid tumors.4,5 This 

upregulation led to interest in targeting integrin αvβ3 as a way to easily differentiate between 

healthy and cancerous tissues.6–8  

 Original studies in the 1980s focused on determining the shortest amino acid sequence 

required for binding to integrin αvβ3.5,9 To do this, short amino acid sequences were 

mutated systematically, and affinities were measured. The short peptide, GRGDSP was 

found to have an order of magnitude less binding compared to the native protein, 

fibronectin. Mutating the glycine to an alanine drops the binding by 400 fold and reversing 

the consensus sequence to SDGR completely inactivates the peptide binding for the 

integrin.5,9 Showing that the short peptide GRDGSP, and later shortening to RGD, although 

less effective than fibronectin, is the shortest sequence of amino acids necessary for binding 

to integrin αvβ3.  

 This led to the desire to increase the binding affinities of the RGD peptide to be more 

similar to that of the native protein. This led to the cyclization of peptides,7,10–14 resulting 

in rigid structures that are stable to proteases and similar to the natural confirmation of the 

native protein. There are four main classes of cyclization: head-to-tail, side chain-to-tail, 

head-to-side chain and side chain-to-side chain. In each of these methods, sacrificial amino 

acids, often lysine, are used to conjugate the peptide to nanocarriers, fluorophores, or 

drugs.15  

 Efforts to find new, selective probes for cysteine bioconjugation,16 led to the discovery 

of bromomaleimides. Maleimides are cysteine selective, undergoing a Michael addition to 

from a thiosuccinimide bond, with the caveat of being reversible and susceptible to thiol 
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exchange (path 1, Figure 6.1).16,17 Singly brominated maleimides, react with cysteine, 

releasing HBr, and can then subsequently react with a new nucleophile, trapping the 

maleimide reagent and releasing the free cysteine (path 2, Figure 6.1). This was first shown 

on small molecules,17,18 then expanded to peptides19 and larger proteins.20–22 The next 

advance came with dibromo maleimides, which are able to react with two cysteines and 

have been used to staple peptides19 and proteins (path 3, Figure 6.1).23–26 Here, we explore 

side chain-to-side chain cyclizations through the use of bromomaleimide Michael addition 

chemistry to both permanently cyclize the peptide and provide functionality 

simultaneously. 

 
 
Figure 6.1  Cysteine bioconjugation with three generations of maleimide probes. Maleimide 
(path 1), bromomaleimide (path 2) and dibromo maleimide (path 3), provide methods to label 
proteins with various functional groups (blue box).   
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6.3 Results and Discussion 

6.3.1 Rhodamine functionalized bromomaleimides 

We looked to bromomaleimides as functional molecules to cyclize RGD peptides due to 

the non-reversible nature of a thiol adding into the dibromomaleimide.17,19,20 We synthesized four 

peptides using solid phase peptide synthesis, cRGD (6.1), lRGD (6.2), control lKGD (6.3), and 

lRGDSPC (6.4) (Figure 6.2). Clean peptides 6.1-6.4 were then covalently linked with 

functionalized maleimides (Scheme 6.1). 

Rhodamine was functionalized with piperazine (6.5) following Francis and coworkers 

procedure.27 This was coupled to dibromo-maleimidohexanoic acid (6.6) or 6-maleimidohexanoic 

acid (6.7) to yield functionalized rhodamine 6.8 and 6.9. The brominated maleimide was then 

reacted with reduced cRGD (6.1) to produce bridged peptide 6.10. The non-brominated maleimide 

underwent a Michael addition with either lRGD (6.2) or lKGD (6.3) to form 6.11 and 6.12 (Scheme 

6.1). The cyclization conditions to achieve 6.10 were optimized by changing the solvent, pH of 

the buffer, and the identity of the buffer, seen in Table 6.1, or the HPLC traces in Supplemental 

figures 6.8.3.  

After an initial screen with the fluorescein linked bromomaleimide (6.8) we synthesized a 

simpler bromomaleimide to screen cyclization conditions. Following Baker and Caddick,33 we 

synthesized activated N-methoxycarbonylmaleimide (6.13). This activated maleimide readily 

reacts with amine containing molecules at room temperature, therefore we subjected it to propargyl 

bromide to form (6.14). We used 6.14 to screen cyclization conditions, again changing solvent, 

pH and identity of the buffer (Table 6.1). Helpfully, thiomaleimide compound (6.15) absorbs at 

400 nm, providing means of easy visualization with HPLC. A representative HPLC trace can be 

seen in Figure 6.3 (entry 7, Table 6.1). 
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Figure 6.2 Solid phase peptide synthesis of peptides 6.1-6.4.  
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Scheme 6.1 Synthetic scheme for peptides 6.10-6.12. 
 
 

 

 

Scheme 6.2 Synthetic scheme for model BrMal (6.14) used to optimize bridging conditions.  
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Table 6.1 HPLC cRGD bridging screen. 

Entry Solvent Reduction 
agent 

Time Retention 
time of 
product 

(min) 

Retention 
time of side 

products 
(min) 

Product : 
side product 

1 1:1 MeOH : 
 MilliQ 

TCEP 2 h No product - - 

2 1:1 MeCN : 
MilliQ 

TCEP 2 h No product - - 

3 3:1 DMF PBS TCEP 2 h 15.4 (6.10) 15.8; 16.9 1:2; 1:3 
4 PBS + 10% 

DMF 
TCEP 2 h 15.38 

(6.10) 
15.5; 16.8 1:1; 2:1 

5 4.5:1.5 H2O 
DMF 

TCEP 2 h 18.2 (6.15) 17.8; 18; 19 2:1; 2:1; 1.5:1 

6 4:1:0.5 DCM : 
MeOH : MilliQ 
water 

TCEP 2 h 15.5 (6.10) 13.1; 13.5; 
16.9 

2:1; 2:1; 3:1 

7 50 mM NaPO4 
pH 5.4;  
40% MeCN;  
2.5% DMF 

TCEP 2 h  18.3 (6.15) 19 1.5 : 1 

8 50 mM NaPO4 
pH 6.2 ;  
40% MeCN;  
2.5% DMF 

TCEP 1 h 
TCEP, 
1 h 6.8  

18.3 (6.15) 17.8; 19  2:1; 2:1  

9 50 mM NaPO4 
pH 6.2 ;  
40% MeCN;  
2.5% DMF 

TCEP 2 h  18.3 (6.15) 14.7; 15.8; 
17.9; 19 

1:1; 1:1; 2:1; 
2:1 

10 50 mM NaPO4 
pH 7.7 ;  
40% MeCN;  
2.5% DMF 

TCEP 2 h  18.3 (6.15) 15.3; 19.1 4:1 (400 nm); 
1.5:1 
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Figure 6.3 HPLC trace of entry 7 (Table 6.1). Elutions are as follows: DMF (0.9 min); 6.15 
(18.3 min); major side product (19.07 min). Absorbance at 400 nm is visualizing thio-maleimide 
formation.  
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In all conditions tested, side products were observed, but ultimately, we arrived at condition 7 as 

the least amount of side products were formed. After bridging, peptides were purified by HPLC 

prior to cell studies. Linear peptides 6.11 and 6.12 were also purified by HPLC prior to cell studies. 

We first confirmed the presence of the αvβ3 integrin on the surface of A375 cells using a 

known antibody, LM609 (Figure 6.4A).28 As this is a cell surface protein with cationic residues 

present, it is sensitize to trypsinization,29–31 meaning these cells were kept trypsin free throughout 

propagation and experiments by lifting the cells through scraping. This was also true for the 

negative control cell line HEK293 which do not express the αvβ3 integrin (Figure 6.4A). We then 

treated both A375 and HEK293 cells with two doses of 6.10-6.12 (Figure 6.4B) and monitored the 

cellular uptake via flow cytometry. We expected to see 6.10 > 6.11 > 6.12 in A375 cells, with 

minimal uptake of all peptides in the HEK293 cells. Unfortunately, the uptake between A375 (red) 

and HEK293 (blue) cells was similar across both concentrations of peptide used. In addition, 

cRGD (6.10) had less signal than lRGD (6.11) and control lKGD (6.12) (Figure 6.4B). We 

hypothesized the cationic rhodamine dye covalently linked to the peptides caused non-specific 

adhesion of the peptides to the anionic cell surface. To counteract this, we modified the system to 

use fluorescein as a fluorescent payload instead (Scheme 6.3).  
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Figure 6.4 FACS Cytometry uptake of peptide (6.10-6.12) (A) Control with LM609 antibody 
showing αvβ3 is present on A375 cells (red), but not on HEK cells (blue). (B) Uptake of each cell 
type with each peptide after 1 h treatment. Cells were then washed and analyzed for rhodamine 
fluorescence (FL2). 
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6.3.2 Fluorescein functionalized bromomaleimides 
 
 First, we synthesized fluorescein probe 6.18 through a coupling of 6-maleimidohexanoic 

acid (6.7) and 4,7,10-Trioxa-1,13-tridecanediamine (6.16) to form 6.17. Compound 6.17 was 

reacted with fluorescein isothiocyanate (FITC) under standard conditions to form the functional 

fluorescein probe. With 6.18 in hand, we reacted peptides 6.2-6.4 to form fluorescently labeled 

peptides 6.19-6.21.  

 With the linear peptides in hand, both A375 and HEK293 cells were treated (15 µM, 6.19-

6.21) for 15 or 30 minutes to prevent endocytosis and non-specific uptake. The concentration and 

time were greatly reduced from the previous, rhodamine containing probe (6.10-6.12), in the hope 

that this would help prevent non-specific binding. The amount of the αvβ3 integrin was analyzed 

with a fluorescent antibody, LM609, and isotype antibody to ensure no nonspecific antibody 

labeling (Figure 6.5A). After washing, we analyzed cell targeting with flow cytometry, looking at 

the fluorescence of the fluorescein tagged peptides. We expected to see 6.19 ≈ 6.21 > 6.20 in A375 

cells, with minimal fluorescence in HEK293 cells. Unfortunately, we saw similar fluorescence 

across all cells, all peptides, and all times of incubations (Figure 6.5B).  

 We are currently working to incorporate multiplexing into this system to increase the 

binding affinities of the RGD containing peptides compared to KGD peptides. To achieve this, we 

aim to functionalize the surface of perfluorocarbon (PFC) nanoemulsions by covalently attaching 

RGD containing peptides to the surfactant stabilizing the nanoemulsions. Functional handles can 

be incorporated into the hydrophilic block of poly(2-oxazoline) polymers through statistical 

copolymerization (Figure 6.6A). This surface exposed alkyne handle, can undergo Cu(II) mediated 

click chemistry, to functionalize the surface of the nanoemulsions with fluorophores.32 We are  
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Scheme 6.3 Synthetic scheme for peptides 6.19-6.21. 
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Figure 6.5 FACS Cytometry uptake of linear peptide (6.19-6.21) (A) Control with LM609 
antibody showing αvβ3 is present on A375 cells (red), but not on HEK cells (blue). (B) Uptake of 
each cell type with each peptide after 15 min (striped) or 30 min (solid) treatment. Cells were then 
washed and analyzed for fluorescein fluorescence (FL1).  
 

 

Figure 6.6 (A) Schematic of targeted PFC nanoemulsions using functional polyoxazoline and 
cyclic RGD peptide. (B) Synthetic scheme resulting in functionalized cyclic peptide 6.24 with a 
clickable azide handle. 
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planning to use the same chemistry to covalently link the various peptides (6.1-6.4) to the surface 

of the emulsions. 

 In order to functionalize the surface of nanoemulsions, we need to synthesize a 

dibromomaleimide with an azide handle. To do this, we again looked to Caddick and Baker33 to 

react activated maleimide (6.13) with an azide containing PEG (6.22) to form the functionalize 

bromomaleimide (6.23) (Figure 6.6B). We are currently working toward these molecules and are 

hopeful that increasing avidity will help increase the targeting capabilities of these peptides. 

 

6.4 Conclusion 

 Short peptide Arg-Gly-Asp is a well know ligand for the αvβ3 integrin and has been used 

ubiquitously as a targeting agent. Here, we use bromomaleimide chemistry to simultaneously 

cyclize and functionalize the peptide. This is done by incorporating strategically placed cysteines 

around the binding sequence. By covalently functionalizing the control linear peptides, and the 

cyclic peptides to a variety of fluorophores, we hoped to visualize the increased uptake of cells 

overexpressing the αvβ3 integrin. Unfortunately, that was not observed, leading to next steps of 

using avidity by covalently linking the peptide to the surface of nanoemulsions, to increase the 

binding and uptake. We hope that this work will ultimately result in targeted PFC nanoemulsions 

that can be used in vivo to better target diseases. 
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6.5 Experimental Procedures 

6.5.1 General procedures 

Chemical reagents were purchased from Sigma-Aldrich, TCI America or Acros Organics and used 

without purification unless noted otherwise. Anhydrous and deoxygenated dimethylformamide 

(DMF) was dispensed from a Grubb’s-type Phoenix Solvent Drying System. Thin layer 

chromatography was performed using Silica Gel 60 F254 (EMD Millipore) plates.  Flash 

chromatography was performed with technical grade silica gel with 60 Å pores and 40–63 µm 

mesh particle size (Sorbtech Technologies). Solvent was removed under reduced pressure with a 

Büchi Rotovapor with a Welch self-cleaning dry vacuum pump and further dried with a Welch 

DuoSeal pump. Bath sonication was performed using a Branson 3800 ultrasonic cleaner. 

Emulsions were prepared using a QSonica (Q125) sonicator. Nuclear magnetic resonance (1H 

NMR and 19F NMR) spectra were taken on Bruker Avance 500 (1H NMR), Bruker Avance 400 

(1H NMR, 19F NMR) or Bruker Avance 300 (19F NMR) instruments and processed with TopSpin 

or MNova software. 

 

6.5.2 Solid phase peptide synthesis 

First, swell the resin (Fmoc-glycine 4-alkoxybenzyl alcohol resin; CHEM-IMPEX INT’L INC 

Cat# 01908) in 20% piperidine in DMF (15 min). A Kaiser test was used to confirm the resin 

was deprotected completely after swelling. All amino acids (5 eq, CHEM-IMPEX INT’L INC) 

were dissolved in HCTU (0.4 M, DMF, aapptec Cat# CXZ030) for 5 min prior to coupling, but 

no longer than 30 min as this diminished coupling capabilities. Prior to adding the next amino 

acid to the deprotected resin, activate the dissolved amino acid by adding N-methylmorpholine 

(0.4 M, DMF). Shake for 1 min, the solution should become slightly yellow. Add the activated 
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amino acid to the deprotected resin and couple for 1 hour, using N2 to stir. After coupling, a 

Kaiser test was used to confirm the reaction proceeded to completion. After washing with DMF, 

the amino acid was deprotected for 5 min (20% piperidine, DMF, 5 min). The resin was washed 

again, and the next activated amino acid was added to the resin. This iterative process is 

continued until the peptide is complete. Once the peptide is complete, the side chains are cleaved 

and the peptide is cleaved from the resin: no cysteine present (90% TFA, 5% TIPS, 5% water); 

with cysteine present (905 TFA, 4% TIPS, 3% water, 3% EDT). The resin was rocked in the 

cleaving solution for 2.5 hours. The cleaving solution was then drained and evaporated by 

blowing nitrogen over the peptide solution. Once dried, the peptide is purified by triturating with 

cooled dry ethyl ether. The peptide is dissolved in water and lyophilized. 

 

6.5.3 General cRGD bridging procedure 

Purified cyclic peptide (6.1) was dissolved in ~1 mL of solvent (see table 6.1). TCEP and 

functionalized bromomaleimide (6.8) were added and stirred for 1 h. After the reaction was 

complete, the solvent was blown off, the product was dissolved in acetonitrile and filtered to 

remove any salts from the buffer the reaction was performed in. HPLC analysis was performed to 

determine cyclization. 

 

6.5.4 General cell culture procedures 
 
A375 cells were purchased from ATCC (Cat# CRL-1619). HEK293 cells were purchased from 

ATCC (Cat# CRL-1573). 
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A375 and HEK293 cells were cultured in Dulbecco’s Modified Eagle Media (DMEM, Life 

Technologies, cat# 11995073) supplemented with 10% fetal bovine serum (Corning, lot# 

35016109) and 1% penicillin-streptomycin (Life Technologies, cat# 15070063). Cells were 

washed with PBS. Cells were incubated at 37 ˚C, 5% CO2, during treatments and throughout 

culturing, in HERACell 150i CO2 incubators. Cells were pelleted through use of Sorvall ST 40R 

centrifuge. All cell work was performed in 1300 Series A2 biosafety cabinets. 
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6.6 Figure experimental procedures 

Figure 6.4 

A375 cells (ATCC Cat# CRL-1619) and HEK293 cells (ATCC Cat# CRL-1573) were lifted by 

scraping to preserve integrin on the surface of the cells. Cells were plated (200,000 cells / well) on 

a v-bottom 96-well plate (Fisher, Cat# 07-200-96). Cells were incubated in media for two hours. 

Purified peptide (6.10-6.12) was added at either 100 µM or 500 µM concentrations and incubated 

(1 h, 37 °C, 5% CO2). Antibody control was 2 µL antibody in 200 µL total of buffer. After 

treatment, cells were washed via centrifugation (2x, 526 x g, 3 min) to remove unbound peptide 

and resuspended in FACS buffer (1% FBS in PBS). Cells were lifted via pipetting and transferred 

to FACS tubes to measure the rhodamine (FL2) fluorescence.  

 

Figure 6.5 

A375 cells (ATCC Cat# CRL-1619) and HEK293 cells (ATCC Cat# CRL-1573) were lifted with 

TrypLE express (a gentler Trypsin-EDTA). Cells were plated (100,000 cells/well) on a v-bottom 

96-well plate (Fisher, Cat# 07-200-96). Cells were incubated in media for two hours. Purified 

peptide (6.19-6.21) was added (15 µM) and incubated (15 min or 30 min, 37 °C, 5% CO2). 

Antibody control was 1 µL antibody (LM609) or 2 µL isotype antibody in 200 µL total of buffer 

(1 h, 37 °C, 5% CO2). After treatment, cells were washed via centrifugation (2x, 526 x g, 3 min) 

to remove unbound peptide and resuspended in FACS buffer (1% FBS in PBS). Cells were lifted 

via pipetting and transferred to FACS tubes to measure the fluorescein (FL1) fluorescence.  
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6.7 Scheme experimental procedures 
 
Dibromomaleimido hexanoic acid (6.6)  

Maleimido hexanoic acid (300 mg, 1.4 mmol, 1 eq) was dissolved in glacial acetic acid (5 mL) 

and cooled to 0 °C. Liquid bromine (100 µL, 2.1 mmol, 1.5 eq) was added dropwise. The mixture 

was then heated to 100 °C and refluxed for four hours. After cooling, the mixture was partioned 

between cold D.I. water and ethyl acetate. The ethyl acetate was washed with a saturated solution 

of NaS2O4 several times to remove excess bromine, dried over MgSO4 and concentrated in vacuo. 

The product was purified by silica gel chromatography, eluting with hexane : ethyl acetate. 1H 

NMR (400 MHz, CDCl3) δ 11.35 (s, 0H), 3.59 (t, J = 7.2 Hz, 1H), 2.33 (t, J = 7.4 Hz, 1H), 1.71 – 

1.62 (m, 1H), 1.64 – 1.56 (m, 1H), 1.41 – 1.27 (m, 1H). 

 

N-(9-(2-(4-(6-(3,4-dibromo-2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanoyl)piperazine-1-

carbonyl)phenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-ethylethanaminium (6.8)  

Dibromomaleimido hexanoic acid (6.9) (18 mg, 49 µmol, 2.5 eq) was dissolved in anhydrous 

DCM (1 mL). Diisopropylcarbodiimide (DIPC, 4.5 µL, 20 µmol, 1 eq) and diisopropylethyl amine 

(DIPEA, 3.5 µL, 20 µmol, 1 eq) were added and stirred (1 h, 25 °C). Rhodamine piperazine27 was 

added and stirred overnight. The crude product was concentrated onto silica and purified by silica 

gel chromatography, eluting with acetonitrile : water (100:1). 1H NMR (400 MHz, MeOD) δ 7.79 

– 7.72 (m, 3H), 7.69 (s, 1H), 7.51 – 7.48 (m, 1H), 7.26 (d, J = 9.6 Hz, 2H), 7.05 (d, J = 10.4 Hz, 

2H), 6.94 (d, J = 2.5 Hz, 2H), 3.75 – 3.61 (m, 22H), 3.55 (d, J = 7.4 Hz, 4H), 3.36 (s, 9H), 3.32 (d, 

J = 1.5 Hz, 2H), 3.20 (p, J = 7.3 Hz, 17H), 2.31 (t, J = 7.4 Hz, 3H), 1.56 (dt, J = 15.4, 7.7 Hz, 

12H), 1.39 – 1.32 (m, 81H), 1.29 (ddd, J = 9.8, 5.5, 2.6 Hz, 51H), 0.87 (t, J = 6.8 Hz, 7H). LCMS 

(ESI): m/z calcd for C42H48Br2N5O5
+ [M+H+]: 860.20 Observed mass [M+H+]: 862 
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N-(6-(diethylamino)-9-(2-(4-(6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)hexanoyl)piperazine-

1-carbonyl)phenyl)-3H-xanthen-3-ylidene)-N-ethylethanaminium (6.9)  

Maleimido hexanoic acid (10 mg, 43 µmol, 1 eq) and HCTU (21 mg, 47 µmol, 1.1 eq) were 

dissolved in 1 mL anhydrous DCM and stirred (1 h, 25 °C). Separately, rhodamine piperazine27 

(21 mg, 39 µmol, 0.9 eq) and triethylamine (TEA, 6 µL, 43 µmol, 1 eq) were dissolved in 1 mL 

anhydrous DCM and stirred (1 h, 25 °C). The rhodamine / TEA mixture was transferred to the acid 

/ HCTU mixture and stirred for a further 2 h. The crude product was concentrated onto silica and 

purified by silica gel chromatography, eluting with acetonitrile : water. (Rf : 0.3 in 10:1 MeCN : 

H2O). 1H NMR (300 MHz, MeOD) δ 7.81 – 7.71 (m, 4H), 7.68 – 7.62 (m, 1H), 7.54 (d, J = 2.9 

Hz, 1H), 7.30 (d, J = 9.5 Hz, 2H), 7.10 (d, J = 8.8 Hz, 2H), 6.98 (d, J = 2.4 Hz, 2H), 6.81 (s, 2H), 

4.23 (d, J = 5.7 Hz, 1H), 3.71 (q, J = 7.1 Hz, 9H), 3.51 – 3.38 (m, 10H), 2.35 (t, J = 7.5 Hz, 2H), 

2.21 (d, J = 5.3 Hz, 2H), 1.58 (h, J = 6.8 Hz, 6H), 1.03 – 0.78 (m, 6H). LCMS (ESI): m/z calcd for 

C42H50N5O5
+ [M+H+]: 704.38 Observed mass [M+H+]: 704.1 

 

N-(9-(2-(4-(6-(15-acetamido-6-(carboxymethyl)-3-((carboxymethyl)carbamoyl)-12-(3-

guanidinopropyl)-5,8,11,14,18,20-hexaoxo-3,4,5,6,7,8,9,10,11,12,13,14,15,16,18,20-

hexadecahydro-2H,19H-pyrrolo[3,4-b][1,4]dithia[7,10,13,16]tetraazacyclononadecin-19-

yl)hexanoyl)piperazine-1-carbonyl)phenyl)-6-(diethylamino)-3H-xanthen-3-ylidene)-N-

ethylethanaminium (6.10) 

Purified cyclic peptide (6.1, 3 mg, 4.6 µmol, 1 eq) was dissolved in ~1 mL of buffer (50 mM 

NaPO4 pH 5.4; 40% MeCN; 2.5% DMF). TCEP (1.5 mg, 5.1 µmol, 1.1 eq) and functionalized 

bromomaleimide (6.8, 4 mg, 4.6 µmol, 1 eq) were added and stirred for 2 h (25 °C). After the 

reaction was complete, the solvent was blown off, the product was dissolved in acetonitrile and 
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filtered to remove any salts from the buffer the reaction was performed in. HPLC analysis was 

performed to determine cyclization. LCMS (ESI): m/z calcd for C64H83N14O15S2
+ [M+H+]: 1350.49 

Observed mass [M+Isopropanol+H+]: 1410 

 

N-methoxycarbonyl-3,4-dibromomaleimide (6.13)33  

To a solution of 3,4-dibromomaleimide (50 mg, 200 µmol, 1 eq) and N-methylmorpholine (22 µL, 

22 µmol, 0.1 eq) in anhydrous THF (3 mL), methylchloroformate (30 µL, 200 µmol, 1 eq), was 

added and the mixture was stirred for 20 min at room temperature. Then DCM (x mL) was added, 

the organic phase was washed with H2O dried over MgSO4 and the solvent removed in vacuo to 

yield the product 6.19. (Rf : 0.8 in DCM). 1H NMR (500 MHz, CDCl3) δ 4.00 (s, 3H), 3.82 (d, J = 

11.8 Hz, 1H). LCMS (ESI): m/z calcd for C6H3Br2NO4 [M+H+]: 310.86 Observed mass [M+2Na+–

H+] : 367 

 

N-(3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)-6-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-

yl)hexanamide (6.17)  

4,7,10-Trioxa-1,13-tridecanediamine was monoboc protected by AKA to form tert-butyl (3-(2-

(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)carbamate and passed on to me. 

Malemidohexanoic acid (200 mg, 950 µmol, 1 eq), perfluorophenyl 2,2,2-trifluoroacetate (325 µL, 

1.9 mmol, 2 eq) and TEA (264 µL, 1.9 mmol, 2 eq) were dissolved in anhydrous DMF and stirred 

for 5h at 25 °C. The crude was concentrated onto silica and purified by silica gel chromatography, 

eluting in pentane : ether. Then purified maleimidohexanoic PFP ester (100 mg, 265 µmol, 1 eq) 

was dissolved in 1 mL anhydrous DMF. The tert-butyl (3-(2-(2-(3-

aminopropoxy)ethoxy)ethoxy)propyl)carbamate (86 mg, 265 µmol, 1 eq) synthesized by AKA 
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and TEA (40 µL, 265 µmol, 1 eq) were dissolved in anhydrous DMF. The PEG / TEA mixture 

was transferred to the PFP ester dropwise and stirred at 25 °C for 2 h. The crude mixture was 

concentration onto silica and purified by silica gel chromatography, eluting in DCM : MeOH (Rf 

: 0.1 in 10:1 DCM : MeOH). The Boc protecting group was removed by stirring in DCM (5 mL): 

HCl (1 mL) for 3 h. 1H NMR (400 MHz, CDCl3) δ 6.62 (s, 2H), 6.51 (s, 1H), 5.07 (s, 1H), 3.58 – 

3.40 (m, 14H), 3.26 (q, J = 6.1 Hz, 2H), 3.13 (d, J = 6.9 Hz, 2H), 2.08 (t, J = 7.6 Hz, 2H), 1.68 (q, 

J = 6.9 Hz, 4H), 1.59 – 1.47 (m, 4H), 1.25 – 1.17 (m, 2H). LCMS (ESI): m/z calcd for C20H35N3O6 

[M+H+]: 413.25; Observed mass [M+H+]: 413. LCMS (ESI): m/z calcd for C25H43N3O8 [M+H+]: 

513.25. Observed mass [M+H+]: 513. 

 

5-(3-(20-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)-15-oxo-4,7,10-trioxa-14-

azaicosyl)thioureido)-2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)benzoic acid (6.18) 

tert-butyl (3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy)propyl)carbamate synthesized by AKA (200 

mg, 614 µmol, 1 eq) and TEA (85 µL, 610 µmol, 1 eq) were dissolved in anhydrous DMF. FITC 

(200 mg, 510 µmol, 0.8 eq) was added and stirred (1h, 37 °C). The crude was concentrated onto 

silica and purified by silica gel chromatography, eluting in DCM : MeOH (Rf : 0.6 in 10:1 DCM : 

MeOH). 1H NMR (500 MHz, MeOD) δ 8.32 (s, 1H), 7.82 (s, 1H), 7.13 (s, 1H), 6.77 (s, 3H), 6.75 

– 6.63 (m, 7H), 6.63 – 6.52 (m, 5H), 3.76 – 3.51 (m, 24H), 3.49 – 3.36 (m, 8H), 3.19 (d, J = 6.8 

Hz, 101H), 2.14 (d, J = 6.9 Hz, 5H), 1.96 (s, 33H), 1.89 (d, J = 5.9 Hz, 4H), 1.68 (d, J = 6.3 Hz, 

4H), 1.55 (d, J = 7.4 Hz, 8H), 1.44 – 1.26 (m, 143H). 

 

 

 



302 

2-(2-(2-azidoethoxy)ethoxy)ethan-1-amine (6.22)  

2-[2-(2-aminoethoxy)ethoxy]ethanol (50 mg, 335 µmol, 1 eq) and boc anhydride (65 mg, 300 

µmol, 0.9 eq) were dissolved in anhydrous DMF and stirred for 1.5 h at 25 °C. The crude was 

concentrated onto silica and purified by silica gel chromatography eluting in DCM : MeOH (Rf : 

0.5 in 10 : 1 DCM : MeOH). This was then tosylated by reacting monoboc 2-[2-(2-

aminoethoxy)ethoxy]ethanol (70 mg, 280 µmol, 1 eq), Tosyl chloride (84 mg, 420 µmol, 1.5 eq) 

were dissolved in anhydrous DCM. The reaction was cooled to 0 °C and KOH (20 mg, 420 µmol, 

1.5 eq) was added and stirred (2 h). The crude was washed with D.I water twice, washed with cold 

bring, dried with MgSO4 and concentrated. The product was purified with silica gel 

chromatography, eluting with hexane : ethyl acetate. Lastly the tosyl/boc protected PEG (46 mg, 

115 µmol, 1 eq) was displaced with sodium azide (31 mg, 460 µmol) by dissolving in anhydrous 

DCM, heating to 65 °C and stirring for 24 h. The crude was cooled to room temperature, diluted 

with D.I. water and extracted with ethylacetate. This was washed twice with D.I. water, once with 

brine, dried with MgSO4 and concentrated. The boc group was deprotected in DCM (5 mL) and 

HCl (1 mL). 1H NMR (500 MHz, MeOD) δ 3.73 – 3.62 (m, 8H), 3.41 – 3.37 (m, 2H), 3.31 – 3.26 

(m, 2H), 3.10 (t, J = 4.8 Hz, 2H). 
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6.8 Supplemental figures 

6.8.1 FACS Histograms 

 

Figure S6.1 Histograms for Figure 6.4 

 

 
 
Figure S6.2 Histograms for Figure 6.5  
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6.8.2 LCMS  

 

 

Calculated mass: 649.10 

Found mass (Retention time: 0.9 min): 695 [M+2Na++H+]; 709 [M+Isopropanol+H+]  

Residual plastic (Retention time: 0.3 min): 212 

Method: 05 to 50 MeOH : H2O; mass range 100-1,000 Da; 220 nm visualization 
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Calculated mass: 677.26 

Found mass (Retention time 0.3 min): 678 [M+H+] 

Method: 05 to 40 MeOH : H2O with 1% formic acid; mass range 100-1,000 Da;  

220 nm visualization 
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Calculated mass: 649.25 

Found mass (Retention time 0.3 min): 650 [M+H+] 

Partially deprotected 6.3 (Retention time 2.0 min and 4.4 min) 

Method: 05 to 95 MeOH : H2O; mass range 100-1,000 Da; 220 nm visualization 
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Calculated mass: 789.31 

Found mass (Retention time 3.0 min): 873 [M+Isopropanol+Na++H+]; 970 [M+Na++2K++H+]  

Method: 05 to 95 MeCN : H2O with 0.1% formic acid; mass range 100-1,000 Da;  

220 nm visualization 
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Calculated mass: 1350.49 

Found mass (Retention time 4.6 min): 1410 [M+Isopropanol+H+] 

Partially bridged (Retention time (4.5 min): 1431 

Method: 05 to 95 MeCN : H2O with 0.1% formic acid; mass range 500-1,500 Da;  

254 nm visualization 
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Calculated mass: 1381.64 

Found mass (Retention time 4.5 min): 690.8 [M/2+] 

Residual plastic (0.4 min): 212 

Method: 05 to 95 MeCN : H2O with 0.1% formic acid; mass range 500-1,500 Da;  

254 nm visualization 
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Calculated mass: 1353.63 

Found mass (Retention time 3.27 min): 677.8 [M/2+] 

Residual plastic (Retention time 0.7 min): 212 

Method: 05 to 95 MeCN : H2O with 0.1% formic acid; mass range 500-1,500 Da;  

254 nm visualization 
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Calculated mass : 1479.53 

Found mass (Retention time 3.7 min): 740 [M/2+] 

Method: 05 to 95 MeCN : H2O with 0.1% formic acid; mass range 500-1,500 Da;  

254 nm visualization 
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Calculated mass: 1449.53 

Found mass (Retention time 4.0 min): 725 [M/2+] 

Method: 05 to 95 MeCN : H2O with 0.1% formic acid; mass range 500-1,500 Da;  

254 nm visualization 
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Calculated mass: 1493.57 

Found mass (Retention time 3.8 min): 747 [M/2+] 

Method: 05 to 95 MeCN : H2O with 0.1% formic acid; mass range 500-1,500 Da;  

254 nm visualization 
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6.8.3 HPLC characterization  
 

 

Purification HPLC after coupling with FITC-maleimide (6.15). 6.19 elutes at 11.78 min. 
Unknown products at 7, 7.9, and 9 min. Unreacted peptide elutes at 23.7 min. 

Method: 30 to 50 MeCN : H2O; visualized at 254 (top), 495 (FITC, middle), and 220 (bottom) 
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Purification HPLC after coupling with FITC-maleimide (6.15). 6.21 elutes at 11.78 min. DMF 
elutes at 2 min. Unreacted 6.15 elutes at 14.4 min and unreacted peptide elutes at 19.3 min. 

Method: 30 to 60 MeCN : H2O; visualized at 254 (top), 495 (FITC, middle), and 220 (bottom) 
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6.1 FMOC protected 

 

HPLC after SPPS. Product elutes at 25.4 min. DMF elutes at 2 min. 

Method: 5 to 60 MeCN : H2O; visualized at 220 (top), 254 (middle), and 495 (bottom) 
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HPLC after bridging. Product elutes at 22.1 min. DMF elutes at 2 min. Unreacted peptide elutes 
at 12.3 min. 

Method: 30 to 70 MeCN : H2O; visualized at 254 (top), 400 (middle), and 220 (bottom) 
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Entry 3, Table 6.1 

HPLC after bridging (6.10). Product elutes at 15.3 min. DMF elutes at 2 min. Unknown side 
product elutes at 16.9 min. 

Method: 30 to 70 MeCN : H2O; visualized at 254 (top), 495 (middle), and 220 (bottom) 

 

 

 

Entry 4, Table 6.1 

HPLC after bridging (6.10). Product elutes at 15.3 min. DMF elutes at 2 min. Unknown side 
product elutes at 16.8 min. 

Method: 30 to 70 MeCN : H2O; visualized at 254 (top), 495 (middle), and 220 (bottom) 
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Entry 5, Table 6.1 

HPLC after bridging (6.15). Product elutes at 18.3 min. DMF elutes at 2 min. Unknown side 
product elutes at 17-19 min. 

Method: 30 to 70 MeCN : H2O; visualized at 254 (top), 220 (middle), and 400 (bottom) 

 

 

 

Entry 6, Table 6.1 

HPLC after bridging (6.10). Product elutes at 15.3 min. DMF elutes at 2 min. Unknown side 
product elutes at 16.9 min 

Method: 30 to 70 MeCN : H2O; visualized at 254 (top), 495 (middle), and 220 (bottom) 
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Entry 7, Table 6.1 

HPLC after bridging (6.15). Product elutes at 15.3 min. DMF elutes at 2 min. Unknown side 
product elutes at 16.9 min. DMF elutes at 2 min. 

Method: 30 to 70 MeCN : H2O; visualized at 254 (top), 220 (middle), and 400 (bottom) 

 

 

Entry 8, Table 6.1 

HPLC after bridging (6.15). Product elutes at 15.3 min. DMF elutes at 2 min. Unknown side 
product elutes at 16.9 min. DMF elutes at 2 min. 

Method: 30 to 70 MeCN : H2O; visualized at 254 (top), 220 (middle), and 400 (bottom) 
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Entry 9, Table 6.1 

HPLC after bridging (6.15). Product elutes at 15.3 min. DMF elutes at 2 min. Unknown side 
product elutes at 16.9 min.  

Method: 30 to 70 MeCN : H2O; visualized at 254 (top), 220 (middle), and 400 (bottom) 

 

 

Entry 10, Table 6.1 

HPLC after bridging (6.15). Product elutes at 15.3 min. DMF elutes at 2 min. Unknown side 
product elutes at 15.2 min and 19.1 min.  

Method: 30 to 70 MeCN : H2O; visualized at 254 (top), 220 (middle), and 400 (bottom) 
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6.9 NMR Characterization 

6.9.1 1H NMR 
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