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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 
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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.

Graphical Abstract

Keywords
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INTRODUCTION

Nanomaterials have been extensively studied for use as drug delivery vehicles because of 

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 nanodelivery 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 subclasses 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.

To date, soft nanomaterials such as liposomes, polymer micelles, and emulsions have had 

the most success regarding clinical translation.16,17 These nanomaterials rely on self-

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

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 

(PFCs) rather than traditional hydrocarbon oils. Using this approach, payloads can be 
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localized in PFC nanoemulsions by the use of fluorous tags (Figure 1A). The matched 

solubility of fluorous-solubilized payloads in PFC nanoemulsions decreases the leaching of 

the payloads significantly when compared to traditional hydrophobic analogues,22 allowing 

the advantageous stability and high cargo loading characteristic of emulsions to be 

capitalized upon.

PFCs, 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 PFCs 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 as 

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 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 POx 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 desirable.36 In our 

initial work exploring POx surfactants for nanoemulsions, we focused on variations in the 

hydrophobic portion of POx amphiphiles and found that poly(2-nonyl-2-oxazoline) 

[P(NonOx)] 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 1B). Subsequently, we 

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

internalization (Figure 1C).

RESULTS AND DISCUSSION

Inspired by commercial Pluronic and Zonyl surfactants (1–4, Figure 2A), we synthesized a 

library of diblock and triblock amphiphiles (5–16, Figure 2B). Both diblock and triblock 

copolymers (DBCs and TBCs) 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 

Day et al. Page 3

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 S1A). 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 given in the Supporting Information. The 

polymer amphiphiles were synthesized in either an AB (5–8, 11–13) or ABA (9–10) fashion, 

where A was either poly(2-methyl-2-oxazoline) [P(MeOx)] (5–10) or poly(2-ethyl-2-

oxazoline) [P(EtOx)] (11–13), as both these polymers have been utilized as PEG 

replacements. The B block is hydrophobic poly(2-nonyl-2-oxazoline) [P(NonOx)] (Figure 

2B), which was chosen based on our previous studies.38

Hybrid amphiphiles 14–16 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 S1B). Polymers 14–16 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 (1–4). The Pluronics were 

chosen because of their previous success as the FDA-approved surfactants for PFC 

nanoemulsions.43 The Zonyl surfactants were investigated as an alternative commercial 

PEG-containing block copolymer that has previously been employed for PFC nanoemulsion 

formation.44,45 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.

Size and Stability.

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

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

selected surfactants. Polymer surfactants, 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 (90 s, 35% amp) to 

form nanoemulsions (Figure S1). The size and polydispersity index (PDI) were analyzed via 

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

dispersities, showing that more uniform droplets were obtained.

With this knowledge in hand, emulsions stabilized by selected surfactants were prepared 

utilizing perfluorooctyl bromide (PFOB), perfluoro-15-crown-5-ether (PFCE), or 7:3 PFD/

PFTPA as the fluorous phase (Figure 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.46 The size and stability data are grouped by the surfactant type: 

commercial (blue), P(MeOx) (red), P(EtOx) (green), and PEGn-b-NonOx10 (orange). From 

the data in Figure 2C,D, it is clear that the initial size and stability of PFC nanoemulsions are 
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dependent on both the polymer amphiphiles and the molecular structure of the PFC. These 

results are consistent with those recently published by Mecozzi and co-workers,47 

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 PFD/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 (1–16) at a concentration 

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

formation (Figure 2E) and subsequently, for 30 days (Figure 2F). To minimize micelle 

formation, all P(MeOx) and P(EtOx) containing polymers (5–13) were first dissolved in 

dimethyl formamide (DMF) before dilution with water and addition of the fluorous solvent. 

PEGn-b-NonOx10 (14–16) were first dissolved in DMF, tetrahydrofuran (THF), and 

methanol (MeOH), respectively, to fully solubilize the polymer.

The size and stability data are grouped by the surfactant type; in addition, the DBCs (solid) 

are differentiated from the TBCs (diagonal stripes). The stability data in Figure 2F are 

represented by the change in the volume of the droplets over 30 days, and raw data can be 

found in Figure S2. 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 larger droplets.18 Factors that affect Ostwald ripening are sample 

polydispersity, concentration, presence of micelles, and identity of PFC.47,48

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 (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 (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 PFC oils, resulting in rejection anchoring to the fluorous solvent in contrast to 

the Zonyl surfactants containing a fluorous B block.49 The Pluronic F-68 (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 because of low stability.
43,50 Over 30 days, the Pluronic F-68 (1) emulsions increased in volume 1 × 107 nm3, with 

the other commercial surfactants (2–4), the P(MeOx) tri-block (10), P(EtOx) (11 and 13), 

and PEGn-b-NonOx10 (14 and 16) displaying similar or superior stability.

For the P(MeOx) series (5–7), 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 1.7 × 107, 2.2 × 107, 2.7 × 107 nm3). 

When the P(NonOx) block was lengthened to approximately 30 repeat units, we found that 

P(MeOx90-b-NonOx30) (8) has similar stability to P(MeOx30-b-NonOx10) (5), suggesting 

that for diblock surfactants the overall hydrophilic/lipophilic balance (HLB) is a critical 
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metric (Figure S3). Notably, the TBCs ABA surfactants, P(MeOx30-b-NonOx10-b-MeOx30) 

(9) and P(MeOx90-b-NonOx30-b-MeOx90) (10) which have the same HLB, do not behave 

similarly, with 9 giving smaller initial size but showing significant Ostwald ripening over 30 

days (2.8 × 107 nm3 increase), while 10 displays excellent stability (0.5 × 107 nm3 increase). 

We attribute the 30 day stability difference between 9 and 10 to larger A blocks favoring the 

steric stabilization method of TBCs.40,49 Of the P(MeOx) polymers, P(MeOx30-b-NonOx10) 

(5) diblock and the P(MeOx90-b-NonOx30-b-MeOx90) (10) triblock amphiphiles are the 

most promising if stability is desired.

The P(EtOx) series displays similar trends of initial size increase 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) (11) and P(EtOx90-b-NonOx30) (13) DBCs have equivalent HLB and 

similar stabilities (volume increase of 0.3 × 107 vs 0.15 × 107 nm3). 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 the HLB and the overall amphiphile structure are important 

parameters.

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

hydrophobic block (14–16), we observe similar sized nanoemulsions with variable stability. 

The shortest PEG chain with 22 repeat units as the A block (14) led to the most stable 

emulsions over time, with all PEGn-b-NonOx10 stabilized emulsions (14–16) displaying 

superior or equivalent stability compared to the commercial PEG-containing surfactants.

Collectively, from these size and stability data, we conclude that the HLB (Figure S3) is a 

good metric for predicting if DBC amphiphiles will lead to stable PFC nanoemulsions (<1 × 

107 nm3 increase in volume). For TBCs, sterics of the hydrophilic block (i.e. length of the A 

block) is a better predictor of stability than HLB.

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.51 Previously, we have established a relationship between 

the fluorous tag on the payload and retention in the droplets.52,53 Here, we assayed the role 

of the surfactant in payload release by analyzing emulsions containing a consistent payload, 

fluorous-tagged coumarin 17. 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 1–16 containing coumarin were rocked against 1-octanol, a 

known cell membrane mimic54 (Figure 3A). The fluorescence of 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 
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Figure 3B that the surfactant plays a significant role in payload retention. When comparing 

the three hydrophilic blocks [P(MeOx), P(EtOx), and PEG], the P(MeOx) block (polymers 

5–10, red) displays superior payload retention. We hypothesize that 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 the molecular weight is observed. The Pluronics (1, 2, blue) have the largest 

PEG content and retain over 90% of their cargo over 14 days, while the Zonyls (3, 4, blue) 

which have short PEG blocks of 4–12 repeat units release 30% of their cargo within 3 days. 

Looking at the hybrid PEGn-b-NonOx10 amphiphiles (14–16), it is evident that a larger PEG 

chain is advantageous for cargo retention as PEG1K-b-NonOx10 (14) displays the worst 

retention of all polymers tested (74% coumarin loss after 3 days), while PEG5K-b-NonOx10 

(16) only loses 20% of the payload after 3 days. We attribute this molecular weight trend to 

the increased hydrophilicity and steric protection of longer hydrophilic blocks at the 

interface, minimizing interactions of the droplets with the 1-octanol layer.55,56

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 S3). 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, Zonyl, P(EtOx), or 

PEG5K-b-NonOx would be appropriate choices.

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.31,32 Previously, we have shown that nanoemulsions 

stabilized by Pluronic F-68 (1) and P(MeOx30-b-NonOx10) (5) loaded with a fluorous 

soluble rhodamine52 displayed colocalization with LysoTracker in phagocytic and 

nonphagocytic cell lines when analyzed by confocal microscopy.38 We performed analogous 

experiments with surfactants 1, 5–6, 11, and 16, which all displayed robust colocalization 

with LysoTracker (Figures S4–S6). Representative images with 6 [P(MeOx60-b-NonOx10)], 

11 [P(EtOx30-b-NonOx10)], and 16 (PEG5K-b-NonOx10) are displayed in Figure 4A, 

showing that 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 

(MβCD)], macropinocytosis (wortmannin), micropinocytosis (sodium azide), and energy-

dependent pathways (sodium azide, temperature) (Figure 4B).4,5,57–59 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 different endocytosis pathways, RAW 
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cells were incubated in basal media for 1 h with each respective inhibitor. PFC 

nanoemulsions containing a fluorous soluble rhodamine label52 were added and incubated 

for an additional 3 h at 37 °C. For cells at 4 °C, emulsions were added and incubated for 1 h, 

to minimize cell death (Figure S7). Following incubation, the cells were washed to remove 

excess emulsions. The cells were then imaged (Figures S8 and S9) or analyzed via flow 

cytometry (Figures 4C–F and S10–S12). The data suggest that all commercial (1–4, blue) 

and P(MeOx) (5–10, 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 

4C,D horizontal stripes). For more hydrophobic polymers P(EtOx) (11–13, green) and 

PEGn-b-NonOx10 (14–16, orange), chlorpromazine had much less of an effect, causing only 

a 20% decrease in uptake (Figure 4E,F). Wortmannin and MβCD (Figure S10) 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 (1–4) or P(MeOx) (5–10) but caused a 20% decrease in the uptake of 

P(EtOx) (11–13) and PEGn-b-NonOx10 (14–16) emulsions. Chloroquine (diagonal stripes), 

most commonly used as an endosomal escape agent,60 has also been shown to inhibit 

clathrin-mediated endocytosis61 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 (1–4) and the P(MeOx) (5–10) 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 through either clathrin-mediated or macropinocytosis-mediated 

pathways.

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 surfactants yet different sizes were prepared by altering the 

weight percent of the amphiphile employed during emulsion formation. Using this approach, 

emulsions of 150–300 nm in diameter were prepared from P(MeOx30-b-NonOx10) (5) 

(Figure S13). 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 S13).

Protein Adsorption.

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

alternative for surfaces,62,63 protein conjugates,36,64 and nanomaterials.65,66 When 

nanomaterials come into contact with biological materials, 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

Day et al. Page 8

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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

conjugated to nanomaterials.67,68 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 (1–16, Figure 5A), emulsions 

were prepared and treated with bovine serum albumin (BSA, Figures 5B and S14), cell 

culture media containing FBS (Figure 5C), or 10% human serum in PBS (Figure S15). First, 

emulsions were rocked against a BSA solution for 2 h and washed, and any isolated protein 

was precipitated and quantified via Bradford assay (Figure 5B). The results of the Bradford 

assay indicate that there is little difference in total protein adsorption between 

nanoemulsions stabilized by polymer surfactants containing PEG, P(MeOx), and P(EtOx) 

hydrophilic blocks. We further analyzed the protein adsorption by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) analysis. For these experiments, surfactants 

(14, 5–12, and 14–15) were treated with media containing 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 11 and 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) DBC 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 the 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 in 
vivo.69,70

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

in the effect that the adsorbed protein would have on cellular uptake (Figure 6A). To study 

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

3 h, the cells were washed and analyzed by flow cytometry. We found that the presence of 

BSA affected the overall uptake of nanoemulsions stabilized by 1, 9, 11, and 16 but not 5 or 

6 (Figure 6A). The nanoemulsions showed no significant difference in size or fluorescence 

(Figure S16), suggesting that 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 route of endocytosis (Figures 6B and S17), indicating that the 

presence of protein does not influence the mechanism of internalization.

CONCLUSIONS

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 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 
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nanoemulsions. We envision that 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) (11) is initially 200 nm, while both P(EtOx90-b-NonOx10) (12) and 

P(EtOx90-b-NonOx30) (13) are 300 and 320, nm respectively. The commercial and P(MeOx) 

follow this trend, while PEGn-b-NonOx10 display similar initial sizes but 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 (5–8) and P(EtOx) (11–13) display this trend. As the ratio 

increases from 3:1 [P(MeOx30-b-NonOx10) (5)] to 6:1 [P(MeOx60-b-NonOx10) (6)] and 9:1 

[P(MeOx90-b-NonOx10) (7)], the change in volume of the droplets over 30 days increases 

from 1.5 × 107 to 2.75 × 107 nm3. However, when the ratio returns to 3:1 with P(MeOx90-b-

NonOx30) (8), the droplets display similar stability to 5. This holds true for the P(EtOx) 

series as well in which 11 and 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 TBCs (1 
and 2) display superior retention (<10% release over 14 days) compared to shorter diblock 

Zonyl polymers (3 and 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 hydrophilicity can 

also be tuned through increasing the length of the hydrophilic block, in which 16 retains 

80% of the cargo after 3 days, but 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 TBCs behave similarly to the DBCs, with slight differences in the identity of the proteins 

that are adsorbed.

This study provides a necessary background on the structure–property relationship of 

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

of four criteria—hydrophilic block sizes, HLB, molecular identity, and polymer architecture

—the ideal nanomaterial can be more easily realized. Future work involves combining the 

amphiphile design rules established here with fluorous-tagged therapeutics to enable 

efficient and personalized drug delivery with nanoemulsions.
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EXPERIMENTAL SECTION

General Polymer Synthesis.

Polymers 5–13.—To a flame dried microwave vial, MeCN (1.2 mL, anhydrous) and 2-

methyl-2-oxazoline (S1) or 2-ethyl-2-oxazoline (S2) were added. After brief mixing, methyl 

triflate (MeOTf) was added, and the mixture was heated at 140 °C in the microwave. The 

block lengths were controlled via the monomer to initiator ratio and reaction time.45,46 

Following completion of the first block, 2-nonyl-2-oxazoline (S3) was added under N2 and 

heated to 140 °C. After completion of the second block for TBCs (9–10), 2-methyl-2-

oxazoline (S1) was added under N2 and heated to 140 °C followed by quenching with excess 

Milli-Q water, or for DBCs (5–8 and 11–13), the reaction was quenched with excess Milli-Q 

water. After stirring overnight, the reaction mixture was evaporated to dryness to yield a 

crude polymer as a white solid. Polymers were purified by dialysis against 1:1 

dichloromethane (DCM)/MeOH (vol %) overnight, collected, and evaporated to dryness.

Polymers 14–16.—To a flame-dried microwave vial, MeCN and PEGn-tosylate (S4–S6) 

were added. After brief mixing, 2-nonyl-2-oxazoline (S3) was added, and the mixture was 

heated at 140 °C in the microwave. After polymerization was complete, the reaction was 

quenched with Milli-Q water (excess). After stirring overnight, the reaction mixture was 

evaporated to dryness to yield a crude polymer as a white solid. Polymers were purified by 

dissolving in DCM and washing against water, then further dialyzing against MeOH 

overnight, collecting and evaporating to dryness.

General Nanoemulsion Formation Procedure.

The polymer surfactant (5.6 mg, 2.8 wt %) was dissolved in a co-solvent (20 μL, DMF, 

MeOH, or THF) and sonicated in a bath sonicated (~15 min) until fully dissolved, at which 

point 7:3 PFD/PFTPA (10 vol %, 20 μL) was added, followed by PBS buffer pH 7.4 (200 

μL). Pluronic F-68 (1), Pluronic F-127 (2), Zonyl FSO (3), and Zonyl FSN (4) required no 

co-solvent. P(MeOxx-b-NonOxy-b-MeOxz) (5–10), P(EtOxx-b-NonOxy) (11–13), and 

PEG1K-b-NonOx10 (14) were dissolved in DMF. PEG2K-b-NonOx10 (15) and PEG5K-b-

NonOx10 (16) were dissolved in THF and MeOH, respectively. The mixture was sonicated at 

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

(11–13) and PEGn-b-NonOxm (14–16) polymers, the mixture was sonicated at 35% 

amplitude for 90 s pulsed on for 2 s and off for 10 s 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 (5.6g, 3 min, 2×).

Nanoemulsion Size Analysis.

The bulk emulsion solution was diluted in Milli-Q H2O (20 μL of emulsions in 2 mL of 

Milli-Q H2O) in a plastic 1 cm cuvette. The size was analyzed with a Malvern Zetasizer 

Nano DLS. 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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Payload Release Experiment.

PFC nanoemulsions (1–16) containing fluorous coumarin 17 were prepared by dissolving 

coumarin in acetone to make a stock solution (2.3 mg/mL). Coumarin 17 (0.05 mg, 0.04 μ 
mol, 20 μL) was then aliquoted into Eppendorf tubes, and the acetone was dried. Once dried, 

PFCs (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 the required co-solvent. 

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.

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 quartz cuvette. 

After measurement, 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 17 (3.2 μL, 0.007 mg, 6 nmol) dissolved in 1-octanol 

(500 μL) directly, and was bath sonicated for 10 min to dissolve. This is the amount of 

fluorous coumarin that is expected to come into contact with 1-octanol after the emulsions 

were diluted with PBS.

Photoluminescence spectra were obtained on a HORIBA Instruments PTI QuantaMaster 

Series fluorometer.

General Cell Culture Procedures.

RAW264.7 cells (ATCC cat # TIB-71) were cultured in DMEM (Life Technologies, cat # 

11995073) supplemented with 10% FBS (Corning, lot# 35016109) and 1% PenStrep (Life 

Technologies, cat# 15070063). Cells were washed with PBS or PBS supplemented with 1% 

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 

a 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 (526g, 3 min, 4 °C). Propidium iodide (PI) solution (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 

min prior to flow cytometry measurement. PI fluorescence was measured on the FL2 

channel. Data were analyzed by splitting the population at 102 as a live/dead line. Flow 

cytometry was performed on a BD Biosciences FACSCalibur equipped with 488 and 635 nm 

lasers. For assessment of the statistical significance of differences, a one-tailed Student’s t-
test assuming an unequal sample variance was employed.
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For inhibition experiments, media were 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), and 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 3×, sterile lithium chloride buffer [LiCl: 0.25 M LiCl, 1 mM 

ethylenediaminetetraacetic acid (EDTA), 10 mM Tris-HCl] 3×, and PBS 1×, then lifted with 

trypsin, and transferred to a v-bottom 96-well plate. Note that PFC nanoemulsions are dense 

and settle on top of the cells. Slight rocking was necessary to successfully remove excess 

emulsions. Cells were washed by centrifugation (526g, 3 min, 2×) and resuspended in FACS 

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

channel on a FACSCalibur flow cytometer. A total of 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 three replicate experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BSA bovine serum albumin

βME β-mercaptoethanol

DBC diblock copolymer

DCM dichloromethane

DLS dynamic light scattering

DMEM Dulbecco’s modified Eagle media

DMF dimethyl formamide

DMSO dimethyl sulfoxide

EDTA ethylenediaminetetraacetic acid

EtOH ethanol
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FACS fluorescence activated cell sorting

FBS fetal bovine serum

HLB hydrophilic/lipophilic balance

HSA human serum albumin

LiCl lithium chloride

MβCD methyl-β-cyclodextrin

MeCN acetonitrile

MeOH methanol

MeOTf methyl triflate

NaN3 sodium azide

NMR nuclear magnetic resonance

P(EtOx) poly(2-ethyloxazoline)

P(MeOx) poly(2-methyloxazoline)

P(NonOx) poly(2-nonyloxazoline)

PBS phosphate buffered saline

PDI polydispersity index

PEG poly(ethylene glycol)

PenStrep penicillin streptomycin

PFC perfluorocarbon

PFCE perfluoro-15-crown-5-ether

PFD perfluorodecalin

PFOB perfluorooctyl bromide

PFTPA perfluorotripropylamine

PMMA poly(methyl-methacrylate)

POx poly(2-oxazoline)

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEC size exclusion chromatography

TBC triblock copolymer

THF tetrahydrofuran
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Tris-HCl Tris(hydroxymethyl)aminomethane hydrochloride
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Figure 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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Figure 2. 
(A,B) Library of amphiphilic DBCs and TBCs. Commercial (blue), P(MeOx) (red), P(EtOx) 

(green), and PEG-b-NonOx (orange) (1–16). (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 1 (PF68), 5 [P(MeOx30-b-

NonOx10)], 6 [P(MeOx60-b-NonOx10)], 9 [P(MeOx30-b-NonOx10-b-MeOx30)], and 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 represent 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 
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shown in (E). Data represent the average of three independent samples; error bars represent 

the standard deviation of three independent samples.
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Figure 3. 
(A) Schematic of the partition experiment to determine the degree of coumarin 17 leaching 

in the presence of 1-octanol, a cell-membrane mimic. (B) Normalized fluorescence at 500 

nm of the 1-octanol layer representing the percentage of leached coumarin 17. Fluorescence 

was normalized to a free control of 17 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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Figure 4. 
(A) Confocal microscopy showing the uptake of PFC nanoemulsions. Emulsions contain 

fluorous rhodamine (red) visualized with 532 nm excitation. LysoTracker (green) visualized 

with 488 nm laser and nuclei stained with Hoescht (blue) visualized with 405 nm laser. 

Scale bar represents 7.5 μm. (B) Schematic of cellular uptake and the inhibitors used to 

inhibit each mechanism of endocytosis. (C–F) Fluorescence-activated cell sorting (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 
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(100 μM)] in basal media [Dulbecco’s modified Eagle media (DMEM), 0% fetal bovine 

serum (FBS), 0% penicillin streptomycin (PenStrep)] for 1 h at 37 °C before addition of 

nanoemulsions and treatment for a further 3 h. Cells were washed and analyzed for fluorous 

rhodamine fluorescence. Data are the average of three replicate experiments performed in 

triplicates 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’s t-test of unequal variance as compared to the no inhibitor samples. p ≤ 0.05 *, p ≤ 

0.005 **.
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Figure 5. 
(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 2 h at room temperature. Bars represent the average of three 

experiments, each done in triplicate. Error bars represent the standard deviation. 

Significance is determined by one tailed Studen’s t-test of unequal variance as compared to 

Pluronic F-68 (1) p < 0.05 *, p < 0.005 **. (C) SDS-PAGE of PFC nanoemulsions treated 
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with complete media (DMEM, 10% FBS, and 1% PenStrep), for 2 h at room temperature. 

Protein was denatured, run on a 12% gel, and visualized with silver stain.
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Figure 6. 
(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 2 h at 

room temperature, washed by centrifugation 2× and added to cells (3 h, 37 °C, 5% CO2). 

Fluorous rhodamine fluorescence was measured via FL2 channel by FACS. Bars represent 

the average of two replicate experiments performed in triplicates. 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), 
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chlorpromazine (60 μM), and chloroquine (100 μM)] in complete media (DMEM, 10% FBS, 

1% PenStrep) for 1 h at 37 °C before addition of nanoemulsions and treatment for a further 3 

h. Cells were washed and analyzed for fluorous rhodamine fluorescence. Data are the 

average of three replicate experiments performed in triplicates and normalized to cells 

treated with emulsions but no inhibitor. Error bars represent the standard deviation. One 

tailed Studen’s t-test with unequal variance was performed in relation to no inhibitor. p ≤ 

0.05 *, p ≤ 0.01 **.
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