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Abstract 

3-Helix Micelles as Nanocarriers – Understanding Hierarchical 

Structures, Kinetic Pathway, and Controlling Multivalency 

 

By 

JooChuan Ang 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Berkeley 

Professor Ting Xu, Chair 

 

 

This dissertation focuses on fundamental understanding of the hierarchical 

nanostructure and kinetic pathway of self-assembled sub-20 nm 3-helix micelles. 3-helix 

micelles are formed by self-assembly of a new family of amphiphilic peptide-PEG-lipid hybrid 

conjugates. Structural deconvolution of this complex, hierarchically assembled multi-

component system is non-trivial and delineating the structural components is crucial to reveal 

structural insights into the organization of building block constituents. Furthermore, 

decoupling the effect of each component on the self-assembly kinetic pathway is imperative to 

appreciate their contribution towards the overall energy landscape of the system for future 

design of nanocarriers. The knowledge gained from these studies provides insight to identify 

design parameters that will facilitate the development of nanocarriers based on 3-helix micelles. 

 

3-helix micelles demonstrate immense potential as a nanocarrier for drug delivery to 

the brain due to its ability to bypass the blood-brain barrier and accumulate within glioblastoma 

tumors in rat models. To bridge the gap in knowledge between biological performance of 3-

helix micelles and fundamental structure-function correlation, the hierarchical structure and 

assembly kinetic pathway are studied in detail. 

 

Unraveling the internal structure of 3-helix micelle using contrast variation small-angle 

neutron scattering revealed a slightly deformed side-conjugated PEG and ~85 v/v% of 3-helix 

micelle is comprised of water. The entropic deformation of PEG likely contributes to the high 

kinetic stability of 3-helix micelles whereas the high water content has significant 

repercussions on the mechanical properties of 3-helix micelles as a nanocarrier and could shed 

light on the extravasation properties of 3-helix micelles through biological barriers. 
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The self-assembly pathway of peptide-PEG-lipid conjugates at the air-water interface 

to form trimeric coiled-coils was shown to be dependent on the applied lateral pressure. 

PEGylated amphiphiles based on 3-helix bundle-forming peptides form a mixture of dimers 

and trimers at intermediate pressure and converts to trimers completely upon high surface 

pressure. PEG acts to mediate the interaction between bundles and preserves the coiled-coil 

structural integrity upon high compression. 

 

The energy landscape of 3-helix micelle formation was also delineated to understand 

the role of each component within the building block contributes toward the overall self-

assembly process. The key factor in determining the kinetic stability is the formation of 

trimeric coiled-coil bundles in the corona of 3-helix micelles, providing greater energetic 

barriers for subunits to overcome to dissociate from the micelle. Hydrophobic packing of alkyl 

chains contributes to a lesser degree to the overall kinetic stability, but plays a key role in the 

internal structural reorganization during the formation of trimeric coiled-coils. 

 

The fundamental knowledge gained from structural and kinetic aspects of 3-helix 

micelle self-assembly process was applied to a mixture of two coiled-coil-based amphiphiles 

to generate a mixed micelle nanocarrier platform that provides control over the local 

multivalent state of ligands on the micelle surface. Tracking the distribution of the two 

amphiphiles within the mixed micelle indicated that they phase separate into regions enriched 

in one amphiphile. The ability to control multivalent ligand presentation as well as generation 

of ‘patchy’ mixed micelles suggests this nanocarrier platform based on 3-helix micelles has 

potential for ligand-targeted drug delivery applications. 

 

Lastly, the conjugation architecture of di-alkyl chains attached to the peptide headgroup 

was studied to probe how alkyl packing can influence micelle stability. The results showed 

that highly splayed di-alkyl chains can pack more efficiently, leading to enhanced alkyl melting 

transition temperatures and increased stability without significantly disrupting the peptide 

secondary and tertiary structure. This demonstrates that conjugation architecture of alkyl 

chains can be a useful design parameter to manipulate the stability of 3-helix micelles. 
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§ 1.1 Nanoparticle therapeutics 

 

The advent of nanotechnology is widely considered to be the greatest innovation in 

engineering since the Industrial Revolution. At the heart of this ‘nano-Industrial revolution’ 

are nanoparticles, particles with sizes generally less than 100 nm. The size of nanoparticles is 

similar to that of most biological molecules and the use of nanomaterials to interface with 

biological systems have led to developments in medical devices, molecular diagnostic devices, 

and drug delivery systems. 

 

The use of nanocarriers for drug delivery offers the possibility to encapsulate lipophilic 

drugs thereby enhancing their aqueous solubility, protect therapeutic agents from premature 

enzymatic degradation, enhance blood pharmacokinetics, improve tissue biodistribution, and 

decreasing dosage and frequency of administration. Currently, there are over 20 different 

nanoparticle formulations approved by the FDA for clinical use, with many more nanoparticle 

platforms (such as polymer-drug conjugates, polymeric micelles, liposomes, dendrimers etc.) 

in preclinical or clinical trials1. Liposomes were the first nanoparticle platform to be approved 

as a therapeutic agent in 1995 with Doxil2 (~100 nm liposomal doxorubicin). Encapsulation of 

doxorubicin within liposomes resulted in ~100-fold increase in circulation time, enhanced 

tumor accumulation, and reduced cardiotoxicity compared to the free drug. However, there are 

some undesired side-effects such as skin toxicity that was not observed with free doxorubicin. 

Genexol, a ~25 nm poly(ethylene glycol)-poly(lactic acid) block copolymer micelle containing 

paclitaxel, received approval in South Korea in 2007 and is the first polymeric micellar 

nanoparticle in Phase II-IV trials in the United States3-5. This polymeric micelle formulation 

of paclitaxel is free of toxic surfactant, Cremophor EL, previously used as a solvent for 

dissolving paclitaxel (the formulation is known as Taxol), therefore allowing for lower toxicity 

and higher dosing compliance for patients. Preclinical data with Genexol showed a 3-fold 

increase in the maximum-tolerated dose and a significantly higher anti-tumor efficacy 

compared to free paclitaxel6. A different formulation of paclitaxel, bound to albumin 

nanoparticles ~130 nm in size, known as Abraxane, has been approved by the FDA for breast 

cancer in 2005, non-small cell lung cancer in 2012, and metastatic pancreatic cancer in 2013.  

 

Although improvements in patient safety and morbidity have led to the clinical 

approval of nanoparticle platforms for drug delivery, efficacy in patient responses remain 

modest with the nanoparticle platforms offering marginal progress over conventional 

formulations7, 8. Regardless of the enhancement in circulation lifetime of drugs and enhance 

accumulation at lesion sites, there are a series of biological barriers that hinder the delivery of 

therapeutic cargo to the diseased sites9-12. The major challenges include opsonization and 

subsequent discharge from circulation by the mononuclear phagocyte system (MPS), efficient 

penetration of tumor tissue, and cellular internalization. Critical parameters that govern the 

design of nanocarriers for efficient drug delivery to tumor tissue will be discussed in the 

following sections.  
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§ 1.2 Nanocarrier design based on tumor biology 

 

Desirable attributes of a nanocarrier include: non-toxic, long circulation, deep tumor 

penetration, minimal cargo leakage in serum, eventual clearance from the body etc. It is 

currently thought that the ideal diameter of nanocarriers for cancer therapeutics should be in 

the range of 10–30 nm. The 10 nm lower bound is based on sieving coefficients for the 

glomerular capillary walls of flexible, deformable macromolecules13. Similar measurements 

of renal filtration pore size cutoff using urinary excretion of inorganic particles14 and globular 

proteins15 yielded a filtration-size threshold of ~6 nm. In addition to renal clearance, 

interactions between nanoparticles and the MPS in the liver and spleen have important roles to 

play in nanoparticle clearance. Clearance by the MPS is size-dependent, with particles larger 

than 200 nm accumulating in the liver and spleen and processed by MPS cells. Surface 

modifications can also significantly affect MPS clearance; as the surface charge of 

nanoparticles increase either positively or negatively, interaction with the MPS is enhanced 

thus leading to faster clearance. The 30 nm upper threshold of ideal nanocarriers is based on 

the penetration depth of polymeric nanoparticles into solid tumors16. Only micelles with 

diameters smaller than 30 nm have significant penetration into pancreatic tumors with poor 

permeability. In a separate study using quantum dots, 12 nm nanoparticles diffuse away from 

blood vessels into the solid tumor much further than larger 60 and 125 nm particles17. The 

unique characteristic of tumor environment that is different from normal tissues has been used 

to design various classes of nanocarriers that can selectively deliver to tumor sites and 

minimize off-target effects. 

 

 

1.2.1 Enhanced permeation and retention (EPR) effect – a size-based phenomenon 

Blood vessels in tumors are highly irregular in architecture compared to normal tissues. 

In lieu of a hierarchical branching structure from large to small vessels and eventually into 

evenly spaced capillary beds, the spatial distribution of tumor vessels are highly heterogeneous 

and chaotic18, leading to fenestrations of several hundreds of nanometer19, 20. The vasculature 

of tumors is thus leaky to macromolecules. Coupled with a poor lymphatic drainage system, 

the accumulation of macromolecules in tumors leaking in from blood vessels is known as the 

“enhanced permeation and retention (EPR) effect”21, 22. The EPR effect has been well-

exploited in nanocarrier technology whereby nanoparticles below the tumor fenestration 

threshold size, 400–600 nm, can significantly accumulate within tumor tissue while 

localization of the nanoparticles to normal tissue is attenuated. However, the heterogeneity of 

EPR between tumor xenograft types might limit its usefulness23, 24. Recent results from human 

patients administered 20–30 nm PEG-cyclodextrin nanoparticles carrying camptothecin, a 

DNA topoisomerase I inhibitor, showed that the nanoparticles localized in the solid tumor 

tissue and not in adjacent tissues25. Furthermore, sufficient concentrations of camptothecin was 

achieved in the tumor to downregulate the expression of topoisomerase I, suggesting that the 

EPR effect might be more robust for smaller nanocarriers in the size range of 10–30 nm. 

 

The main mechanism of transport within tumors is diffusion. The tumor interstitial 

matrix consists of a dense network of fibrous proteins (collagen, laminin, etc.) and 

proteoglycans (hyaluronic acid, heparin sulfate, etc.)26. The transport of nanoparticles within 
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the dense tumor tissue is highly dependent on its size and flexibility. Particles with sizes larger 

than 30 nm are unable to effectively diffuse within solid tumors16, 17, 27. Although large particles 

extravasate from blood vessels, they are unable to effectively penetrate the interior of the tumor, 

and are concentrated around the periphery of the blood vessels28-31. Administration of an anti-

fibrotic agent reduced collagen expression in tumor models and resulted in enhanced 

intratumoral distribution of ~100 nm nanoparticles as well as significantly improved efficacy 

of systemically administered Doxil32. A multistage delivery strategy developed recently 

utilizes a size-switchable nanoparticle aggregate triggered by the tumor environment with low 

pH33 or protease-activated disassembly34. The design employs 80–100 nm nanoparticles that 

can preferentially extravasate into the leaky vasculature of the tumor. Following extravasation 

into tumor tissue, the nanoparticles are broken up into smaller nanoparticles ~10 nm that can 

increase their diffusion within the dense tumor interstitial matrix to achieve efficient tumor 

penetration and distribution.  

 

Besides the size of nanocarriers, several vascular factors such as vascular endothelial 

growth factors (VEGF)35, 36 and nitric oxide36-38 are known to increase permeability of normal 

blood vessels as well as that of tumor vessels, thereby enhancing the EPR effect for 

nanoparticle delivery across the vasculature39, 40. Administration of VEGF led to enhanced 

transvascular delivery of nanoparticles in murine tumor models. Another strategy to artificially 

enhance the EPR effect is through slow infusion of angiotensin to increase systolic blood 

pressure41. Another school of thought is that due to the dysfunctional nature of vessels42 and 

the high interstitial pressure in solid tumors43, extravasation of nanoparticles from the blood 

stream into the tumor site is inefficient. Normalization of tumor vasculature can facilitate 

transport of nanoparticles into the tumor44, 45. However, normalization means smaller average 

pore sizes for extravasation of nanoparticles. This approach would require the use of smaller 

nanoparticles (<20 nm) for drug delivery46.  

 

1.2.2 Surface modification 

Nanoparticles without surface modifications quickly absorb a layer of protein corona 

in biological milieu47 to lower their surface energy. Biomolecules that bind strongly to the 

surface of nanoparticles is known to form a ‘hard’ corona whereas weakly associated 

biomolecules are referred to be part of the ‘soft corona48, 49. The identities of biomolecules 

adsorbed on the surface of nanomaterials varies depending on the size and surface properties 

of the nanoparticles50. In the presence of non-specifically adsorbed proteins, nanoparticles are 

more prone to uptake by phagocytic cells, a process known as opsonization, and cleared by the 

MPS. To capitalize on the EPR effect, nanoparticles with long half-lives in blood have been 

designed to increase their propensity for extravasation across the vasculature into the tumor 

site51, 52.  

 

Chemical conjugation of poly(ethylene glycol) (PEGylation) is a common method to 

prolong the circulation of drugs, therapeutic proteins, and vesicles53, 54. The ethylene glycol 

repeat units associate with water molecules, forming a hydration layer. The hydration layer 

hinders non-specific protein adsorption and subsequent recognition by the MPS. Although 

PEG has long been touted as a non-immunogenic and non-antigenic agent, studies have shown 
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that PEGylated agents can elicit antibody formation against PEG (anti-PEG) in animals and 

humans55-57. Repeated injection of PEGylated nanoparticles causes accelerated clearance of 

the nanocarriers from the circulation58, 59. Other potential materials with low immunogenicity 

such as poly(phosphoesters)60, 61, zwitterionic polybetaines57, 62-66, XTEN67, 68 (a class of 

unstructured polypeptides), and various hydrophilic polymers69, 70 are currently in development 

as alternatives to PEG as coatings for long circulating stealth nanoparticles. 

 

 

1.2.3 Tumor targeting 

Tumor cells express many surface receptors that distinguish them from normal cells42. 

Tumor cells proliferate rapidly with elevated metabolic rates, overexpressing cell receptors for 

nutrition such as transferrin receptor71, 72 and folate receptor73, 74. Integrins can influence tumor 

growth and metastasis75 and thus a target for ligand binding76. Epidermal growth factor 

receptor (EGFR) plays an important role in tumor growth and progression77. ~20–30% of 

invasive breast cancer upregulate EGFR and has been shown to correlate inversely with overall 

survival78, 79. Besides breast cancer, EGFR is overexpressed in a variety of solid tumors80 and 

is a candidate for targeted therapies.  

 

Active targeting does not increase accumulation of nanoparticles in tumor tissue but 

does increase intracellular uptake through ligand-receptor mediated interactions81-83. Specific 

ligand-receptor interactions are short range interactions on the order of ~0.5 nm. Successful 

receptor targeting of tumor using nanoparticles requires effective extravasation into the tumor 

tissue before specific ligand-receptor interactions mediate cellular internalization of the 

targeted nanoparticles. In preclinical studies, anti-VEGF immunoliposome displayed 6-fold 

increase in cellular uptake at tumor site compared to non-targeted liposomes 24 hr after 

intravenous administration84. A number of lipid- and polymer-based nanoparticles targeting 

transferrin receptor and EGFR are currently being evaluated in clinical trials85, 86. Monoclonal 

antibodies have also been used as targeting ligands due their high affinity and specificity for 

their targets. However, the bulky size and redundant constant regions of monoclonal antibodies 

can lead to increase in overall size and immunogenicity of the functionalized nanoparticle. The 

use of short peptides, aptamers, and antibody fragments87-89 could potentially overcome this 

shortcoming. A potential caveat of ligand functionalization is the increase in opsonization due 

to the targeting moiety. Targeting specificity of transferrin was loss when nanoparticles placed 

in complex biological media adsorbs a biomolecule corona, leading to undesired shielding of 

targeting ligands90. In all, a delicate balance between stealth and degree of targeting ligand 

functionalization is required to maintain long circulation of nanoparticles for efficient 

extravasation into tumor tissue and subsequent targeting of ligands to specific receptors for 

enhanced intracellular transport. 

 

 

1.2.4 Deformability  

The development of nanoparticle stiffness to tune the pharmacokinetics and 

biodistribution of nanocarriers is a relatively new concept91. Nanogels of varying softness 

using zwitterionic monomers were produced by tuning the cross-linking density. Softer 
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nanogels pass through splenic filtration more easily than their more rigid counterparts, 

resulting in longer circulation and lower splenic accumulation92. Similar results were observed 

with hydrogel particles, where highly deformable micrometer-sized particles avoided filtration 

by the lungs and spleen to achieve long circulation lifetimes in excess of 30 hr93, 94. The 

flexibility and deformability of nanoparticles may also contribute to the transport of particles 

through small capillaries, such as those in the lung, as shown by microfluidic capillary 

models95. Moreover, semi-flexible macromolecules are more efficient at penetrating dense 

barriers than rigid spherical particles of comparable size96, 97. Altogether, studies indicate that 

deformable, soft nanoparticles demonstrate the ideal transport properties in blood circulation 

as well as within solid tumors for long half-lives and deep tumor penetration. 

 

 

§ 1.3 Amphiphilic block co-polymeric micelles as nanocarriers 

 

Polymeric micelles currently under clinical evaluation as nanocarriers98, 99 are 

amphiphilic block copolymers with a hydrophilic block (usually PEG) and a hydrophobic 

block (such as polyesters and poly(amino acids)). Under aqueous conditions, the hydrophobic 

block will prefer to repel water and self-aggregate to form a water-excluded core whereas the 

hydrophilic block will form a shell to mediate interactions with the aqueous environment. 

Drugs can either be chemically conjugated to the hydrophobic block or physically encapsulated 

within the hydrophobic core.  

 

Micelle thermodynamic stability is governed by the concentration at which micelles 

are formed, known as the critical micelle concentration (CMC). The CMC of amphiphilic 

polymeric micelles are on the order of 10-6 to 10-7 M which is much lower than that of low 

molecular weight surfactants, about 10-3 to 10-4 M. Above the CMC, micelles exist in 

equilibrium with a small population of unimeric chains whereas only unimeric chains are in 

solution below the CMC. Generally, more hydrophobic blocks and higher molecular weights 

lower the CMC100. As a result of the low CMC, polymeric micelles are much more resistant to 

dilution effects and can remain stable at low concentrations. However, intravenous 

administration of micelles experience a large dilution, making it challenging to maintain 

thermodynamic stability. Kinetically stable micelles can be generated for extended periods of 

time below the CMC, exploiting properties of the core-forming block such as the glass 

transition temperature and melting temperature101. The crystallinity of the hydrophobic core 

can also influence stability; micelles formed from amorphous cores (polydecalactone) exhibit 

much higher CMCs than those with semi-crystalline cores (polycaprolactone and 

polylactide)102. The higher CMC of amorphous cores led to faster drug release rates albeit with 

a higher drug loading capacity compared to semi-crystalline cores103.  

 

Polymeric micelles have advantages over other nanoparticle platforms such as size over 

liposomes and tunable kinetic stability by controlling the core properties. The use of polymeric 

micelles in animal studies has resulted in 10–50 times increase in accumulation of polymeric 

micelles compared to the free drug104-107. Increasing kinetic stability of micelles has been 

correlated with higher accumulation of micelles in tumor108. Micelle blood circulation and 

tumor accumulation generally increases with increasing size which is optimal between 100–
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160 nm. However, large micelles have poor penetration of the tumor, resulting in poor drug 

delivery efficacy109. An optimal micelle size that balances circulation time and tumor 

accumulation but yet does not compromise tumor penetration is critical to improve polymeric 

micelles as an effective nanoparticle platform for drug delivery.  

 

 

§ 1.4 Potential of 3-helix micelle 

 

 A new class of nanocarriers, 3-helix micelles that are 15–20 nm in diameter, based on 

a trimeric coiled-coil peptide-PEG-lipid hybrid conjugate amphiphile was developed recently. 

In rodents, 3-helix micelle exhibited long in vivo circulation with a half-life of ~29.5 hr along 

with favorable biodistribution showing low uptake in the major MPS organs such as the liver 

and spleen110. While PEGylated nanoparticles require additonal surface modifications111 such 

as polysorbate 80 or ligands that target active BBB transporters, 3-helix micelle is the only 

PEGylated nanocarrier to be able to effectively penetration the blood-brain barrier without 

further surface modification for drug delivery112. Moreover, 3-helix micelle accumulates 

within rat glioblastoma xenograft tumors significantly greater than stealth liposomes112. In 

non-human primates studies, 3-helix micelle displayed extensive distribution in brain regions 

through cerebrospinal fluid delivery113. Local administration to rat stratium through 

convection-enhanced delivery of doxorubicin-loaded 3-helix micelle showed broader and 

more homogeneous distribution compared to free drug114. Time-dependent positron emission 

tomography of intraveneously administrated doxorubucin-loaded 3-helix micelle showed that 

it is highly mobile within tumors. Doxorubicin-loaded 3-helix micelle displayed 2-fold 

increase in tumor accumulation from 24 hr to 72 hr, significantly beyond its blood circulation 

half-life. Moreover, the 3-helix micelle formulation of doxorubicin exhibited lower skin 

toxicity than liposomal doxorubicin114, demonstrating an effective and safe platform for drug 

delivery. Studies in canines with spontaneous tumors have shown that the EPR effect is 

dependent on the tumor type with most carcinomas exhibiting high uptake of liposomes while 

most soft tissue sarcomas do not115, suggesting that tumor histology may have significant 

impact on the EPR effect. Rather surprisingly, 3-helix micelles exhibited high degree of 

penetration and extensive distribution for all six carcinoma and sarcoma solid tumors studied 

(unpublished data). The unprecedented biological performance of 3-helix micelles highlights 

the unique properties of 3-helix micelles due to self-assembled interactions at the molecular 

level, prompting us to conduct more in depth fundamental studies to bridge the gap in 

knowledge between the biological performance and the structure and assembly pathway of 3-

helix micelles.  

    

 

§ 1.5 Synopsis of subsequent chapters 

 

Considerable challenges lie in the clinical development of nanocarriers, despite their 

enormous potential. Fundamental understanding of the effect of nanocarrier design on their 

physiochemical properties in vivo is imperative for the development of drug delivery vehicles 

with high fidelity in complex biological environments yet modular for various applications. 

The focus of this dissertation is to understand the hierarchically self-assembled structure and 
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the role of various components in the kinetic pathway of 3-helix micelle formation. Using that 

knowledge, we attempt to design a micellar nanocarrier platform that can dictate the local 

multivalency of ligands on a sub-20 nm nanoparticle. Chapter 2 discusses the utility of 3-helix 

micelle as a viable platform for drug delivery to the brain. 3-helix micelle can bypass the blood-

brain barrier and effectively accumulation within brain tumors. Chapter 3 elucidates the 

internal structure of 3-helix micelles, decoupling the radial distribution of the individual 

components. Main results indicated the deformation of side-conjugated PEG and an 

exceptionally high water content in the micelle. Chapter 4 studies the assembly process of 3-

helix peptide-PEG-lipid conjugates at a model 2-D air-water interface. The results from this 

study provides fundamental understanding of the coiled-coil headgroup assembly within 3-

helix micelles and highlights the importance of lateral pressure in the formation of trimeric 

coiled-coils for PEGylated amphiphiles as well as the role of side-conjugated PEG in 

maintaining the coiled-coil structural integrity under high lateral compression. Chapter 5 

studies the role that various components of 3-helix micelle play in the self-assembly kinetic 

pathway. The results indicate a distinct kinetic pathway governed mainly by inter- and intra-

micellar molecular rearrangement. The study decouples the energy barriers for alkyl packing, 

coiled-coil assembly, and subunit desorption processes. Chapter 6 describes a nanocarrier 

platform, based on 3-helix micelle, to control the local ligand multivalency on a sub-20 nm 

micelle using a mixture of amphiphilic peptide-PEG-lipid conjugates with different coiled-coil 

oligomeric states. Results here indicate the highly orthogonal assembly of coiled-coils as a 

basis for controlling oligomeric states on surfaces. Highly stable mixed micelles were 

generated. Time-dependent studies show the formation of ‘patchy’ mixed micelles. Chapter 7 

studies the influence of di-alkyl chain conjugation architecture on the stability of 3-helix 

micelles. Results indicate the possibility to engineer micellar nanocarriers with tunable 

stability by modulating alkyl chain packing within 3-helix micelles through alkyl conjugation 

architecture. 
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There is an urgent need to develop nanocarriers for the treatment of glioblastoma 

multiforme (GBM). Using co-registered positron emission tomography (PET) and magnetic 

resonance (MR) images, here we performed systematic studies to investigate how a 

nanocarrier's size affects the pharmacokinetics and biodistribution in rodents with a GBM 

xenograft. In particular, highly stable, long-circulating three-helix micelles, based on a 

coiled-coil protein tertiary structure, was evaluated as an alternative to a larger liposomal 

nanocarrier. While the circulation half-life of the 3HM was similar to 110 nm PEGylated 

liposomes (t1/2 = 15.5 and 16.5 hr, respectively), the 20 nm micelles greatly enhanced 

accumulation within a U87MG xenograft in nu/nu rats after intravenous injection. After 

accounting for tumor blood volume, the extravasated nanoparticles were quantified from PET 

images, yielding ~ 0.77 %ID/cm3 for the micelles and 0.45 %ID/cm3 for the liposomes. For 

GBM lesions with a volume greater than 100 mm3, 3-helix micelle accumulation was 

enhanced both within the detectable tumor and in the surrounding brain parenchyma. 

Furthermore, 3-helix micelle accumulation was shown to extend to the margins of the GBM 

xenograft. In summary, 3-helix micelles provide an attractive nanovehicle for carrying 

treatment to GBM. 

 

 

 
 

 

§ 2.1 Introduction 

 

Glioblastoma multiforme (GBM) is the most common and aggressive malignant 

primary brain tumor, with a median patient survival of 12–15 months1-3. Combining 

radiotherapy and post-surgical chemotherapy using cisplatin4, 5, irinotecan6-8, thalidomide9, 10, 

or bevacizumab11, 12 has only led to a limited improvement in survival rate13, 14. The blood-

brain barrier (BBB) typically limits the accumulation of therapeutics within the brain and 

such drugs can be deactivated by intra- and extra-cellular enzymes in the BBB. The BBB 

includes a range of passive and active transport mechanisms: 1) a paracellular pathway, 

regulated by tight junctions; 2) a lipophilic pathway, through the lipid membranes; 3) specific 

receptor-mediated transcytosis actuated by specific interactions with receptors on cerebral 

endothelial cells; and 4) non-specific adsorptive-mediated transcytosis, triggered by 

interactions between positively-charged species and negatively-charged lipid membranes on 
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endothelial cells15. The BBB is altered in the presence of diseases such as GBM and transport 

of nanotherapies is enhanced through junctions that are altered by the presence of disease. 

However, while essentially all GBM patients have significant BBB disruption, the disruption 

is variable across the tumor and GBM patients also have regions of tumor with limited BBB 

permeability16. Therefore, the development of strategies to enhance drug accumulation is 

important. Further, when drugs are delivered to the GBM tumor parenchyma, efflux 

transporters actively pump the drug out of the target cell15, 17-19. GBM therapeutics must be 

administered at a high dose that can lead to severe side effects and early termination of 

treatment, and thus, there is an urgent need to develop nanocarriers for the treatment of 

GBM.  

 

It is well known that the surface chemistry of a nanocarrier determines its 

pharmacokinetics (PK), biodistribution, and clearance pathway20, and PEGylation can be 

used to avoid recognition by the reticuloendothelial system (RES) and extend the circulation 

time. However, in the absence of additional surface modification, PEGylated nanocarriers 

typically do not cross the BBB21, 22. When the BBB is compromised by disease, passive 

delivery of nanotherapeutics is feasible. Passive delivery of long-circulating nanoparticles via 

the enhanced permeability retention (EPR) effect has been the major mechanism for 

nanoparticle uptake into tumors23-27. In general, smaller nanoparticles (15–50 nm) 

demonstrate a greater EPR effect and intratumoral distribution than larger nanoparticles 

(100–300 nm) and therefore show the potential to enhance accumulation within tumors28, 29. 

However, systematic studies of the effect of nanocarrier size and surface chemistry on the 

carrier’s ability to accumulate within GBM tumor tissue have been lacking. Previous studies 

have shown that the vascular permeability increases in highly angiogenic glioblastoma due to 

the disrupted BBB providing a conduit for the delivery of nanotherapies30-32. However, the 

vascular permeability is reduced in brain tumors as compared with tumors within other 

organs and the size limit for nanoparticles observed to preferentially accumulate in 

glioblastoma (7–100 nm) is smaller than that in colorectal carcinoma, heptoma, and sarcoma 

(380–2000 nm)33. Once localized in the tumor, there is increasing evidence that nanocarriers 

need to be below a certain size to achieve significant tumor penetration34-37. 

 

Enhanced delivery to brain tumors with small nanoparticles has not yet been 

experimentally validated. Hobbs et al. demonstrated that particle permeability for orthotopic 

brain tumors was limited to particles with a diameter ranging from 7 to 100 nm33; however, 

differences within the size range were not described. Kim et al. reported that PEGylated 

silica nanoparticle uptake in a U87MG mouse xenograft was greater with 100–150 nm 

particles as compared with larger and smaller particles (40 and >300 nm)38. However, the 

tumor in this study was implanted in the mouse shoulder, which may differ in the pore cutoff 

size as compared with the orthotopic brain tumor. 

 

This study compares the accumulation of two 64Cu-labeled nanocarriers: a PEGylated 

110 nm liposome with similar pharmacokinetics to other long-circulating liposomes39 and 

recently developed sub-20 nm 3-helix micelles (3HM)40. This family of highly stable, long 

circulating 3HM is based on a coiled-coil protein tertiary structure that is routinely used to 

present ligand clusters on the cell surface. The headgroup of the amphiphile consists of a 
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peptide that self-associates to form a coiled-coil 3-helix bundle and a PEG chain (2000 Da) 

attached to the exterior of the 3-helix bundle at the middle position. A short PEG chain (750 

Da) is also attached to one end of the peptide (C-terminus) and acts as a stealth layer on the 

surface of the micelle. The hydrophobic portion of the amphiphile is a double alkyl tail 

attached to the other end of the peptide (N-terminus). The amphiphile can be readily 

synthesized at high purity. Once dissolved in aqueous solution, the amphiphile self-

assembles to form a 3HM that is <20 nm in size with very low polydispersity40-44. Systematic 

characterization confirmed very slow subunit exchange kinetics and excellent kinetic stability 

of the micelle under physiological condition40, 42. Micelles labelled with the FRET pair DiI 

and DiO demonstrated a trace level of cargo dissociation from the micelles over 24 hr in 

BSA40.  

 

Our previously developed methods to label liposomes and micelles with 64Cu using 

the 6-BAT chelator have shown these labels to be stable in serum over 48 hr39. Less than 8% 

of the 64Cu label disassociated from liposomes over 48 hr of serum incubation at 37°C and 

results with micelles were similar. In a mouse model, the circulation half-life for the 64Cu-

labeled micelles was 29.5 hr and ~15% of the injected dose/gram (%ID/g) remained in 

circulation after 48 hr, as compared with 7 %ID/g for PEGylated liposomes. In vivo studies 

further showed that the accumulation of 3HM in the liver and spleen is substantially reduced 

as compared with PEGylated liposomes40.  

 

Using co-registered positron emission tomography (PET) and magnetic resonance 

(MR) images, here we report on systematic studies to investigate how the nanocarrier’s size 

affects the pharmacokinetics and biodistribution in rodents with GBM xenograft and evaluate 

the unique 3HM for the treatment of GBM. The resulting data suggest that imaging of 

nanoparticle distribution and tumor kinetics can be used to improve the design of 

nanoparticles for GBM treatment and confirmed that GBM delivery can be improved with 

small nanocarriers. 

 

 

§ 2.2 Results and discussion 

 
2.2.1 Physiochemical characterization of 64Cu-micelles 

To facilitate 64Cu labeling, a custom 6-BAT chelator was incorporated into the self-

assembled liposomes and micelles. Liposomes with 0.5 mol% 6-BAT lipid and micelles with 

2 mol% of dC18-1CW(P2k)-6-BAT were successfully prepared in 0.1 M ammonium citrate 

buffer (pH 5.5) and deionized water, respectively.  

 

The average mean diameter of the liposomes and micelles was 111.9 ± 5.7 and 

19.6 ± 7.4 nm, respectively (Table 2.1). The Z-average particle size of the liposomes was 

about 6-fold greater than that of the micelles. The zeta-potential of the liposomes and 

micelles was − 15.6 ± 3.5 and − 13.6 ± 1.4 mV under physiological pH, where the negative 

charge of micelles and liposomes results from PEG on the surface. 64Cu was efficiently 

incorporated into the 6-BAT chelator on both particles resulting in an 80 ± 19% radiolabeling 

yield, which is comparable to the previous reports39, 40. The radiochemical purities of the 
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liposomes and micelles measured by instant thin-layer chromatography (ITLC) were above 

98% after size-exclusion chromatography. The specific activities of the liposomes and 

micelles were 159 ± 50.1 μCi/mg (115.6 ± 36.4 μCi/μmollipid) and 75.3 ± 40.7 μCi/mg 

(559.8 ± 303.1 μCi/μmollipid), respectively; sufficient to evaluate the pharmacokinetics within 

the glioblastoma model. 

 

 

Table 2.1. Characterization of liposomes and micelles with particle size and zeta potential 

 
Liposomes Micelles 

Z-average size 

(mean ± SD, nm)a 
111.9 ± 5.7 19.6 ± 7.4 

Zeta-potential  

(mean ± SD, mV)a 
-15.6 ± 3.5 -13.6 ±1.4 

a. Average mean and standard deviation is calculated from two measurements of particles used for two in vivo 

experiments under physiological pH (7.3-7.5). 

 

 

3HM has been thoroughly characterized using TEM and DLS as reported 

previously40. To extract the PEG shell thickness on the outer layer of 3HM, solution SAXS 

experiments were performed. Figure 2.1 shows the solution SAXS profiles of 3HM with and 

without PEG750 attached to the micelle surface. A core-shell form factor model was used to 

fit the SAXS data and the parameters of best fit are listed in Table 2.2. Based on these data, 

the PEG750 chains form an outer layer with a thickness of ~0.8 nm.  

 

 

 
 

Figure 2.1. Solution SAXS results comparing micelles with and without PEG750 layer on the 

exterior of the micelle. The lines indicate best fit to the core-shell model. Data for dC18-

1CW(P2k) has been offset vertically for clarity. 
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Table 2.2. Core-shell parameters from model fitting of SAXS data in Figure 2.1. 

 Core radius (nm) Shell thickness (nm) 

w/o P750 3.0 5.2 

with P750 3.0 6.0 

 

 

2.2.2 In vivo positron emission tomography and magnetic resonance imaging  

 

 
 

Figure 2.2. Coregistered PET/MR images (upper) and MR only images (lower) of the rat 

brain at 21 h post-injection of 64Cu-liposomes and 64Cu-micelles. Arrows indicate developed 

blood vessels in glioblastoma. Maximum and minimum color scale from PET images 

represent 1 and 0 %ID/cc, respectively and the size of the white scale bars in image is 2 mm. 

 

 

T1w MRI contrast (without injection of an exogenous contrast agent) was sufficient 

to visualize the glioblastoma lesion in the right brain (Figure 2.2, lower row) and large blood 

vessels (white arrows in Figures 2.2 & 2.3) in the tumor center. MR images (Appendix 

A.1.1) demonstrated that intracranial injection of U87MG cells in the right brain resulted in a 

highly localized GBM within the right brain. The average tumor volume at 9 days after 

surgery (n = 6) was < 100 mm3 (50 ± 15 mm3) and 16 days after surgery (n = 5) was > 100 

mm3 (154 ± 36 mm3) (Appendix A.1.2). Co-registered PET/MR images obtained 21 hr after 

injection of 64Cu-liposomes and 64Cu-micelles depict the enhanced accumulation of both 

particles within the tumor as compared with the adjacent striatum in the left brain (Figure 

2.2). Accumulation of particles increased gradually from 0.5 to 21 h, with evident 

accumulation of micelles from the 3.5 hr time point (Figure 2.3a). The accumulation of 20 
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nm 64Cu-micelles was substantially greater than that observed for 110 nm 64Cu-liposomes. 

Radioactivity associated with both of the 64Cu-labeled nanoparticles was first observed in the 

center of the tumor (3.5 h vs 21 hr, Figure 2.3a), reaching the periphery at later time points. 
64Cu-liposomes were also observed to localize around large vessels within the tumors (white 

arrow, upper row in Figure 2.3b). At 21 hr after injection, serial brain slices of the PET/MR 

images from posterior to anterior (Figure 2.3b) also demonstrate that the liposome and 

micelle concentration remained greater in the tumor center than in the periphery. 

 

 

 
 

Figure 2.3. Coregistered PET/MR images of rat brain post injection of 64Cu-liposomes (upper 

row) and 64Cu-micelles (lower row). (a) From left to right, PET/MR images are acquired at 0, 

3.5, 7.5 and 21 hr after injection. (b) PET/MR images acquired at 21 hr after injection, from 

left (posterior) to right (anterior). Each image represents a 1 mm thick slice image of the 

glioblastoma lesion. Arrows indicate blood vessels. Maximum and minimum values of the 

color scale are 1.0 and 0.3 %ID/cc, respectively.  

 

 

2.2.3 Pharmacokinetics and biodistribution of 3-helix micelles 

The pharmacokinetics of liposomes and micelles in blood were measured from the 

ROI analysis of radioactivity in the cardiac chambers. The clearance of 64Cu-liposomes and 
64Cu-micelles in the blood pool was fit by a one-phase decay curve. The half-clearance time 

of liposomes and micelles was 16.5 and 15.5 hr, respectively (Figure 2.4a). Radioactivity 

quantified for 64Cu-liposomes (2.36 ± 0.47 %ID/g, n = 6) and 64Cu-micelles (2.29 ± 

0.50 %ID/g, n = 5) from blood collected at 22 hr after injection (Figure 2.4b) was similar to 

the image-derived values (liposomes: 2.64 ± 0.16 %ID/cc, micelles: 2.74 ± 0.35 %ID/cc). 

The slightly lower values calculated for the image-derived estimates are expected due to 

partial volume effects. 

 



 16 

 
 

Figure 2.4. Blood clearance of 64Cu-liposomes (black circle) and 64Cu-micelles (gray circle) 

obtained from ROI analyses at 0, 3.5, 7 and 21 hr post-injection. Curve was fitted with a one 

phase decay (Yliposomes= 6.104exp-0.04206× (R2 = 0.8330) and Ymicelles= 6.432exp-0.04461× (R2 = 

0.8167). (b) Radioactivity (%ID/g) of liposomes (black bar) and micelles (gray bar) in blood 

at 22 hr post-injection.  

 

 

 
 

Figure 2.5. Quantification of liposomes (n = 6) and micelles (n = 5) in glioblastoma, obtained 

from ROI analysis (glioblastoma) of PET/MR images. (a) Tumor blood volume (TBV) and 

contralateral left brain blood volume (LBV) calculated by ROI analysis of glioblastoma 
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(right brain) and contralateral striatum (left brain) from 64Cu-liposome (black bar) and 64Cu-

micelle (gray bar) injected rats. (b) Comparison of % vascular volume between two groups 

with different size of glioblastoma. (c) Blood radioactivity subtracted time activity curves of 

liposomes (round with dashed line) and micelles (square with dotted line). Data points 

represent 0, 3.5, 7, and 21 h post-injection. (d) Glioblastoma-to-background (BG) ratio of 

liposomes (black) and micelles (gray) in glioblastoma over contralateral left striatum, 

obtained from PET/MR images with blood radioactivity at 21 h (Statistical significance of (a) 

and (c) was determined by two-way ANOVA analysis corrected by Sidak’s multiple 

comparison test and that of (d) was determined by an unpaired t test with Welch’s correction, 

significance: * = P < 0.05, ** = P < 0.01, *** = P < 0.001, ****= P < 0.0001). 

 

The biodistribution of the liposomes and micelles was then measured after perfusion 

of animals with Dulbecco modified eagle medium (DMEM) which was used to eliminate the 

remaining radioactivity contributed by the circulating nanoparticles (~2 %ID/g). The 

radioactivity within the glioblastoma-bearing right and left brain were gamma-counted 

without tumor dissection. 
 

The increased accumulation of micelles within the right brain (containing the 

glioblastoma), as compared with liposomes, was validated by biodistribution. In Figure 2.6a, 

the accumulation of micelles and liposomes was 0.0924 ± 0.0012 %ID/g (n = 3) and 0.0372 

± 0.012 %ID/g (n = 3, p = 0.0048), respectively, in the right brain bearing a small tumor. 

This compares with (0.261± 0.015 %ID/g, n = 3) and (0.140 ± 0.029 %ID/g, n = 2, p = 

0.0086) for micelles and liposomes, respectively, in the large xenograft. In addition, the 

accumulation of both liposomes (p = 0.0143) and micelles (p = 0.0075) was greater in larger 

xenografts relative to smaller. Surprisingly, in the contralateral left brain, accumulation of the 

micelles was also increased relative to that of the liposomes and the accumulation further 

increased in advanced xenograft peaking at 0.0304 ± 0.00041 %ID/g (Figure 2.6b).  

 

The uptake of both nanoparticles in other organs (heart, lung, stomach, intestines, 

muscle, bone, liver and kidneys) was similar 22 hr after injection; however, splenic uptake of 
64Cu-micelles (1.39 ± 0.70 %ID/g, n = 5) was significantly lower in comparison to the 64Cu-

liposomes (14.8 ± 2.5 %ID/g, n = 6, p < 0.0001, Figure 2.6c). Intestinal radioactivity after 

the injection of liposomes was significantly higher, although the difference was only 

~1 %ID/g.  
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Figure 2.6. Biodistribution of 64Cu-liposomes (black bar) and 64Cu-micelles (gray bar) in (a) 

right and (b) left brain. Right brain bears glioblastoma. Percent injected dose per gram 

(%ID/g) was obtained after perfusion of blood at 22 hr post-injection of 64Cu-liposomes 

(n=6) and 64Cu-micelles (n=5). Right bar graphs are differentiated by tumor size. (c) 

Biodistribution of 64Cu-liposomes (black bar, n = 6) and 64Cu-micelles (gray bar, n = 5) at 22 

hr post-injection. (Statistical significance of (a) and (b) was determined by two-way ANOVA 

analysis corrected by Sidak’s multiple comparison test and that of (c) was determined by 

unpaired t test with Welch’s correction, significance: * = P < 0.05, ** = P < 0.01, *** = P < 

0.001, ****= P < 0.0001). 

 

 

Applying methods for the synthesis of stable particles and PET labeling demonstrated 

in previous studies, here, we explore the accumulation of long-circulating liposomes and 

3HM in glioblastoma using 64Cu-labeled drug carriers and the combination of PET and MRI. 

The PEGylation on the surface of the carriers provided a similar charge and facilitated 

studies of the enhanced permeability and retention of nanoparticles based on differences in 

their diameters. Although previous studies have demonstrated that vascular permeability is 

reduced in brain tumors compared to tumors within other organs, enhanced delivery to brain 

tumors with small nanoparticles has not been clearly demonstrated. Here, we demonstrate 

that the uptake of 20 nm 3HM is significantly greater than 110 nm liposomes in glioblastoma 

7 hr after injection (Figure 2.5c). Importantly, we observed that the micelles continued to 
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accumulate over the period studied here, and therefore these small particles were not clearing 

from the lesion, even in the absence of a targeting moiety. The micelles were well distributed 

throughout the tumor, potentially providing an opportunity to effectively treat disease when a 

drug or radiotherapy is attached. 

 

The average fold increase for liposome and 3HM accumulation in glioblastoma 

compared to background (left striatum) were 2.78 and 5.12, respectively (Figure 2.5d). 

Although those values are lower than those measured for human glioblastoma, which has 13–

19-fold higher accumulation of stealth liposomes vs. normal brain45, the overall results 

demonstrate that liposomes and micelles enhanced accumulation in glioblastoma.  

 

From the biodistribution data obtained after perfusion (Figure 2.6), the greater 

accumulation associated with a greater EPR effect in an advanced xenograft (>100 mm3) was 

confirmed. Micelle accumulation was greater than that of liposomes regardless of the 

progression of the xenograft (Figure 2.6a). Although the radioactivity in the left brain was 

~10-fold lower than in the right brain (Figure 2.6b), the accumulation in the normal left brain 

showed two significant effects associated with the adjacent disease. First, in the contralateral 

left brain, 3HM uptake increased with xenograft progression in the implanted right brain. The 

permeability of the contralateral brain could be affected by the pressure induced by the 

growing tumor or by cytokines and growth factors associated within the tumor46. Second, the 

110 nm liposomal uptake in the left brain was similar (~0.008 %ID/g) regardless of the 

glioblastoma diameter. Thus, the extravasation of 110 nm liposomes was limited by the 

vascular pore size cutoff but the relatively small 20 nm 3HM crossed the BBB. 

 

A major advantage of the PET-MRI techniques applied here is the opportunity to 

simultaneously view anatomy and accumulation and estimate the PK and the local blood 

volume. Large discrete blood vessels were detected within the tumor center with MRI. At the 

time of injection, the presence of these large vessels is expected to enhance the local 

radioactivity due to the significant blood volume within these vessels. Accumulation of 

nanoparticles via the EPR effect is expected to be greater in the periphery, occurring over 

tens of hours and peaking at the later time points. Here, with the combination of MRI and 

PET, radioactivity in the tumor center was observed initially with a gradual increase at the 

periphery.  

 

The extended circulation of nanoparticles in the blood is crucial for the extravasation 

through leaky vasculature and accumulation in tumors. In our previous PK studies of 

liposomes and micelles in a mouse model40, 47, the half-life of 64Cu-liposomes and 64Cu-

micelles were 18 and 25 hr (one-phase decay), respectively. Here, we observed a shorter 

half-life for both particles in a rat model (t1/2 liposomes and micelles = 16.5 and 15.5 hr). The 

observed circulation time was longer than 99mTc-labeled HYNIC-PEG liposomes previously 

studied in a rat model where only 52 %ID remained in the blood pool 4 hr after injection48. 

We assume that the reduced half-life observed here was due to differences in the vascular 

physiology between the two species. Here, the similar blood clearance of the nanoparticles in 

blood facilitated a direct comparison of the radioactivity in the tissues at the same time point.  
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When evaluating long-circulating nanoparticles, the blood volume can also be 

estimated by evaluating the radioactivity in the blood and tumor at the time of injection as 

calculated by a previously described radiometric method49. Previous MR studies in the rat 

brain reported a relationship between blood volume and vessel size where approximately 

15% of C6 gliomas demonstrated an increased cerebral blood volume as compared to gray 

matter, and 90% demonstrated an increased average vessel size50. In a subsequent study, no 

correlation was found between blood vessel density and tumor progression in GBM51. Here, 

we observed a 62–82% increase in the % vascular volume in the tumor as compared to the 

contralateral LBV (Figure 2.5a) but the % vascular volume was not significantly different 

between small (<100 mm3) and large tumors (>100 mm3) (Figure 2.5b). 

 

The biodistribution of both nanoparticles in organs such as the heart, lung, stomach, 

muscle, bone, liver and kidney was similar. Consistent with our previous study40, micelle 

accumulation was significantly lower in the spleen than that observed with liposomes, which 

could ultimately reduce the treatment toxicity. Recently, 3HM were loaded with doxorubicin 

and prolonged drug bioavailability in circulation42, 43, which may improve therapeutic 

efficacy and reduce splenic toxicity. Success in ongoing research with respect to loading or 

conjugating anticancer drugs to micelles could provide a promising method to treat 

glioblastoma52, 53. 

 

 

§ 2.3 Conclusion 

 

Current GBM treatment includes invasive surgery, radiotherapy, and chemotherapy; 

however, drug delivery remains a major challenge. Here, we demonstrated that 3HM are 

more effective at traversing the BBB and accumulate within glioblastoma to a significantly 

greater extent than 110 nm liposomes. PET/MR co-registration of brain images with multiple 

imaging modalities may facilitate the monitoring of disease progression and planning of 

treatment regimens.  

 

 

§ 2.4 Experimental methods 

 

2.4.1 Preparation of 64Cu-labeled liposomes and micelles 

Preparation of liposomes and micelles followed our previously-reported methods39, 40. 

To facilitate post-labeling for PET, a custom lipid-PEG-chelator conjugate containing the 

BAT chelator is incorporated into the self-assembled liposomes and micelles. Synthesis of 

this conjugated was previously described 39, 40. In brief, for liposome preparation: in a glass 

test tube, the dried lipid film (20 mg, HSPC:6-BAT-lipid:DSPE-PEG2k-OMe:cholesterol = 

55.5:0.5:5:39, mole percent) was suspended in 0.1 M ammonium citrate buffer (pH 5.5, 0.5 

mL) and the solution was incubated for 30 min at 60°C. The lipid mixture was then extruded 

21 times through mini extruder with a 100 nm membrane filter under 60–65°C heating block. 

After cooling, the solution was kept at room temperature until 64Cu labeling was complete. 

For micelle preparation, dC18-1CW(P2k)-P750 with 2 mol% dC18-1CW(P2k)-6-BAT (10 

mg) was dissolved in double-distilled water (0.5 mL) and spontaneously self-assembled into 
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micelles with incubation at 70°C until the solution became clear (approximately 1 hr). 

Particle size and zeta-potential were measured via dynamic light scattering (DLS) with a 

Zetasizer Nano (Malvern Instruments Inc., Westborough, MA). 

 

Liposomes (0.2 mL of 40 mg/mL solution) and micelles (0.4 mL of a 20 mg/mL 

solution) were added to 64CuCl2 (Washington University, MA) buffered in 0.1 M ammonium 

citrate (pH 5.5, 0.1 mL) and incubated for 50 minutes. 0.1 M EDTA (20 mL) in double-

distilled water was added in order to remove the non-specifically bound 64Cu from the 

particles. Completion of 64Cu labeling was monitored by ITLC eluted by a 0.1 M ammonium 

citrate solution (pH 5.5). The chemical purity of isolated 64Cu-liposomes and 64Cu-micelles 

after size-exclusion column chromatography (Sephadex-G75 superfine, 6 mL bed volume, 

DPBS) was determined by ITLC.  

 

2.4.2 3-Helix micelle characterization 

After dissolving the lyophilized amphiphile powder into aqueous solution, dynamic 

light scattering (DLS) reveals a hydrodynamic diameter of ~20 nm and a fairly uniform size 

distribution of micelles. We further performed solution small angle x-ray scattering studies to 

verify the particle size and the outer PEG layer thickness. The surface property of the micelle 

has significant effects on the in vivo behavior of nanocarrier. Although previous in vivo 

studies confirmed the effective stealth PEG layer on the 3HM surface, it is important to 

determine the PEG 750 conformation and the PEG brush layer density.  

 

Small-angle x-ray scattering (SAXS) experiments were carried out at the Advanced 

Light Source (ALS) at the Lawrence Berkeley National Lab, Berkeley, California at the 

SAXS/WAXS/GISAXS beamline 7.3.3. The instrument was operated using an X-ray energy 

of 10 keV and a sample–detector length of 1.2 m and a 1 M Pilatus detector. Samples were 

contained in standard boron–quartz capillaries situated in a homemade sample holder. Using 

this setup, background subtraction could be made quantitatively. Samples were dissolved in 

phosphate buffer (25 mM, pH 7.4) at a concentration of ~5 mg/ml, annealed at 70⁰C for 1 

hour and allowed to equilibrate at room temperature overnight before SAXS measurements 

were performed. 

 

2.4.3 Animal model 

All animal experiments were conducted under a protocol approved by the University 

of California, Davis, Animal Use and Care Committee (Davis, CA). Eleven male athymic 

nude rats were purchased from Harlan Laboratories (Hayward, CA) and weighed ~250 g 

upon arrival. U87MG cells at 3 x 106 cells/10 µL were intracranially inoculated through a 

small burr hole in the skull into the right striatum of each rat. Imaging studies were 

completed at nine (n = 6) and sixteen days (n = 5) post-surgery; at this time the age ranged 

from 82 to 93 days and the average body weight was 294 ± 35 g. 

 

2.4.4 Positron Emission Tomography/Magnetic Resonance (PET/MR) imaging  

Radioactivity was handled under a university-approved radiation use authorization 

(Davis, CA). Glioblastoma-bearing rats were administered 200 μL of 64Cu-liposomes (690 ± 



 22 

325 μCi, 4.15 ± 0.75 mg, n = 6) and 64Cu-micelles (284 ± 97 μCi, 4.22 ± 0.99 mg, n = 5) via 

tail vein under 1.5% isoflurane anesthesia. The critical micelle concentration (CMC) tested in 

this experiment is ~4 μM (~0.03 mg/mL). Thus, the micelle concentration (0.23 mg/mL) 

(calculated by dividing the average dose (4.22 ± 0.99 mg) of micelles by estimated blood 

volume (18.4 mL) 54) was seven times higher than the CMC.  

 

PET images were acquired with a Focus 120 scanner (Siemens Medical Solutions 

Inc., Malvern, PA) over 30 minutes at 0, 3.5, 7, and 21 hr after injection of nanoparticles. 

After PET scanning at 21 hr, MR imaging was immediately performed with a Bruker 

Biospec 7 Tesla (7T) small-animal scanner (Bruker BioSpin MRI, Ettlingen, Germany). A 72 

mm internal diameter linear resonator was used for RF transmission and a four-channel rat 

brain phased array surface coil was used for signal reception. Rat brains were imaged 

coronally with a fast-spin echo sequence (“RARE”; axial: TE/TR = 8 ms/750 ms; FOV = 40 

× 40 mm2; MTX = 256 × 256; ST/SI = 1 mm/1 mm; ETL = 4. Coronal: TE/TR = 

9ms/1200ms; FOV = 50 × 30 mm2; MTX = 320 × 192; ST/SI = 1 mm/1 mm; ETL = 4.). Data 

were acquired and reconstructed with ParaVision 5.1 software (Bruker BioSpin MRI). 

PET/MR images were co-registered on Inveon Research Workspace 4.2 (Siemens Medical 

Solutions Inc., USA) 

 

2.4.5 Biodistribution 

After PET/MR imaging, animals were immediately euthanized with Euthasol 

(Western Medical Supply, Arcadia, CA). Blood was collected by syringe from the left 

ventricle and perfused from the body with Dulbecco's Modified Eagle's medium (DMEM, 

Invitrogen, Carlsbad, CA). Heart, lungs, stomach, intestine, muscle, bone, liver, kidneys, 

spleen and brain were harvested and placed in a gamma counter (Perkin-Elmer life Sciences). 

Values are presented as %ID/g. 

 

2.4.6 Statistical Methods  

Values are presented as means ± S.E.M. Statistical analyses were conducted using 

GraphPad Prism (v6). For the statistical analysis of tumor accumulation of liposomes and 

micelles (Figure 4a, 4c, 5a and 5b), two-way ANOVA corrected by Sidak’s multiple 

comparisons was performed. Other values were analyzed using unpaired t-test (two-tailed) 

with Welch’s correction. A corrected P value of * <0.05 was considered significant.  
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3-helix micelles (3HM) formed by self-assembly of peptide-polymer conjugate 

amphiphiles have shown promise as a nanocarrier platform due to their long-circulation, deep 

tumor penetration, selective accumulation in tumor, and ability to cross the blood-brain barrier 

(BBB) for glioblastoma therapy. There is a need to understand the structural contribution to 

the high in vivo stability and performance of 3HM. Using selective deuteration, the contrast 

variation technique in small-angle neutron scattering, and coarse-grained molecular dynamics 

simulation, we determined the spatial distribution of each component within 3HM. Our results 

show a slightly deformed polyethylene glycol (PEG) conformation within the micelle that is 

radially offset from its conjugation site toward the exterior of the micelle and a highly solvated 

shell. Surprisingly, ~85 v/v% of 3HM is water, unusually higher than any micellar nanocarrier 

based on our knowledge. The result will provide important structural insights for future studies 

to uncover the molecular origin of 3HM’s in vivo performance, and development of the 

nanocarriers.  

 

 

 
 

 

§ 3.1 Introduction 

 

Nanocarriers of 10–30 nm are highly desirable as drug delivery and imaging probe 

vehicles due to their ability to cross different biological barriers and deep tissue penetration1-

4. Stable, long circulating 3-helix micelles (3HM) based on amphiphilic peptide-polymer 

conjugates are attractive candidates as drug carriers. The unique sub-20 nm size regime of 

3HM assures deep tumor penetration and the individual alkyl, peptide, and polymer building 

blocks allow for tunable micelle kinetic stability5-7. 3HM in mice displayed a long blood 

circulation half-life of 29 hours, selective accumulation in tumors, and minimal accumulation 

in the liver and spleen8. Systemic delivery of doxorubicin-loaded 3HM to tumor-bearing mice 

showed selective tumor accumulation over other organs9. Drug accumulation within the tumors 

also increased 2-fold from 24 to 72 hours, demonstrating that 3HM continues to accumulate 

within tumors significantly beyond the circulation half-life. 3HM showed higher mobility 
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within the tumor tissue compared to liposomes from time-dependent positron emission 

tomography (PET) imaging. Systemic administration of 3HM in a glioblastoma U87MG rat 

xenograft showed enhanced accumulation in the tumor compared to liposomes even though 

the two nanoparticles have a similar systemic half-life10. These results suggest that 3HM is 

more effective than liposomes in accumulating and distributing within tumor tissue as well as 

penetrating the BBB. However, the molecular origin is still yet to be determined. There is a 

great need to understand the in vivo performance from a structural standpoint to develop 

tunable, stable small nanocarriers. 

 

3HM is a multicomponent system that is challenging to probe due to features at 

multiple length scales. We have conducted small-angle X-ray scattering (SAXS) studies on an 

absolute intensity scale to obtain the radial electron density profile of 3HM7. However, the low 

relative contrast between peptide and PEG of the amphiphile headgroup impeded extraction of 

PEG structural information such as conformation and distribution within 3HM. The 

distribution of water molecules and degree of hydration within 3HM is also unknown. 

Structural deconvolution of the micelle into its individual components is essential, especially 

for the headgroup containing peptide and PEG, to better understand the role of PEG and 

solvation in the structural stability of 3HM. We have previously studied the effect of alkyl 

chain length and PEG conjugation location along the helix backbone on the stability of 3HM5, 

7. The complexity of 3HM is obvious and the parameter space is vast. For this contribution, we 

choose to focus on only one specific 3HM construct to address these questions and to shine 

light on the in vivo behavior of 3HM. Characterization of the PEG conformation and the 

hydration profile within 3HM will provide structural guidelines to understand the ability of 

3HM to cross the BBB as well as accumulate and distribute within tumor tissue. 

 

Understanding the internal structure of 3HM, especially the conformation of PEG and 

the distribution of water within 3HM, is fundamentally important to explain the structural 

contribution of PEG and hydration level to our previously reported in vivo results of 3HM. 

Here, we used small-angle neutron scattering (SANS) and coarse-grained MD simulation to 

obtain the radial distribution of PEG, conformation of PEG, radial distribution of water and 

overall water content within 3HM. SANS is sensitive to the large differential scattering 

between hydrogen and its isotope deuterium. The ability to vary the scattering length density 

(SLD) through hydrogen-deuterium exchange, known as contrast variation, is a key advantage 

of SANS over other scattering techniques including X-ray and light scattering. We used 

deuterated PEG and the contrast variation technique to perform multiple contrast 

measurements on 3HM to allow systematic decoupling of scattering contributions from the 

polymer and the remaining components of the amphiphile. The SLD values of the components 

in 3HM are shown in Table 3.1. 

 

Table 3.1 Calculated Neutron SLDs of 3HM Components 

component SLD (10-6 Å-2) Density (g/cm3) 

C16 alkyl -0.08 0.8511 

1CW peptide 1.77 1.412 

Deuterated PEG 6.77 1.213 
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§ 3.2 Results and discussion 

 

Detailed structural information of 3HM was extracted from SANS using a core-2shell 

model to globally fit the data on an absolute intensity scale. Figure 3.1a shows the experimental 

and fitted SANS profiles. The total scattering intensity is described by the sum of scattering 

amplitudes of the 3HM components and their interaction cross terms. The radial density profile 

for each component is then the Fourier transform of the corresponding scattering amplitudes 

(exact analytical description of the model can be found in §3.4.3). Self-consistent fits to all six 

solvent contrasts suggests convergence to a unique solution. As the percentage of D2O 

increases from 20% to 100% D2O, the scattering profile at 70% D2O showed almost zero-

contrast average, suggesting significant hydration of 3HM resulting in 3HM having almost the 

same SLD as the surrounding bulk water. In our previous studies of 3HM using SAXS, the 

differential electron density between peptide, polymer, and water is small. Hence, a simple 

core-shell model sufficed in describing the structure of 3HM using SAXS. However, a simple 

core-shell model with a Gaussian interface between the core and shell provided unsatisfactory 

fits to the SANS data (not shown), especially for high D2O ratios where the neutron scattering 

contrast between the components of the shell layer is higher. 

 

From the fits, the radial density profiles of the individual components within 3HM are 

extracted and shown in Figure 3.1b. The core of 3HM consists of alkyl chains (black) 

originating from the center of the micelle extending 25 Å radially outward. Assembly of 3HM 

is driven by the hydrophobic effect whereby the alkyl tails repel water and self-associate with 

alkyl chains from other amphiphilic subunits to form a water excluded lipid core. The size of 

the hydrophobic core is in good agreement with previous SAXS studies of 3HM5, 6 and slightly 

larger than the maximum chain length14, 15 of a saturated 16 hydrocarbon chain of ~22 Å 

possibly due to splaying of the double alkyl chains attached to the peptide6, 16. The shell layer 

of 3HM consists of 3 components – peptide (green), PEG (red), and water (blue). The peptide 

layer is 40 Å, in close agreement with crystallographic dimensions17 as well as SAXS 

measurements18 of the trimeric coiled-coil peptide bundle. The PEG layer has a broad ~60 Å 

distribution and the shell layer of 3HM is characterized by a large amount of water. At the 

interface between the core and the shell, water content starts to increase, reaching 75 v/v% 

hydration at 40 Å and in excess of 90 v/v% at 80 Å which coincides with the PEG layer. 

Chemical conjugation of PEG is commonly used to prolong the circulation of drugs, 

therapeutic proteins, and vesicles19, 20. The high degree of solvation around PEG chains is 

thought to be responsible for long blood circulation behavior of PEGylated liposomes. Tirosh 

et al.21 used calorimetry to show a higher number of water molecules for PEG grafted onto the 

surface of liposomes in a brush conformation compared to free PEG chains in solution. The 

broad distribution of PEG in 3HM might allow more segments of PEG to interact with water 

molecules, leading to a high level of hydration. Based on the number of water molecules per 

PEG chain reported by Tirosh et al.21, we calculated that the PEG chains in 3HM account for 

40 – 60 % of the water in the shell layer.  
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Figure 3.1. a) SANS profiles of 3HM in various amounts of D2O/H2O. Data sets are not offset. 

b) Radial distribution of 3HM components from global core-2shell modeling of SANS data. 

Thickness of each component is determined by the full width at half maximum (FWHM). 

 

 

The overall water content of 3HM was found to be ~85% by volume, higher than block 

copolymer micelles of similar sizes22, 23. Water content of Pluronic P8422, 24 and 

poly(oxybutylene-b-oxyethylene)23 are ~40-60 v/v% depending on temperature and ~80 v/v%, 

respectively. G4-6 PAMAM dendrimers contain ~45% water, independent of generation25. 

PEG dendrons are stiffer and less hydrated than linear PEG analogs26, highlighting the 

importance of PEG architecture in maintaining high hydration levels. Li et al.27 used contrast 

variation SANS to resolve the intramicellar hydration level in block grafted copolymers and 

found the hydration increases with increasing PEG molecular weight. We speculate that the 

high level of hydration is essential to the in vivo performance of 3HM. If all the water 

molecules are excluded from 3HM, the resulting collapsed nanoparticle would have a ~9 nm 

diameter – significantly smaller than the hydrated 3HM. We hypothesize the high water 

content significantly affects the ability of 3HM to deform, extravasate into and deeply 

penetrate tumor tissue, as well as traverse the BBB. This is currently under investigation. 

 

Coarse-grained molecular dynamics (CGMD) simulation was used to provide 

additional insight into the distribution of individual components within 3HM. Figure 3.2a 

shows the formation of stable, spherical micelles. To compare the weight fraction of different 

components (alkyl, peptide, PEG, and water) of 3HM as a function of radial distance from the 

micelle core, we investigated a micelle structure that has an aggregation number of 45, which 

is comparable to the experimentally observed aggregation number of 43. Comparison of the 

experimentally modeled SANS profile in Figure 3.1b with the theoretically simulated CGMD 

profile in Figure 3.2b reveals a similar radial distribution of the various components within 

3HM. The 23 Å micelle core radius agrees well with the SANS measurement. However, the 

simulated 23 Å peptide layer and 37 Å PEG layer are less than that measured by SANS 

presumably due to the asymmetry of the radial distributions obtained by CGMD, and the 

difficulty of estimating interface thicknesses from SANS data. Similar trends are seen when 
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component thickness is taken as the range of the distribution that represents 95% of the data 

for each component (Appendix A.2.5). SANS and CGMD results agree that there is minimal 

water penetration into the core of 3HM. 

 

 
 

Figure 3.2. CGMD simulation. a) Snapshot of 3HM formation. The helical strands are shown 

in cyan while their conjugated PEG chains are pink. The alkyl chains beads are shown in green, 

and their connection points to the helical strands in magenta. b) Radial weight fraction of 

components within 3HM. The thickness of each component is determined by the FWHM, as 

in the case with the SANS profiles. 

 

 

Considering the PEG chain distribution along the backbone of the peptide, SANS and 

MD results agree that the PEG chain extends beyond the peptide layer and onto the exterior 

surface of 3HM. Even though PEG was conjugated to the midpoint of the peptide, the polymer 

chain actually adopts a broader distribution along the helix backbone than we had previously 

expected through modeling of our SAXS results7 using a simple core-shell model. However, 

using a core-2shell model to describe the SAXS profile (Appendix A.2.2) produced a PEG 

radial distribution profile consistent with results obtained from SANS and CGMD. 

 

The 60 Å PEG layer measured by SANS is 2𝑅𝑒𝑒 (end-to-end distance), since PEG is 

conjugated to the middle of the peptide sequence, giving a radial 𝑅𝑔 (radius of gyration) of 

12.2 Å using the relationship 𝑅𝑒𝑒 ≃ √6 𝑅𝑔. Based on the volume of the micelle occupied by 

PEG (125.3 nm3) in the hydrophilic shell, the tangential radius of PEG is 10.7 Å. This is based 

on the experimentally determined aggregation number of 43 amphiphiles and assuming the 

PEG conformation to be an ellipsoid. The dimensions of PEG within 3HM suggests a 

compressed PEG chain in the tangential direction compared to free PEG in solution while the 

PEG chain is slightly elongated along the radial direction of 3HM. Our previous studies 

showed that PEG conjugated to a monomeric helical peptide in solution led to conformational 

changes compared to free PEG in solution due to favorable interactions between PEG and 

lysine residues28, 29. In a micellar environment, where steric confinement effects are expected 
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to be more pronounced, deformation of PEG was anticipated to be more severe. However, 

SANS showed larger elongation of the PEG chain in the radial direction of the micelle than 

CGMD results suggest. This was accompanied by more severe compression of PEG in the 

tangential direction. This might be due to limitations in experimental fitting of the SANS data, 

as well as the coarse-grained model where the peptide and PEG have less interaction surface 

area. MD results are in agreement with SANS measurements that the PEG chain is slightly 

extended in 3HM radially compared to free PEG in solution. Table 3.2 shows similar analysis 

of the PEG conformation from CGMD simulation within a single 3-helix bundle and in a 

micelle.  

 

Table 3.2. Radial and tangential radius of gyration of free PEG in solution, PEG conjugated to 

a 3-helix bundle, and PEG in micelle. 

 Radial (Å) Tangential (Å) 

Free PEGa 8.4±3.4 13.0±3.5 

PEG in single bundlea 9.5±2.8 11.3±2.3 

PEG in micellea 9.2±0.6 13.4±0.6 

PEG in micelleb 12.2 10.7 
aCGMD simulation, bSANS modeling 

 

 

Figure 3.3 shows the conformational density distribution of PEG in a single bundle 

compared to PEG in a micelle. The conformation of PEG between the two does not change 

significantly in the radial direction. In 3HM, the PEG chain is increased in the tangential 

direction compared to a single bundle. CGMD results indicated that the inter-PEG interaction 

between bundles of 3HM is responsible for modulating the PEG chain conformation. 

Furthermore, the slight restoration of the PEG chain conformation upon self-assembly into a 

micelle could have been induced by the high level of solvation within the outer shell of the 

micelle. Competing effects between chain expansion due to solvation and chain compression 

due to favorable interactions with charged amino acids on the peptide leads to an overall 𝑅𝑔 of 

PEG within the micelle of 16.2 Å from SANS which is slightly smaller compared to the scaling 

law 𝑅𝑔 ∝ 𝑀𝑤
0.588 (18.8 Å) which describes the PEG2k chain in a good solvent30. These are 

potentially important findings for fundamental understanding of the role of polymer 

conformation in peptide-polymer interactions as well as the development of stable, long 

circulating hybrid micellar nanocarriers. 
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Figure 3.3. CGMD simulation showing the conformational distribution of PEG attached to (a) 

a single bundle and (b) in 3HM. The white dashed lines outline the PEG chain distribution with 

a probability larger than 0.2. The red arrow and pink arrow in (a) schematically show radial 

 𝑅𝑔 and tangential  𝑅𝑔 respectively. 

 

 

§ 3.3 Conclusion 

 

In summary, characterization of the 3HM internal structure using SANS and MD 

simulation revealed important insights into the distribution of side-conjugated PEG and degree 

of solvation along the radial direction of the micelle. A combination of SANS contrast variation 

and CGMD simulation was used to elucidate the distribution of PEG within 3HM. These 

results demonstrate that PEG has a slightly deformed conformation in the micelle compared to 

free PEG in solution and the PEG chain adopts a broad distribution within the hydrophilic shell 

of 3HM. The internal structure of 3HM from SANS modeling is consistent with the MD 

simulation indicating a highly solvated micelle structure, with up to ~85 v/v% of the micelle 

composed of water. An appreciation of the high degree of hydration within 3HM will allow us 

to understand the role of solvation in the in vivo performance of 3HM as a nanocarrier and to 

better design micellar nanocarriers with tunable stability for potential drug delivery 

applications. 

 

 

§ 3.4 Experimental methods 

 

3.4.1 Synthesis and characterization of deuterated amphiphiles 

Synthesis and characterization of the materials used herein have been previously 

published in detail6 and will only be described briefly. The peptide used is based on a de novo 

designed 3-helix bundle-forming peptide, referred to hereafter as 1CW 

(EVEALEKKVAALECKVQALEKKVEALEHGW, M = 3379 Da). PAL-PEG-PS resin (0.17 

mmol/g loading, ThermoFisher Scientific) was used to conduct solid-phase synthesis of the 

1CW peptide on a Prelude peptide synthesizer (Protein Technologies). The N-terminus of the 
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peptide was modified with a 6-(Fmoc-amino)hexanoic acid linker and the alkyl tails were 

conjugated to the N-terminus of the peptide through reaction of palmitic acid (C16) with 

deprotected Fmoc-Lys(Fmoc)-OH to generate a branched alkyl tail. Cleavage of the 

amphiphile was achieved using a cocktail of 90:8:2 TFA/TIS/H2O for 3 hours. The crude 

peptide was precipitated in cold ether, isolated, and dried in vacuo for subsequent conjugation 

of deuterated PEG (dPEG). Cysteine at position 14 facilitates the site-specific coupling of 

maleimide-functionalized deuterated polyethylene glycol to the middle of the peptide 

sequence. α-Amino-ω-hydroxy poly(ethylene oxide) (>99% deuterated, Mn = 2300 g/mol, PDI 

= 1.08) was reacted with 8 mol equiv of N-α-maleimidoacet-oxysuccinimide ester, a short 

amine-to-sulfhydryl cross-linker, for 3 hours in pH 8 buffer. Excess cross-linker was removed 

by dialysis in DI water for 2 days (0.5–1 kDa MWCO, Spectrum Laboratories). The resulting 

α-maleimide-ω-hydroxy-dPEG was then reacted with cysteine at position 14 overnight in pH 

7.4 buffer. Purification was achieved using HPLC, the final product dC16-1CW(dPEG) eluted 

at ~85% acetonitrile, using an acetonitrile/water (with 0.1% trifluoroacetic acid) gradient from 

30–100% acetonitrile at a flow rate of 8 mL/min on a Beckmann Coulter HPLC. MALDI-TOF 

(Applied Biosystems) confirmed the presence of dPEG conjugated to the amphiphile 

(Appendix A.2.1). 

 

3.4.2 Small-Angle Neutron Scattering (SANS) 

SANS experiments were conducted at beamline NG3 at the National Institute of 

Standards and Technology (NIST, Gaithersburg, MD)31 using cold neutrons (6 Å) with two 

detector distances (5m and 13m) to cover an effective range of momentum transfer, Q = 

4πsinθ/λ (θ is the scattering angle and λ is the wavelength of incident neutrons), from 0.005 – 

0.35 Å-1. Six different solvent contrasts were prepared – 20%, 34%, 50%, 70%, 85%, and 100% 

D2O corresponding to neutron SLDs of 0.83, 1.80, 2.91, 4.29, 5.33, and 6.34 x 10-6 Å-2, 

respectively. All micelle samples were prepared in a 25 mM KH2PO4 buffer at pH 7.4, annealed 

at 70⁰C for 1 hour and allowed to equilibrate at room temperature overnight before conducting 

SANS measurements. The SANS scattering intensity profiles were reduced to absolute scale 

with the NIST data reduction macros in IGOR Pro available from NIST32. SANS data were 

normalized by the concentration of micelles. The concentration of micelles in various 

D2O/H2O mixtures were prepared in the aforementioned buffer at a concentration of ~4 mg/mL 

corresponding to ~660 μM which is >160 times greater than the critical micelle concentration 

of 3HM6. 

 

3.4.3 SANS modeling and fitting 

A core-2shell model was used to describe the radial SLD profile of 3HM. The total scattering 

intensity can be written as: 
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where P is the aggregation number, 𝑉𝑡𝑜𝑡 = 𝑉𝑙𝑖𝑝 + 𝑉𝑠𝑝 is the total volume of a single amphiphile,  
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𝑉𝑠𝑝 = 𝑉𝑝𝑒𝑝 + 𝑉𝑃𝐸𝐺, and 𝛥𝜌𝑗 = 𝜌𝑗 − 𝜌0. 

 

The scattering amplitude of the shell layers can be described by: 
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The radial density profile is: 

    n(r)lip = 1 for j=lipid 

𝑛(𝑟, 𝛿𝑗 , 𝑅𝑗) =
1

1+exp (
𝑟−𝑅𝑗

𝛿𝑗
)
  n(r)pep = n(r, 𝛿𝑝𝑒𝑝, 𝑅𝑝𝑒𝑝) for j=peptide 

    n(r)PEG = n(r, 𝛿𝑃𝐸𝐺 , 𝑅𝑃𝐸𝐺) for j=PEG 

 

where r is the distance from the center of the micelle, 𝛿𝑗 is the outer smearing factor for the 

component j, and 𝑅𝑝𝑒𝑝 = 𝑅𝑐 + 𝑑𝑅 is the cutoff thickness. 

 

𝑅𝑐 = (
3𝑃𝑉𝑙𝑖𝑝

4𝜋
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𝑉𝑗 =
𝑀𝑗

𝑁𝐴𝑑𝑗
 where Mj is the molecular weight, NA is Avogadro’s number, and dj is the density 

of the component j. 

 

The scattering amplitude of the individual components can be calculated according to: 

 
      For lipid: 𝑗 = 0, 𝜎𝑗 = 𝜎𝑙𝑖𝑝 = 𝜎𝑐𝑜𝑟𝑒 , 𝑘 = 0 

𝐴(𝑄)𝑖 = 𝑒−𝑞2𝜎𝑗 ∫ 𝑛(𝑟)𝑗4𝜋𝑟2 sin (𝑞𝑟)

𝑞𝑟

∞

𝑘
𝑑𝑟  For peptide: 𝑗 = 1, 𝜎𝑗 = 𝜎𝑝𝑒𝑝 = 𝜎𝑐𝑜𝑟𝑒 , 𝑘 = 𝑅𝑖 = 𝑅𝑐

      For PEG: 𝑗 = 2, 𝜎𝑗 = 𝜎𝑃𝐸𝐺 , 𝑘 = 𝑅𝑐 

The effective form factor33, F(Q)chain, can be calculated from the form factor of a single chain34, 

P(Q)chain, according to the following equation: 
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3.4.4 Coarse-Grained Molecular Dynamics simulations (CGMD) 

CGMD was performed using a variation of the dissipative particle dynamics (DPD) 

approach35, 36 with the LAMMPS software37. DPD is a coarse-grained simulation technique 

that enables fast coarse-grained simulations by employing primarily repulsive interactions to 

describe phase separation in materials. The major benefit of this approach is the lack of kinetic 
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traps that may be difficult to overcome in classical MD. As such, this method has been highly 

useful in studying the self-assembly behavior of mesoscopic biomaterials, like lipid bilayers38, 

39, copolymers40, and nanoparticles41. 

 

In previous experimental and simulation studies on PEG conjugated coiled coils, the 

secondary structure of helices and tertiary structure of the coiled coil were found to be fairly 

stable under different conjugation sites and density28, 42-44. Given that the coiled-coil structure 

is fairly stiff and short, we employed a homogeneous rigid rod model for the coiled-coils for 

computational efficiency45, 46. In order to mimic the coiled-coil tertiary structure, each rigid 

rod was rotated 16.71° to fit the helix end-to-end vectors. As for the alkyl tails and their linker 

to the N-terminus of the peptide, a similar approach modeling lipid hydrophobic beads with 

DPD is adopted38, 39. In our simulation, the hydrophobic tail can be represented as C2(A4)2, 

where C and A represent the linker and alkyl tails respectively. To correctly reproduce the 

conformational behavior of PEG chains in the micelle, a coarse-grained model similar to 

MARTINI for PEG12, 18, 47 was employed in our simulations. A previous study for PEGylated 

nanoparticles conducted by Li et al.41 has validated this model by comparing the radius of 

gyration and end-to-end distance of PEG chains with those reported by Lee et al.47. The 

interaction parameters were adopted from Li et al.41, which was built upon earlier work by 

Groot et al.35, 36. Here, the peptide-PEG interaction is tuned down from 26.3 to 20 (Appendix 

A.2.4) to achieve good agreement with the experimental data of PEG 𝑅𝑔 in an isolated helix 

bundle. 

 

An NVT ensemble was adopted for simulations, periodic boundary conditions were 

applied in three dimensions. Here, dimensionless Lennard-Jones unit was employed, particle 

mass, length scale, time scale and energy were chosen in units such that m = 𝑅𝐶 = τ = kT =
1. The system requires a time step ∆𝑡 = 0.006, here the time scale 𝜏 = 24.32𝑝𝑠, length scale 

𝑅𝐶 = 0.8𝑛𝑚, other DPD parameters like particle density ρ = 3, random noise parameter 𝜎 =
3, dissipation parameter 𝛾 = 4.5 were taken from the work of Groot et al.35, 36. The 

convergence of simulations was assured by checking the micelle aggregation number as a 

function of simulation time (Appendix A.2.3). The simulations were run for over 1000 ns. The 

reported aggregation number was obtained by taking the average aggregation number from the 

final 150 ns of the simulation.  
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Coiled-coil peptide-polymer conjugates are an emerging class of biomaterials. 

Fundamental understanding of the coiled-coil oligomeric state and assembly process of these 

hybrid building blocks is necessary to exert control over their assembly into well-defined 

structures. Here, we studied the effect of peptide structure and PEGylation on the self-

assembly process and oligomeric state of a Langmuir monolayer of amphiphilic coiled-coil 

peptide-polymer conjugates using x-ray reflectivity (XR) and grazing-incidence x-ray 

diffraction (GIXD). Our results show that the oligomeric state of PEGylated amphiphiles 

based on 3-helix bundle-forming peptide is surface pressure dependent, a mixture of dimers 

and trimers was formed at intermediate surface pressure but transitions into trimers 

completely upon increasing surface pressure. Moreover, the inter-helical distance within the 

coiled-coil bundle of 3-helix peptide-PEG conjugate amphiphiles was not perturbed under 

high surface pressure. Present studies provide valuable insights into the self-assembly 

process of hybrid peptide-polymer conjugates and guidance to develop biomaterials with 

controlled multivalency of ligand presentation.  

 

 

 
 

 

§ 4.1 Introduction 

 

The clustering of multiple copies of ligands is a common strategy in nature to 

overcome weak binding of individual ligand-receptor interactions1 and achieve high-affinity 

interfacial interactions2-5. Natural systems routinely use the coiled-coil motif to modulate 

ligand-receptor interactions6, 7. The ability to control ligand presentation on surfaces, e.g. 

density, multivalency, and inter-ligand distance, represent new opportunities for functional 

control and have great potential to meet demands for tissue engineering8-10, regenerative 

medicine11, 12, and drug delivery13-15. 

 

A new class of hybrid materials based on 3-helix coiled-coil peptide-polymer 

conjugates was reported recently16-26. The 3-helix peptide-polymer conjugate amphiphiles 

form monodisperse 3-helix micelles (3HM) with long in vivo circulating times19, selective 

accumulation within tumors over other organs in rodents22, and are more effective than 

liposomes in bypassing the blood-brain barrier and accumulating within glioblastoma 

U87MG xenograft tumors25. Parameters such as peptide structure20, alkyl length23, and 

position of side-conjugated PEG24 allows control over the 3HM kinetic stability. The coiled-
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coil structure presents a plausible platform for ligand presentation with well-defined 

multivalency on the surface of 3HM. To this end, it is important to understand the coiled-coil 

assembly process of peptide-polymer conjugate amphiphiles in solution and at surfaces. Our 

previous studies highlighted the importance of peptide structure20 and PEGylation24 on 

micelle kinetic stability. However, the effects of peptide structure and PEGylation on the 

amphiphile oligomeric state and its assembly process are unknown. 

 

Previous studies have shown that PEGylation of 3-helix and 4-helix bundles does not 

adversely affect the coiled-coil formation and oligomeric state16. Recently, small-angle x-ray 

scattering (SAXS) of 3-helix and 4-helix peptide-polymer conjugates showed that the 

oligomeric state and polymer chain conformation can be determined through detailed 

modeling of the bundle form factor18, 21. However, it is challenging to accurately model the 

oligomeric state of coiled-coil amphiphiles in a micellar environment using SAXS. Coiled-

coils are characterized in solution27-31 by circular-dichroism (CD) spectroscopy, size-

exclusion chromatography (SEC), and analytical ultracentrifugation (AUC) , and their atomic 

structures can be determined by x-ray crystallography32. Spectroscopically, CD studies of 

3HM showed the formation of coiled-coil bundles19, 20. However, there is no direct structural 

information of the oligomeric state in bulk solution, especially whether if all the headgroups 

form coiled-coils rather than a fraction. 

 

On Langmuir monolayers, XR and GIXD provide out-of-plane structure21, 22 and in-

plane spatial correlations33, 34 of lateral molecular organization of amphiphiles, respectively. 

The orientation and packing of amphiphiles is usually a function of surface compression35. At 

different compressions, the out-of-plane structures would reflect various structural 

orientations and phase transitions of the amphiphiles at the interface36, 37. The in-plane 

structure would reflect the lateral packing and correlations between ordered domains38-41, if 

any. The out-of plane structure and oligomeric state of amphiphilic 4-helix bundles42-44 and 

palmitoylated 4-helix bundles45 have previously been studied at the air-water interface using 

XR and GIXD. However, the coiled-coil formation process and peptide oligomeric state have 

yet to be studied for hybrid 3-helix peptide-polymer conjugate amphiphiles. To simplify the 

micelle formation problem in solution (a 3-D process), we choose to investigate the 

oligomeric state of coiled-coil formation of the 3-helix peptide-polymer conjugate 

amphiphiles at the air-water (2-D) surface. 

 

Detailed structural studies confirmed that the PEGylated helical amphiphiles form a 

mixture of dimers and trimers at intermediate surface pressures. Upon increasing surface 

pressure, peptides in the amphiphile headgroups form trimers completely. This is in stark 

contrast to the amphiphile with a scrambled peptide sequence that does not form any higher 

oligomeric states under all surface pressures studied. The present study indicates the 

possibilities to engineer surfaces with different coiled-coil oligomeric states and opens up a 

viable platform to present multiple copies of ligands such as small molecules or short 

peptides on sub-20 nm nanoparticles in a precise and controlled manner. The structural 

complexity coupled with the specificity of peptide-based systems, opens up new possibilities 

to tailor the stability of micelles and target specific therapeutic destinations within the body. 
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§ 4.2  Results and discussion 

 

To decouple the effects of peptide primary structure and side-conjugated PEG on the 

coiled-coil formation process at the air-water interface, we synthesized 3 variants of peptide-

polymer conjugate amphiphiles – dC16-1CW (non-PEGylated 3-helix amphiphile), dC16-

1CW(PEG2k) (PEGylated 3-helix amphiphile), and dC16-SC(PEG2k) (PEGylated scrambled 

amphiphile) to study Langmuir monolayers of self-assembled structures and oligomeric 

states using XR and GIXD. dC16-SC(PEG2k) forms a mostly random coil structure with 

only ~20% helicity20 whereas the PEGylated and non-PEGylated 3-helix peptide amphiphiles 

form highly helical coiled-coil structures in aqueous solutions (Appendix A.3.2). 

 

4.2.1 Langmuir isotherms 

The pressure-area isotherms of Langmuir monolayers of the various amphiphiles on a 

buffer subphase are shown in Figure 4.1. Consider dC16-1CW (Figure 4.1a) where the 

transitions are more pronounced, the isotherm can be divided into roughly three regions. 

First, at large mean molecular areas between 600 – 800 Å2/molecule, the surface pressure is 

essentially constant. This corresponds to a dilute amphiphile concentration at the water 

surface where the amphiphiles exist in a “gaseous” phase with little or no energy needed to 

compress the surface. The second region occurs at intermediate mean molecular areas 

between 150 – 600 Å2/molecule where the surface pressure increases rather abruptly to ~12 

mN/m at ~420 Å2/molecule then gradually to ~20 mN/m upon further compression to 150 

Å2/molecule. This transition is indicative of physical contact between the α-helices and they 

behave like a liquid-expanded phase. In this region, the hydrophobic face of the helical 

peptide is likely to face the air and the hydrophobic alkyl chains protrude the interface. The 

final, third region occurs upon further compression below 150 Å2/molecule where the surface 

pressure increases steeply with decreasing area. This condensed phase is likely to reflect an 

increase in amphiphile alignment perpendicular to the surface. From a previous study using 

solution SAXS experiments combined with theoretical modeling, the dimensions of a single 

1CW α-helix was found to be reasonably well approximated by a cylinder with R  5 Å in 

radius and a length of about L  45 Å. From these dimensions we can estimate the area of an 

amphiphile aligned perpendicularly or horizontally to the interface as Aperp = ∙R2 ≃ 80 Å2 

and Ahor = 2R∙L ≃ 450 Å2. Comparing these values to the isotherm data for dC16-1CW, we 

see the first transition occurs in the range of 400 – 500 Å2, while the steeper second transition 

occurs at smaller areas between 80 – 120 Å2. These values correlate well with the estimated 

cross-sections of the α-helical amphiphile. This supports the proposition that at low pressure 

most amphiphiles lie parallel to the interface and upon increasing the pressure, the 

amphiphiles orient normal to the interface. 
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Figure 4.1. Isotherms of amphiphilic peptide-polymer conjugates at 25°C. a) dC16-1CW, b) 

dC16-1CW(PEG2k), and c) dC16-SC(PEG2k). The solid and dotted lines represent 

compression and expansion, respectively. No significant hysteresis was found in the case of 

the scrambled amphiphile. 

 

 

The effect of PEGylation on the surface behavior of the helical amphiphile is shown 

in Figure 4.1b. First, dC16-1CW(PEG2k) undergoes the first transition at a smaller molecular 

area of ~300 Å2/molecule compared to its non-PEGylated counterpart albeit reaching the 

same surface pressure. At the largest compression of 40 Å2/molecule, dC16-1CW(PEG2k) 

reached a surface pressure of 40 mN/m whereas dC16-1CW obtained a surface pressure of 60 

mN/m at the same compression. The first phase transition also occurs more gradually for the 

PEGylated dC16-1CW(PEG2k) indicating that PEG occupies a significant fraction of the 

interface and mediates the interaction between α-helices. This is not surprising since PEG is 

known to have a large exclusion volume and steric hindrance due to the high hydration layer 

around PEG chains46, 47. The second transition at low molecular area, however, is only 
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decreased by ~10 – 20 Å2/molecule for the PEGylated amphiphile compared to the non-

PEGylated amphiphile at the same surface pressure. This is indicative that upon inter-helix 

contact, the presence of PEG does not significantly affect the horizontal to perpendicular 

transition of the amphiphiles.  

 

Altering the peptide sequence from a helical coil-coil forming peptide (1CW) into a 

scrambled sequence peptide (SC) resulted in minimal hysteresis of the 

compression/expansion cycle as shown in Figure 4.1c. In stark contrast, amphiphiles 

composed of the α-helical 1CW peptide (Figures 4.1a and 4.1b) displayed large hysteresis 

loops. The origin of the monolayer hysteresis loop under compression and expansion is likely 

due to the formation of coiled-coils between individual peptides at the air-water interface. 

Adsorption/desorption Langmuir monolayer isotherms of proteins have shown that 

conformational changes occur under adsorption conditions, resulting in hysteresis loops48. In 

the case of the scrambled peptide, no coiled-coil formation occurs, resulting in an absence of 

hysteresis in the isotherm. The phase transitions, however, occurred at similar molecular 

areas as that of dC16-1CW(PEG2k). At the highest compression ratios, both PEGylated 1CW 

and SC amphiphiles attained the same surface pressure of 40 mN/m.  

 

4.2.2 X-ray reflectivity (XR) 

XR was performed over an extended Qz range up to about 0.6 Å-1 covering about 9 

decades in intensity. To cover the relevant regions of the isotherm, XR data were collected at 

the various surface pressures, 10, 20, 30, and 40 mN/m. The reflectivity profiles for all 

samples, normalized to the Fresnel reflection for flat, homogeneous surfaces, are given in 

Figure 4.2. 

 

All three variants of peptide-polymer conjugates at all surface pressures show an 

excess reflectivity compared to that of a Fresnel surface. Upon compression of the samples at 

the interface, fringes emerge indicating that the monolayers become more structured at the 

interface. Well-defined fringes appear at 20 mN/m for dC16-1CW. However, the two other 

amphiphiles with side-conjugated PEG2k only displayed ordered structures at a higher 

surface pressure of 30 mN/m. This indicates that side-conjugation of PEG requires higher 

compression to self-assemble into ordered structures at the air-water interface.  
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Figure 4.2. Fresnel-normalized XR data of the various amphiphilic peptide-polymer 

conjugates. a) dC16-1CW, b) dC16-1CW(PEG2k), and c) dC16-SC(PEG2k). The lines show 

the best fits based on the model described in the text. 

 

 

The thickness of an interfacial layer can be determined by the period between fringes 

given by 𝑑 =
2𝜋

𝛥𝑄𝑧
. Qualitatively, the decrease in fringe periodicity corresponds to an increase 

in the film thickness. The rather pronounced decrease in fringe periodicity at low Qz and the 

increase in amplitude of the fringes correspond to a significant increase in the thickness of 

the monolayer in real space and reflects an accumulation of amphiphiles at the surface. To 

extract the out-of-plane structure of the amphiphiles at the air-water interface, XR data was 

fitted using a box slab (optical matrix) model where the interface is modeled as discrete 

layers. In addition, Gaussian smearing was used to account for interfacial roughness between 

layers. The electron density profiles along the air-water interface obtained from the fits are 

shown in Figure 4.3. 
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Figure 4.3. Density profiles along the air-water interface obtained by model fits of the data 

displayed in Figure 2 for a) dC16-1CW, b) dC16-1CW(PEG2k), and c) dC16-SC(PEG2k). 

 

 

First, the lowest pressure at 10 mN/m for all three amphiphiles indicate an 

accumulation of amphiphiles occupying a thickness of about 10 Å at the interface. This 

corresponds to the diameter of a single helix indicating that the peptides are lying flat on the 

surface as non-bundled single helices. The alkyl chains are likely to be oriented up in the air 

occupying the portion of the surface with electron densities in the parts where ρ/ρ0 is less 

than about 0.8. The rather thin layer indicates that the alkyl chains are collapsed and lie in the 

plane of the air-water interface. At 20 mN/m, the total thickness of the film increases to ~ 50 

– 60 Å. The thickness of this layer corresponds well to the length of the helices indicating 

that the peptides now are oriented normal to the interface. Upon increasing the pressure to 30 

mN/m and subsequently 40 mN/m, the electron density increased to about ρ/ρ0≈1.15, 

indicating increased packing of peptide-polymer conjugate amphiphiles at the interface. The 

electron density is smaller than what was expected for a layer of pure peptides (ρ/ρ0 ≈1.34) 

suggesting that the peptides pack with a volume fraction of about 0.44, the rest being water. 

It is interesting to compare this to the maximum packing fraction49 achievable with 

hexagonal packing of aligned cylinders of 0.9. Hence, water still considerably swells the 

peptide helices at high pressure indicating a significant hydration as well as inefficient 
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packing due to bundle formation, imperfect parallel cylinders etc. This finding is in good 

agreement with our recent small-angle neutron scattering contrast variation study that 

showed ~85% of 3HM is composed of water26. 

 

The main difference between the PEGylated and non-PEGylated dC16-1CW 

amphiphiles, is the more pronounced and well-defined layer in the case of the non-PEGylated 

peptide. For dC16-1CW(PEG2k), the electron density decreases more gradually towards the 

interior (bottom) of the film indicating more inhomogeneous packing at the interface. For the 

amphiphile comprised of the scrambled peptide sequence, the behavior looks rather different 

and the density profiles are generally much broader indicating that the peptide amphiphiles 

adsorbs like amphiphilic polymers due to the absence of α-helices and bundle formation. The 

layer structure is not as well-defined and the segments are more statistically distributed at the 

interface in a more diffuse manner resembling the monolayer structure of polymers 

previously observed50-53. 

 

4.2.3 Grazing-incidence X-ray diffraction (GIXD) 

Reflectivity provides out-of-plane (z-direction) information of the film at the air-

water interface. Grazing incidence diffraction at the air-water surface provides information 

on the in-plane (xy-direction) structure and will therefore reveal any ordered structure 

formation such as bundling of the peptides to form coiled-coil structures. Figure 4.4 shows 

the GIXD spectra as a function of the in-plane wavevector momentum transfer, Qxy. No 

significant Qz-dependence was found and thus the spectrum was integrated over a constant 

region. 

 

Figure 4.4 shows the presence of well-defined Bragg peaks at 40 mN/m for both 

dC16-1CW amphiphiles regardless of the presence of PEG2k. However, dC16-SC(PEG2k) 

did not exhibit any Bragg peaks even at the highest surface pressure studied of 40 mN/m. 

Thus, there is no evidence of 2-D structures found for the amphiphile containing the 

scrambled peptide sequence. The monotonic decay of the GIXD profile for dC16-

SC(PEG2k) could be described by a power-law decay in the form of I ~ Qxy
-0.6. Such power-

law decay, I ~ Qxy
-α, is expected for capillary waves. I ~ Qxy

-2 power-law has been found for 

air-water interfaces without additives (pure water). A smaller exponent can be potentially 

influenced by experimental smearing effects. In this work, we are not concerned with surface 

fluctuations and I ~ Qxy
-0.6 is used as a simple phenomenological description in order to 

subtract any contributions from capillary waves to the coherent signal from peptide in-plane 

structure. In order to further analyze the data, the I ~ Qxy
-0.6 background signal deduced from 

the dC16-SC(PEG2k) data was subtracted from those of dC16-1CW with and without 

PEG2k. The results are shown in Figure 4.5 for the two respective amphiphiles at surface 

pressures of 30 mN/m and 40 mN/m. 
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Figure 4.4. Integrated GIXD data showing the Qxy-dependence of the in plane scattering of 

the three amphiphiles at a surface pressure of Π=40 mN/m. The line displays a fit to a power-

law reflecting the diffuse scattering characterizing the capillary wave fluctuations. Note that 

a predominant peak is visible for the α-helical forming peptide-conjugates but not for 

scrambled dC16-SC(PEG2k). 

 

 

GIXD data of dC16-1CW amphiphiles in Figure 4.5a show a well-defined peak in the 

range of 0.5 – 0.6 Å-1 indicating well-defined lateral ordering at the interface. The data at 

both surface pressures of 30 mN/m and 40 mN/m can be well-described by the presence of 

only perpendicularly aligned 3-helices (f3 =1) at the air-water interface. The peaks at Qxy ~ 

0.557 Å-1 at 30 mN/m and Qxy ~0.596 Å-1 at 40 mN/m correspond to inter-helical spacings of 

d ~ 11.3 Å and d ~ 10.5 Å, respectively. The value observed for 30 mN/m is in excellent 

agreement with the results from solution SAXS18, 21 where an inter-helical distance was 

found to be about 11.6 Å. This small reduction in the inter-helical distance at 40 mN/m 

suggests more severe compression of the helices within the 3-helix bundle in the absence of 

PEG. 

 

The dotted line in Figure 4.5 illustrates a similar GIXD peak position for dC16-

1CW(PEG2k) at both 30 mN/m and 40 mN/m to that of its non-PEGylated counterpart at 30 

mN/m. The inter-helical distance corresponds to about 11.5 Å. The absence of surface 

pressure dependence on the inter-helical distance of dC16-1CW(PEG2k) indicates that the 

PEG chains do act as “springs”. Steric repulsion of the PEG chain mediates the inter-bundle 

interactions and prevents compacting of the helices within the coiled-coil bundle. Although 

the pressure dependence on the inter-helical distance was not found for dC16-1CW(PEG2k) 

at 30 mN/m and 40 mN/m, the shape of the GIXD profiles appears to be slightly different at 
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the two pressures, indicating some differences in the coiled-coil structures formed at the 

surface under various surface compressions.  

 

 

 
 

Figure 4.5. GIXD data showing the Qxy-dependence of the in plane scattering of a) dC16-

1CW and b) dC16-1CW(PEG2k) at surface pressures of 30 and 40 mN/m. The solid lines 

represent fits using the bundle model described in the text. 

 

 

Detailed modeling of the GIXD spectra was performed to understand this behavior. A 

similar approach to previous solution SAXS description of coiled-coil/polymer conjugates 

was used. The model consisted of a collection of parallel cylinders to describe the helices and 

attached Gaussian chains to model the PEG chains. For simplicity, a two state model was 

used – either perpendicular or parallel perfectly aligned bundles relative to the air-water 

interface. Contributions for cylinders or bundles lying perfectly parallel to the surface are not 

expected to give a coherent signal in Qxy as the scattering correlations along the length of the 

cylinder is parallel to Qz. Using this model, we allowed the peptide to form single helices, 
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dimers (2-helices), or trimers (3-helices). The data in Figure 6 were fitted to mixtures of 1-, 

2- and 3-helices (Eq. 4.4).  

 

 
 

Figure 4.6.  A comparison of fit results using 2-helix/3-helix bundles and mixtures of the 

dC16-1CW(PEG2k) data at a) 30 mN/m and b) 40 mN/m. 

 

 

The fit results in Figure 4.6a reveal that at 30 mN/m the data can be better described 

by a predominant fraction of 2-helix rather than 3-helix bundles. The best fits to the data 

indicate that 85% 2-helix rather than a 100% 2-helix bundle composition applies to the 

surface oligomeric state at 30 mN/m. Attempting to fit the data assuming a composition of 

100% 3-helices returned a significantly worse fit, especially at low Qxy. At 40 mN/m, the 

results in Figure 4.6b show the data are better fitted by 100% 3-helix composition. This result 

indicates that complete coiled-coil bundle formation in the presence of conjugated PEG can 

be promoted under high compressions. 

 

Klok and coworkers have found that α-helical coiled-coil peptides retain their 

structures upon PEGylation29, 30. PEGylation has been also found to adversely affect β-sheet 



 46 

formation from the conversion of α-helix within an alanine-rich peptide at elevated 

temperatures54. Nanotubes were formed by PEGylation of tetraphenylalanine due to 

formation of anti-parallel β-sheets and π-π-stacking55. As the PEG chain length increased, the 

nanotubes were observed to transition into fibrils56. The delicate interplay between steric 

hindrance of the conjugated PEG and inter- and intra-molecular interactions of the peptide 

governs the self-assembly of hybrid peptide-PEG materials. Here, at intermediate pressures 

(~30 mN/m), un-PEGylated amphiphiles completely form 3-helix bundles whereas the 

PEGylated amphiphile exhibited mostly 2-helix formation. The observed differences between 

the dC16-1CW and its PEGylated analogue can be attributed to steric hindrance of the 

polymer chains within the monolayer. At higher pressures (40 mN/m), the inter-peptide 

distance is supposed to be shorter and may contribute to complete 3-helix structure formation 

for both dC16-1CW and dC16-1CW(PEG2k). The non-PEGylated analog displayed slight 

compression of the helices within the coiled-coil bundle. While the conjugated PEG chain 

may mediate the lateral pressure and avoid the lateral compression of helices. 

 

 

§ 4.3 Conclusion 

 

In summary, we studied two important parameters – peptide structure and effect of 

PEGylation – in governing the oligomeric state and self-assembly process of coiled-coil 

peptide-polymer conjugate amphiphiles at the air-water interface. Combining the results from 

Langmuir isotherm, XR, and GIXD measurements, coiled-coil formation is highly dependent 

on peptide structure. PEGylated 3-helix amphiphiles exhibited a surface pressure dependent 

transition from a mixture of dimers and trimers at intermediate pressure to complete trimers 

at high pressure. Furthermore, the PEGylated 3-helix amphiphile was able to preserve the 

inter-helical distance at high surface pressure whereas the non-PEGylated analog experienced 

a slight decrease in the inter-helical distance upon high surface compression. The results 

shown here illustrate the role of peptide structure and PEGylation in the self-assembly 

process and oligomeric state of amphiphilic peptide-polymer conjugates in a Langmuir 

monolayer. Coiled-coil bundles are a promising strategy to generate ligands presented in a 

well-defined oligomeric state for high affinity, high specificity ligand-receptor applications. 

 

 

§ 4.4 Experimental methods 

 

4.4.1 Synthesis and purification of amphiphiles 

The amphiphiles were synthesized using synthetic routes described previously20. 

Briefly, 1CW (EVEALEKKVAALESKVQALEKKVEALEHGW) and SC 

(EGKAGEKAGAALKSGVQELEKGAEAGEGGW) peptides were synthesized using solid 

phase peptide synthesis. The N-terminus of the peptides were modified with a 6-(Fmoc-

amino)hexanoic acid linker and the alkyl tails were conjugated to the N-terminus of the 

peptide through reaction of palmitic acid (C16) with deprotected Fmoc-Lys(Fmoc)-OH to 

generate a branched alkyl tail. Cleavage of the amphiphile was achieved using a cocktail of 

90:5:5 TFA/TIS/H2O for 3 hours. The crude peptide was precipitated and washed in cold 

ether, isolated, and dried in vacuo. For amphiphiles with side-conjugated PEG2k, S14C 
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mutations were performed to facilitate the site-specific coupling of maleimide-functionalized 

polyethylene glycol (PEG) of molecular weight 2000 g/mol to the middle of the peptide 

sequences (Scheme 4.1).  The resulting amphiphiles were purified using HPLC (Beckman 

Coulter) on a C4 column (Vydax) using a gradient of water:acetonitrile (A:B) in the presence 

of 0.1% TFA from 30% B to 100% B in 30 minutes at a flowrate of 8 mL/min. The purified 

non-PEGylated amphiphile fraction was collected at ~90% B whereas fractions of PEGylated 

amphiphiles were collected at ~85% B.  

 

 
 

Scheme 4.1. Synthetic scheme of amphiphilic peptide-polymer conjugates. For PEGylated 

conjugates (dC16-1CW(PEG2k) and dC16-SC(PEG2k)), S14C mutation was used to 

facilitate site-specific coupling of PEG2k. For non-PEGylated dC16-1CW, residue 14 of the 

peptide sequence remained as serine and step (h) of the synthetic scheme was not performed.  

 

 

4.4.2 Langmuir monolayers 

Isotherms were collected using a KSV 2000 Langmuir trough (Biolin Scientific) on a 

vibration isolation table. Typically, a ~100 μM solution of amphiphile dissolved in methanol 

was used to spread onto a phosphate buffer (25 mM, pH 7.4) subphase. To promote the 
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formation of a monolayer, a microliter glass syringe (Hamilton) was used to deposit the 

solution dropwise at the thin film of water provided by the meniscus that forms over a glass 

capillary penetrating the air-water interface at an oblique angle. The monolayer was allowed 

to equilibrate for 10 min before compression begins at a rate of 10 mm/min. The surface 

pressure defined as Π = 𝛾0 − 𝛾 was measured as a function of surface area assuming a 

monolayer and was monitored using a platinum Wilhelmy plate.  

 

4.4.3 Liquid surface XR and GIXD 

XR and GIXD were performed at the 15ID-C Liquid Surface Scattering 

Beamline/ChemMatCARS57 of the Advanced Photon Source/Argonne National Laboratory 

(APS/ANL) using monochromatic 10 keV x-rays. For XR measurements, the spectrometer 

was kept in the reflectivity condition, where  = β, to collect the photons scattered with 

momentum transfer perpendicular to the liquid surface (Qz = 4π sin()/λ). The high brilliance 

of the x-ray beam at APS provides high-quality XR data from 0.018 to 0.6 Å-1. For GIXD 

measurements, the incident angle was set such that Qz = 0.016 Å-1, below the critical angle of 

water (Qz = 0.0217 Å-1). GIXD was scanned in the region 3.5° < 2θxy < 11.1° which 

corresponds to 0.31 < Qxy < 0.98 Å-1. After deposition of the monolayer as described above, 

the monolayer was allowed to equilibrate for 10 min. Compression was carried out at 10 

mm/min until the desired target surface pressure was achieved, then constant pressure was 

maintained during the XR measurements. The trough was translated 1 mm transverse to the 

beam to expose a fresh portion of the sample to the beam after each reflectivity scan and 

thereby avoided any potential radiation damage to the monolayer. 

 

4.4.4 XR data reduction and analysis 

The reflectivity is calculated by subtracting the measured background intensity from 

the specular beam intensity, and then normalizing to the incident beam intensity measured by 

a detector placed before the sample. The fits were performed with a self-consistent approach 

using the program “Stochfit”58. First, the reflectivity data were analyzed using a model 

independent approach where layers were subdivided into typically 40 sublayers and a (non-

unique) solution was found by using a stochastic search algorithm. The advantage of the 

program is that only the overall thickness needs to be assumed. However, the disadvantage is 

that the solution is likely to give unphysical oscillations. Thus the obtained density profile 

was only used as a guide for further modeling. Next, this density profile was fitted using a 

simpler box model with a minimal number of layers (two or in a few cases, three). 

Subsequently, the obtained density profile was used to calculate the reflectivity curve and 

compared to the experimental data. Finally, refinements to the fitted curves were made by a 

slight variation of the parameters until a satisfactory agreement was found.  

 

In most cases, the data could be described reasonably well using two layers by which 

five parameters are involved: thickness of each layer, ti, a Gaussian width describing the 

roughness of the air-water surface, a-w, between the layers j, and the layer-subphase 

interfacial width, sub. In some cases, satisfactorily fits could only be achieved by adding a 

third layer and thus two additional parameters were added (tj+1 and j+1). 
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4.4.5 Theoretical modeling of GIXD data 

Analytical Form Factor of aligned α-Helical Bundle-forming Peptide-Polymer Conjugates 

Cylinders aligned perpendicular to the air-water interface was used to facilitate the 

description of the α-helical forming peptides. Furthermore, we assume only single scattering 

events. For a single cylinder assuming any orientation we have: 

,        (Eq. 4.1) 

where     

    

where R and L are the radius and length of the cylinder, α is its angle to the scattering vector 

Q, and J1(x) is the first order Bessel function.  

 

For GIXD experiments, we only consider the Q-component in the plane of the 

surface, Qxy. Eq. 4.1 can be significantly simplified by assuming that the cylinder is perfectly 

aligned perpendicular to the interface. Thus we set 𝛼 =
𝜋

2
 and obtain: 

      (Eq. 4.2)
 

 

As in our previous work18 to describe solution small-angle scattering data, we 

employed a model describing the peptide-polymer side-conjugates as cylinders with polymer 

chains grafted to the sides, where the cylinders assemble into bundles with oligomeric states 

of either dimers or trimers. In this case contributions from polymer chains, which 

nevertheless decay at lower Q, are disregarded.

  

Assuming that the 3-helix bundles are arranged in a trigonal (equilateral) 

arrangement, we obtain: 
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     (Eq. 4.3) 

 

The scattering from an arbitrary mixture of 2-and 3-helix bundles, together with 

single helix peptide-polymer conjugates of fractions f2, f3, and (1- f2-f3), respectively, can 

then be written as: 

 )3(

3

)2(

232 )(3)(2)1()()( bundlebundlecylbundles QSfQSfffQPCQI      (Eq. 4.4)  

 

where φ is the total volume fraction and f1, f2, and f3, are the fractions of 1-, 2-, and 3-helices 

respectively. Since the GIXD measurements were not performed on an absolute intensity 

scale a scaling constant, C, was included. 
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A subtle but highly pertinent factor in the self-assembly of hierarchical nanostructures 

is the kinetic landscape. Self-assembly of a hierarchical multicomponent system requires the 

intricate balance of non-covalent interactions on a similar energy scale that can result in 

several self-assembly processes occurring at different timescales. We seek to understand the 

hierarchical assemblies within an amphiphilic 3-helix peptide-PEG-lipid conjugate system en 

route to the formation of highly stable 3-helix micelles (3HMs). 3HM self-assembles through 

multiple parallel processes – helix folding, coiled-coil formation, micelle assembly, and 

packing of alkyl chains. Our results show that the kinetic pathway of 3HM formation is 

mainly governed by two confounding factors: lateral diffusion of amphiphiles to form coiled-

coils within the micelle corona and packing of alkyl tails within the hydrophobic micelle 

core. 3HM has exhibited highly desirable attributes as a drug delivery nanocarrier; 

understanding the role of individual components in the kinetic pathway of 3HM formation 

will allow us to exert better control over the kinetic pathway, as well as to enhance future 

design and eventually manipulate the kinetic intermediates for potential drug delivery 

applications. 

 

 
 

 

§ 5.1 Introduction 

 

Solution self-assembly of molecular amphiphilic building blocks offers an efficient, 

bottom-up approach to generate well-defined nanostructures1-3. Self-assembly of 

multicomponent systems have competing interactions at similar energies and at hierarchical 

lengthscales which dictates the kinetics of formation and overall energy of the system4-10. 

Delineating the contributions of individual components to the self-assembly energy 

landscape of multicomponent systems will greatly enhance our understanding of the kinetic 

pathway and is crucial to exert control over the properties of the system11-17. Size and kinetic 

stability are important design parameters to consider in nanotechnological applications18, 19. 

Specific to drug delivery, these factors critically influence a nanocarrier’s pharmacokinetics, 
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biodistribution, tissue penetration, and cellular uptake20-23. Fundamental understanding of the 

energy landscape as well as the dynamics of synthetic self-assembled nanoparticles is 

imperative when interfacing them with biological systems in vivo. 

 

We have developed uniform, sub-20 nm 3-helix micelles (3HMs) based on 

hierarchical self-assembly of hybrid 3-helix peptide-polyethylene glycol (PEG) conjugate 

amphiphiles24-29. While PEGylated nanoparticles require additonal surface modifications30 

such as polysorbate 80 or ligands that target active blood-brain barrier (BBB) transporters, 

3HM is the only PEGylated nanocarrier to be able to effectively penetrate the BBB without 

further surface modification for drug delivery31. Moreover, 3HM accumulates within GBM 

tumors significantly greater than stealth liposomes31. In non-human primates studies, 3HM 

displayed perfusive distribution in brain regions through cerebrospinal fluid (CSF) delivery32. 

Local administration to rat stratium through convection-enhanced delivery (CED) of 

doxorubicin (DOX)-loaded 3HM showed broader and more homogeneous distribution 

compared to free DOX26. In rodents, 3HM exhibited long circulation (29.5 hr) and favorable 

biodistribution with low accumulation in major reticuloendothelial system organs such as the 

liver, spleen, and kidneys24. Time-dependent positron emission tomography (PET) of 

intraveneously administrated DOX-loaded 3HM showed that 3HM is highly mobile within 

tumors26. The desirable in vivo behavior of 3HM highlights the unique kinetic stability of 

3HM due to multicomponent self-assembled interactions at the molecular level. 

 

Self-assembly of uniform and highly stable 3HM is instructed by the information 

encoded within the multicomponent peptide-PEG-lipid conjugate building block. We have 

thus far been able to tailor the kinetic stability of 3HM by changing various parameters such 

as alkyl length27, peptide structure25, and PEG conjugation position28. However, the kinetic 

pathway of 3HM is not yet understood and knowledge of 3HM formation is complicated to 

uncover as there are numerous factors that influence the assembly pathway. Energetic 

contributions of competing interactions such as enthalpy of alkyl packing27, entropic 

repulsion of side-conjugated PEG25, 28, 29, interaction between PEG and the peptide33, 34 are of 

similar magnitude, which can lead to formation of non-equilibrium states in the system. Self-

assembly of 3HM requires a delicate balance of attractive and repulsive non-covalent 

interactions on a similar energy scale, albeit on multiple lengthscales – folding of peptides 

into helices, association between helices to form coiled-coil tertiary structure, and assembly 

of amphiphilic subunits into micelles. We seek to understand these competing interactions 

that contribute to the equilibrium self-assembled structure of 3HM and thereby bridge the 

gap between fundamental understanding of the 3HM assembly process and the excellent 

biological performance of 3HM. 

 

Presently, our results show that time-dependent molecular reorganization of the 

amphiphilic subunits is directed by the formation of 3-helix coiled-coils in the 3HM corona 

although alkyl length provides kinetic barriers for lateral diffusion within the micelle during 

the rearrangement process. Micelle kinetic stability improved as a function of time through 

exchange of subunits with other micelles and intramicellar reorganization. Decoupling the 

role of the individual components in the kinetic pathway of 3HM is imperative to understand 

and exploit for the design of future peptide-polymer-lipid conjugate nanocarriers. 
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§ 5.2 Results and discussion 

 

We systematically investigated the temporal evolution of 3HM by preparing the 

following samples of 3HM – freshly prepared, 1 day, and 1 week at room temperature after 

dissolution of the lyophilized 3HM powder into phosphate buffer solution. Furthermore, we 

compared the properties of 3HM solutions after various incubation times at room temperature 

with that of an annealed (heat to 70°C, gently cool down) 3HM sample which represents the 

thermodynamic equilibrium of the system25. The molecular contributions of alkyl chain 

packing in the micelle core, amphipathic formation of coiled-coil in the micelle corona, and 

amphiphilic subunit desorption were studied to decouple their individual contributions to the 

overall energy landscape of hierarchical 3HM assembly. 

 

 

5.2.1 Alkyl packing in hydrophobic core 

Micelle formation is strongly driven by the tendency of hydrophobic alkyl chains to 

self-associate and the stability of micelles is highly correlated to the thermal phase behavior 

of the hydrophobic alkyl core27, 28, 35, 36. DSC was employed to study the thermal phase 

transition and alkyl chain packing within the hydrophobic core of 3HM as a function of 

incubation time at room temperature. Figure 5.1 shows the time-dependence of 3HM(C16) 

and 3HM(C18) alkyl phase transitions. DSC measurement of a freshly dissolved lyophilized 

3HM(C16) powder into PBS yielded two poorly resolved peaks at 15°C and 25°C. A fresh 

solution of 3HM(C18) yielded a broad endothermic peak that can be deconvoluted into two 

transitions, 31°C and 37°C, at higher temperatures than the C16 analog which is consistent 

with the longer alkyl chain length. The observation of two phase transitions for both C16 and 

C18 micelles is indicative of alkyl chain splaying25, 28, 35 within the hydrophobic core of 

3HM.  
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Figure 5.1. DSC measurements of (a) 3HM(C16) and (b) 3HM(C18) after various thermal 

equilibration times: freshly prepared, 1 day, 1 week, and annealed. Data are shown in black, 

fits to the data in red solid lines, and deconvolution of the fits are in red dotted lines. 

 

 

Table 5.1. Alkyl transition temperatures and total enthalpy of transitions for various thermal 

treatments of 3HM(C16) and 3HM(C18) corresponding to Figure 5.1. 

 

 3HM(C16) 3HM(C18) 

 Tm (°C) ΔH (kJ/mol) Tm (°C) ΔH (kJ/mol) 

Fresh 15, 25 31.2 ± 0.3 31, 37 57.8 ± 1.3 

RT 1 day 16, 31 31.0 ± 0.2 33, 40 53.8 ± 3.6 

RT 1 week 16, 27, 33 30.3 ± 3.2 34, 40 47.9 ± 1.4 

Annealed 17 25.1 ± 0.1 30 33.5 ± 0.1 

 

 

As the 3HM(C16) and 3HM(C18) solutions were allowed to stand at room 

temperature over a period of a day or a week, the relative intensities of the two respective 

phase transitions undergo different evolutions. The lower temperature peak of 3HM(C16) at 

~15°C intensifies from 7.3 ± 0.1 kJ/mol (fresh) to 13.0 ± 0.1 kJ/mol (1day) then 16.9 ± 0.4 

kJ/mol (1 week) while the higher temperature transition decreased from 23.8 ± 0.2 kJ/mol 

(fresh) to 18.0 ± 0.1 kJ/mol (1 day) then 13.4 ± 2.8 kJ/mol (1 week). However, 3HM(C18) 
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experienced an intensification of the transition at the higher temperature of ~40°C from 22.3 

± 0.6 kJ/mol (fresh) to 31.3 ± 3.6 kJ/mol (1 day) then 38.0 ± 0.7 kJ/mol (1 week) whereas the 

lower temperature transition decreased over time from 35.5 ± 0.6 kJ/mol (fresh) to 21.7 ± 3.7 

kJ/mol (1 day) then 9.9 ± 0.7 kJ/mol (1 week). Finally, thermal annealing of the samples at 

70°C, then slowly cooling led to a single transition for both 3HM(C16) and 3HM(C18) at 

17°C and 30°C, respectively. Moreover, the total enthalpy associated with the phase 

transitions decreased as a function of incubation time for both 3HM(C16) and 3HM(C18) as 

shown in Table 5.1.  

 

The stark difference in behavior of melting transitions as a function of equilibration 

time between C16 and C18 alkyl chains of 3HM is indicative of the different kinetic pathway 

during the micelle assembly process. Conjugation of alkyl chains to a bulky headgroup leads 

to depression of the alkyl melting temperature (Tm)25, 35, 37. We have previously shown that 

tertiary structure of the headgroup affects the melting temperature of alkyl chains in peptide-

polymer-lipid conjugate micelles25; alkyl chains attached to monomeric helix headgroup 

resulted in Tm of ~32°C whereas a trimeric coiled-coil headgroup resulted in Tm of ~17°C. 

Based on our results here, the transition at Tm ~25°C is likely to be that of a dimeric species. 

For 3HM(C16), the intensification of the lower Tm transition as a function of time suggests 

that there is sufficient mobility of the amphiphile subunits within the micelle to diffuse 

laterally at room temperature, thereby shifting the population of micelles to the lower Tm 

transition, forming 3-helix bundles within the corona of 3HM. However, 3HM(C18) 

displayed the opposite behavior, with the higher Tm transition at ~40°C increasing as a 

function of time indicative of the inability of C18-micelles to overcome the kinetic barrier 

imposed by the more hydrophobic character of C18 alkyl chains. Thermal annealing of 

3HM(C18) at elevated temperature provides the subunits with sufficient mobility to 

reorganize the alkyl chains, resulting in the annealed sample having a single homogeneous 

Tm at ~30°C. 

 

 

5.2.2 Subunit desorption kinetics 

The kinetic stability of 3HM(C16) after various incubation time was assessed by 

tracking the recovery in fluorescence intensity of FAM-labeled 3HM(C16) after addition of 

excess non-labeled 3HM(C16)28. An increase in fluorescence intensity corresponds to an 

attenuation in fluorescence self-quenching, suggesting that the FAM-labeled amphiphiles are 

further apart than the Forster radius and unable to effectively quench the fluorescence 

emitted from a neighboring fluorophore. Figure 5.2 shows that as equilibration time of 

3HM(C16) at room temperature was increased, the rate of fluorescence recovery decreased. 

Freshly dissolved 3HM showed ~38% increase in fluorescence intensity whereas a day old 

3HM showed ~15% increase, and finally annealed 3HM showed only ~8% increase in 

fluorescence intensity over the same 4-hour period. Since the Forster radius of fluorescence 

self-quenching for fluorescein38 is ~4–5 nm, the increase in fluorescence intensity suggests 

that the labeled amphiphiles are being redistributed to other micelles in solution during the 

incubation period. Assuming that the rate-limiting step is subunit desorption, the 

fluorescence intensity can be fitted using Eq. 5.1 with two first-order dissociation constants:  

 



 56 

𝐼(𝑡) = 𝐼(∞) + [𝐼(0) − 𝐼(∞)][𝑓𝑒−𝑘1𝑡 + (1 − 𝑓)𝑒−𝑘2𝑡]    (Eq. 5.1) 

 

The first rate constant, k1, accounts for the initial dilution of the labeled micelles with 

non-labeled micelles. The second rate constant, k2, represents subunit desorption from 

labeled micelles into non-labeled micelles. Fitting of the recovery data provided rate 

constants of 9.01 x 10-4, 5.64 x 10-4, and 2.05 x 10-4 min-1 at 20°C and first-order half-lives of 

12.8, 20.5, and 55 hr for fresh, 1 day, and annealed 3HM(C16), respectively. This result 

indicates that freshly prepared 3HM is in a non-equilibrium state, and the subunits have high 

mobility and experience much higher rates of subunit desorption. As the 3HM(C16) samples 

were allowed to stand at room temperature for an extended period of time, the subunit 

desorption rate decreases and the kinetic stability of 3HM(C16) is dramatically improved. 

 

 
 

Figure 5.2. Temporal evolution of fluorescence recovery of fluorescein-labeled 3HM(C16) 

upon addition of non-labeled 3HM(C16). Fresh (circles), 1 day (squares), and annealed 

(triangles) data were fitted to first-order exchange kinetics (red solid lines) and rate constants 

obtained. 

 

 

To obtain the energy required for subunit desorption, temperature-dependent 

fluorescence recovery of annealed 3HM(C16) was conducted as shown in Figure 5.3. 

Increasing the temperature led to more rapid exchange of the fluorescently-tagged subunits 

with other non-labeled micelles, leading to an increase in fluorescence intensity. Fitting of 

the fluorescence recovery data yielded 1.16 x 10-5, 1.41 x 10-5, 2.01 x 10-5, and 6.90 x 10-4 

min-1 corresponding to 45, 50, 55, and 65°C, respectively. The first-order rate constants 

obtained at the various temperatures can be fitted using the Arrhenius relation, Eq. 2, with an 

activation energy: 

 

𝑘 = 𝐴exp(−
𝐸𝑎

𝑅𝑇
)        (Eq. 5.2)  



 57 

 

The activation energy, Ea, for subunit desorption from 3HM(C16) was found to be 

137 ± 11 kJ/mol. This indicates that due to the unique headgroup tertiary structure, there is a 

significant energetic barrier to overcome for subunits to desorb from an assembled 3HM.  

 

 
 

Figure 5.3. Temperature-dependent fluorescence recovery of annealed fluorescein-labeled 

3HM(C16) upon addition of excess non-labeled 3HM(C16).  

 

 

5.2.3 Temperature-dependent peptide secondary and tertiary structure  

Next, to understand the time-dependence of the peptide secondary and tertiary 

structure upon fresh dissolution of 3HM, we studied the α-helical and coiled-coil content of 

3HM(C16) using temperature-dependent CD. Figure 5.4a shows that for all samples, well-

defined α-helices were formed at low temperatures, regardless of incubation time or thermal 

treatment. Moreover, the ratio of 𝜃222 𝜃208⁄ , indicative of the presence of coiled-coils, was 

above 1 at temperatures below 60°C and did not fall below 0.86 for the entire range of 

temperature studied, shown in Figure 5.4b, indicating that the coiled-coils do not dissociate 

into single helices even up to 110°C. This result is consistent with previous studies of coiled-

coil peptide-polymer conjugates in solution39. Even though 𝜃222 𝜃208⁄ ≥ 1 indicates 

formation of coiled-coils, it is unknown whether dimers or trimers are present. Coiled-coil 

formation is dependent on helical content, the high helical content observed here for 3HM 

solutions are likely to have a high degree of coiled-coil formation due to lateral pressure 

exerted on the amphiphiles40 within the sterically confined environment of 3HM. 
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Figure 5.4. Temperature-dependent circular dichroism of 3HM(C16) after various thermal 

treatments. (a) Percentage helicity of 3HM(C16) and (b) 𝜃222 𝜃208⁄  of 3HM(C16), 

𝜃222 𝜃208⁄ ≥ 1 indicates presence of coiled-coils and 𝜃222 𝜃208⁄ ≤ 0.86 indicates isolated 

helices. Freshly prepared (red circles), 1 day (green squares), and annealed (black triangles). 

 

 

Dissociation constants of coiled-coils with 4 heptad repeats have been found to be in 

the nM to pM range41 whereas the critical micelle concentration of 3HM had been 

determined to be ~4 μM25. Since the coiled-coil assembly has a lower dissociation constant 

than micelle formation, it seems probable that at least part of the monomeric helices self-

associate to form populations of dimeric and trimeric coiled-coils before the self-assembly of 

amphiphilic subunits to form 3HM. The known experimental unfolding free energy of a 

similar trimeric coiled-coil was found to be ~77 kJ/mol per helix42. The free energy of 

unfolding the PEGylated coiled-coil in the corona of 3HM is presumably higher due to the 

stabilizing effect of PEG on the stability of α-helices. Our result indicates that the peptide-

PEG-lipid conjugate forms α-helixes spontaneously upon dissolution of the lyophilized 

powder into aqueous solution and formation of a mixture of dimeric and trimeric coiled-coils 

ensues rapidly. 

 

 

5.2.4 Size distribution 

Figure 5.5a shows the size distributions of 3HM(C16) as a function of incubation 

time, measured by DLS. Freshly prepared 3HM(C16) solution had a mean hydrodynamic 

diameter of ~30 nm. A time-dependent decrease in the size of 3HM(C16) was observed from 

fresh (~30 nm) to 1 day (~25 nm) and one week (~20 nm) at room temperature. The size of 

3HM(C16) as a function of time approaches that of the annealed sample. A similar time-

dependent decrease in size was observed for 3HM(C18) (Appendix A.4.2). Fitting of SAXS 

measurements using a core-shell model, showed by the red lines in Figure 5.5b, displayed a 

similar decrease in the size of 3HM(C16) from fresh to one week then annealed (Table 5.2). 

The size of 3HM(C16) after one week again converges toward that of the annealed sample. 
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Figure 5.5. Size of 3HM(C16) as a function of time measured by (a) DLS and (b) solution 

SAXS. Red lines indicate best fit to the core-shell model. Data are vertically offset for 

clarity. 

 

 

Table 5.2. Core-shell parameters from model fitting of SAXS data in Figure 5.5b. 

 

Sample 
Core radius 

(nm) 

Shell 

thickness (nm) 

Fresh 3.5 6.1 

RT 1 week 2.5 4.1 

Annealed 2.5 4.2 

 

 

 

5.2.5 Effect of doxorubicin encapsulation on alkyl packing 

To gain insight into the kinetic pathway of 3HM in the presence of a therapeutic 

cargo, the molecular interaction of 3HM with a model anticancer drug, DOX, was studied 

using DSC, CD, and DLS. DOX encapsulation within C16 and C18 micelles were 7.3 wt% 

and 8.8 wt%, respectively. DSC measurements of annealed 3HM(C16)-DOX in Figure 5.6a 

show a broad transition centered around 28°C, which is ~10°C above 3HM(C16) in the 

absence of DOX (Figure 5.1a). The increase in phase transition temperature upon 

encapsulation of DOX has previously been observed for the interaction of DOX with 

3HM(C18)26. A similar result is observed here, in Figure 5.6b, where the transition 

temperature of 3HM(C18)-DOX (39°C) is 9°C higher than 3HM(C18) without DOX (30°C). 

DOX-encapsulation in both C16 and C18 analogs of 3HM resulted in ~10°C increase in the 
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transition temperature. However, the enthalpy associated with the phase transition for 3HM-

DOX experienced a ~30% decrease (Table 5.3) compared to 3HM in the absence of DOX 

(Table 5.1). The increase in transition temperature yet depression in the enthalpy indicates 

that the coassembly of DOX with the alkyl chains of 3HM resulted in a distinct 

thermodynamic phase behavior different from that of the pristine 3HM in the absence of 

DOX. However, DLS (Appendix A.4.2) and CD (Appendix A.4.3) show that the size 

distribution and peptide structure of 3HM in the presence of DOX are very similar to that of 

pristine 3HM formulations without DOX. This further affirms our belief that the interaction 

of DOX with 3HM is strictly confined to the hydrophobic environment of the 3HM alkyl 

core. 

 

 
 

Figure 5.6. DSC measurements of (a) 3HM(C16)-DOX and (b) 3HM(C18)-DOX. 

 

 

Table 5.3. Transition temperatures and total enthalpy of 3HM(C16)-DOX and 3HM(C18)-

DOX formulations corresponding to data in Figure 6. 

 

 3HM(C16)-DOX 3HM(C18)-DOX 

 Tm (°C) ΔH (kJ/mol) Tm (°C) ΔH (kJ/mol) 

Fresh 40, 47 37.7 ± 0.2 40, 48, 56 51.6 ± 6.8 

RT 1 day 42, 48 35.8 ± 3.5 42, 49 42.4 ± 1.9 

RT 1 week 45, 50 27.6 ± 2.4 38, 46 33.7 ± 1.5 

Annealed 26, 35 19.6 ± 1.0 37, 44 25.3 ± 0.2 
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The time-dependent behavior of alkyl packing, size distribution, and kinetic stability 

of 3HM provided insight into the hierarchical molecular assembly of 3HM. We found that 

the phase transition of alkyl packing in the hydrophobic core of 3HM evolved as a function 

of time due to rearrangement of the amphiphiles within the micelle and the kinetic pathway 

was dependent on alkyl chain length. The time evolution of phase transitions was 

accompanied by an improvement in the kinetic stability of 3HM along with a gradual 

decrease in the size of 3HM. Encapsulation of DOX in 3HM was found to increase the Tm by 

~10°C for both C16 and C18 micelles, albeit accompanied by a ~30% decrease in the 

enthalpy. Distinct thermal phase transitions were formed upon coassembly of DOX with 

3HM. The time-dependent behavior of 3HM at room temperature over a period of days or 

weeks approaches that of an annealed 3HM sample at equilibrium. This is indicative of a 

slow reorganization of 3HM on the molecular level of the amphiphilic subunits through inter-

micellar exchange as well as intra-micellar rearrangement. Thermal annealing can be used to 

overcome the energetic barriers and expedite the formation of monodisperse and stable 3HM. 

This study revealed important insights into the molecular contributions to the kinetic 

processes during the assembly process of a multicomponent peptide-PEG-lipid hybrid 

conjugate system toward its equilibrium state.  

 

Some macromolecular assemblies are known to be kinetically trapped on timescales 

of days to weeks43-46. The unique hierarchical structure of 3HM provides enhanced kinetic 

stability compared to simple n-alkyl-poly(ethylene oxide) micelles. Micelle formed by 

poly(ethylene oxide) end-capped on both sides with C16 alkyl chains has an Ea ~73 kJ/mol47. 

For n-alkyl-poly(ethylene oxide) micelle with a similar subunit desorption Ea to 3HM, alkyl 

chain length of between 24 and 27 is required48, significantly increasing the hydrophobicity 

of the system. Moreover, in the n-alkyl-poly(ethylene oxide) system, the activation energy 

was found to be independent on the length of the soluble PEO block49. From the dimensions 

of the PEG chain in 3HM29, based on small-angle neutron scattering contrast variation 

measurements and coarse-grained molecular dynamics simulation, we calculated the entropic 

stabilization energy to be ~20 kJ/mol. The unique headgroup structure of amphiphilic 

peptide-PEG-lipid conjugates in 3HM provides enhanced kinetic micelle stability compared 

to traditional polymeric micelles. The high activation barrier required for subunits to desorb 

from 3HM indicates that the micelles are stable even under sink conditions such as that 

experienced by micelles administered through intravenous routes. C16- and C18-micelles 

displayed different circulation lifetimes in vivo27, we show here that the different kinetic 

pathways could be used to further tune their respective stabilities for future biotechnological 

applications. 

 

 

§ 5.3 Conclusion 

 

The formation of 3HM is strongly driven by the hydrophobic interaction of the alkyl 

chains between subunits. Time-dependent rearrangement of amphiphiles during the micelles 

assembly process was governed by the association of helices into 3-helix bundles in the 

corona as supported by the changes in transition temperatures as shown by DSC. 

Intermicellar subunit exchange as well as intramicellar subunit reorganization are important 
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mechanisms, equilibrating 3HM into highly stable, monodisperse ~15 nm micelles. 

Decoupling the contributions of individual components in the kinetic formation of 3HM and 

how encapsulated cargo affects this formation will allow us to design micellar nanocarrier 

systems with enhanced control over the kinetic stability for predictable and tunable drug 

delivery applications. 

 

 

§ 5.4 Experimental methods 

 

5.4.1. Synthesis of amphiphilic peptide-polymer conjugate and fluorescein-labeled 

peptide-polymer conjugate 

Synthesis of amphiphilic peptide-polymer conjugates has been previously described 

in detail25. The trimeric coiled-coil peptide 1CW 

(EVEALEKKVAALECKVQALEKKVEALEHGW) was modified at the N-terminus with a 

short C6 alkyl linker, Fmoc-6-aminohexanoic acid, followed by a lysine residue. This 

allowed for conjugation of two saturated carboxylic acid molecules, either hexadecanoic acid 

(C16) or octadecanoic acid (C18), to the N-terminus, generating a branched alkyl tail. The 

cysteine residue at position 14 facilitates conjugation of a maleimide-PEG chain (MW 2000) 

to the exterior of the coiled-coil bundle. Fluorescein (FAM) was attached to the C-terminus 

of the C16 conjugate by selective deprotection of alloc-protected lysine followed by coupling 

of 5(6)-carboxy-fluorescein. Specifically, 0.2 eq. of Pd(PPh3)4 was used as a catalyst with 24 

eq. of phenylsilane as an allyl acceptor in dichloromethane. The reaction was carried out for 

30 mins each, repeated 5 times. 

 

The conjugates were purified by RP-HPLC (Beckman Coulter) using a C-4 column 

(Vydac, Phenomenex). Purification of the C16 conjugate was facilitated by a linear AB 

gradient where solvent A is water plus 0.1% (v/v) TFA and solvent B is acetonitrile plus 

0.1% (v/v) TFA. The purified C16 conjugates eluted at ~85% B. The C18 and C16-FAM 

conjugates were purified using isopropanol plus 0.1% (v/v) TFA as solvent B and the desired 

conjugates eluted ~90% B. The masses of the purified conjugates were verified by MALDI-

TOF (Appendix A.4.1). 

 

5.4.2 Sample preparation 

Lyophilized powder of 3HM was dissolved in phosphate buffer (25 mM, pH 7.4) to 

yield ‘fresh’ 3HM. Room temperature (~20°C) samples were allowed to equilibrate for 1 day 

and 1 week (‘RT 1 day’ and ‘RT 1 week’ respectively). ‘Annealed’ samples were heated in a 

water bath at 70°C for 45 mins and allowed to cool down to room temperature for 30 mins 

before measurements.  

 

5.4.3 Differential Scanning Calorimetry (DSC) 

DSC measurements were conducted using a VP-Microcal calorimeter (GE). ~550 uL 

of sample and buffer solutions were loaded into two hermetically sealed tantalum alloy cells 

at a pressure of ~28 psi to prevent water evaporation during the heating cycle. The 

temperature was increased from 5°C to 65°C at a scanrate of 1°C/min with 15-minute 



 63 

equilibration at 5°C. Baseline correction, concentration normalization, data fitting and 

deconvolution were performed using the Origin software provided by Microcal. 

 

5.4.4 Circular Dichroism (CD) 

Circular dichroism measurements for secondary and tertiary structure characterization 

were conducted on a J-815 spectrometer (Jasco) using a quartz cell with 0.1 cm pathlength. 

All samples were prepared at a concentration ~100 μM in phosphate buffer (25 mM, pH 7.4). 

The temperature was increased from 5°C to 110°C at a rate of 1°C/min and samples were 

allowed to equilibrate for 1 minute before each measurement at 5°C intervals. CD spectra 

were recorded from 250 nm to 190 nm at 0.2 nm intervals with a scanrate of 100 nm/min and 

a response time of 4 s. The measured ellipticity was normalized by concentration and 

converted to molar residual ellipticity. The mean residue ellipticity for a 100% helix peptide 

of infinite length50-52 was taken to be −37400 deg cm2 dmol−1. 

 

5.4.5 Dynamic Light Scattering (DLS) 

Size distributions of 3HM were measured using a BI-200SM light scattering system 

(Brookhaven Instruments). Laser light (637 nm, 30 mW) was scattered from aqueous 

dispersions of 3HM (~100 μM) at a 90° scattering geometry with a 100 μm filter. The 

temperature of the sample cell was maintained at 25°C using a water bath. The 

autocorrelation function of the scattered light was collected for 1 minute and analyzed to 

determine the size distribution. 

 

5.4.6 Small-Angle X-ray Scattering (SAXS) 

Small-angle X-ray scattering (SAXS) experiments were carried out at the Advanced 

Light Source (ALS) at the Lawrence Berkeley National Lab, Berkeley, California at the 

SAXS/WAXS/GISAXS beamline 7.3.3. The instrument was operated using an X-ray energy 

of 10 keV and a sample-detector length of 1.9 m and a 1 M Pilatus detector. Samples were 

contained in standard boron–quartz capillaries situated in a custom-made sample holder. 

Using this setup, background subtraction could be performed quantitatively. Samples were 

prepared in phosphate buffer (25 mM, pH 7.4) at a concentration of ~5 mg/ml. 

 

5.4.7 Fluorescence recovery 

Fluorescence spectroscopy was measured using a LS-55 fluorescence spectrometer 

(Perkin Elmer). Briefly, 50 μM of fluorescein-labeled 3HM (3HM-FAM, donor) was 

prepared ‘fresh’, ‘RT 1 day’, and ‘annealed’ as described in the previous section. 400 μM of 

unlabeled 3HM (acceptor) was annealed at 70°C then allowed to gently cool to room 

temperature for 30 mins before mixing with the donor solution for fluorescence recovery 

experiments. The two solutions were mixed in a 1:5 volume ratio to give a final 

donor:acceptor molar ratio of 1:40. The sample was loaded into a 1 cm pathlength quartz cell 

(Starna Cells). Temporal evolution of fluorescence intensity was recorded every 30 seconds 

at 522 nm using an excitation wavelength of 490 nm at a scan rate of 200 nm/min. 

Temperature control of the sample cell was achieved using a Peltier temperature controller 
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(PTP-1, Perkin Elmer). Fluorescence recovery experiments were conducted with the sample 

cell maintained at 20°C for 4 hours. 

 

5.4.8 Doxorubicin encapsulation 

Loading of DOX in 3HM was performed using the thin film hydration method as 

previously described26, 27. Briefly, doxorubicin hydrochloride (Sigma-Aldrich) was dissolved 

in methanol at a concentration of 2 mg/ml and 3HM was added to achieve a concentration of 

10 mg/ml. The methanol was evaporated under vacuum at 60°C for 3 hours to yield a thin 

film. Phosphate buffer (pH 7.4, 25 mM) was added to rehydrate the film to obtain a 1 mg/ml 

solution for further DSC, DLS, and CD characterization. 
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Self-Assembled ‘Patchy’ Micelles with Controlled Multivalency  
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Coiled-coil peptide-polymer-lipid conjugates are an emerging class of hybrid 

biomaterials. Here, we present a mixture of two amphiphilic 3-helix and 4-helix peptide-

PEG-lipid hybrid conjugates that hierarchically self-assemble into patchy mixed micelles. 

The local multivalent ligand cluster size on the micelle surface can be controlled based on the 

coiled-coil oligomeric state. The oligomeric states of mixed peptide bundles were found to be 

in their individual native states. Similarly, mixed micelles indicate the orthogonal self-

association of coiled-coil amphiphiles. Using differential scanning calorimetry and 

fluorescence recovery, the mixed micelle showed nanodomains enriched in either 3-helix or 

4-helix coiled-coil bundles. This report provides important insights into the assembly and 

formation of patchy micelles with control over the local multivalent state of ligands on the 

micelle surface. 

 

 

 
 

 

§ 6.1 Introduction 

 

Nanocarriers exploit characteristics of tumor growth, such as leaky vasculature and 

poor lymphatic drainage, for the use of passive targeting via the enhanced permeation and 

retention (EPR) effect1, 2. In addition to the EPR effect, nanocarriers can also be actively 

targeted to upregulated cellular receptors or components that are present on tumor cells by 

incorporating surface grafted recognition moieties, such as sugar moieties3, epidermal growth 

factor4, folate5, 6, antibodies7 and peptides8, 9, to improve the efficacy of treatment and 

minimize side effects. Active targeting is of particular importance since many drug carriers 

encounter difficulties in accessing cancer cells deep in the tumor tissues and to interact with 

target cells after accumulation10. A wide variety of nanocarriers can be readily prepared, 

including liposomes11-13, dendrimers14, 15, micelles16, 17, and virus-like particles18, 19 and 

targeting ligands can be conjugated to the nanocarrier surface20. Multivalent ligands can be a 

viable route to improve the targeting efficiency of nanocarriers; biological multivalent 

inhibitors can increase binding avidity by 10–109 fold21-24. Experimentally, a 30 nm 

nanoparticle with four RGD peptides showed 25-fold enhancement in endothelial cell 

binding25. Three folate groups led to 2,500-fold enhancement in dendrimers binding to a 

surface26. However, in contrast to well-regulated structural control seen in viruses21, there is 

limited structural control in existing nanocarriers over the spatial distribution of ligands and 

the orientation of ligand relative to the particle surface that determines the availability of 

ligand binding sites. To this end, we have developed a new class of 3-helix micelle (3HM) 

nanocarrier based on amphiphilic coiled-coil peptide-polymer-lipid conjugates27-33 that has 

the potential to exert control over the local multivalency of presented ligand clusters. 
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3HM has many desirable attributes as an effective drug delivery nanocarrier such as 

long circulation, deep tumor penetration, minimal cargo leakage in serum, and renal 

clearance28-30, 32. 3HM is based on a common protein tertiary structure, i.e. coiled-coil, that is 

routinely used to present ligand clusters on cell surfaces34-36. Coiled-coil self-assembly has 

high fidelity and orthogonal coiled-coil sequences37 have been conjugated and used to 

assemble higher ordered nanostructures such as protein-like nanoparticles38 and nanocages39, 

40. Mixed micelles generated from two or more building blocks have been used to tune 

stability and drug loading capacity of conventional polymeric micelles for drug delivery41. 

This approach also allows for the incorporation of multiple functionalities, including ligand 

targeting, into the system. One can envision the use of mixed micelles based on coiled-coil 

peptides would allow the generation of ligand clusters with well-defined local multivalency 

determined by the oligomeric state of the coiled-coils within the mixed micelle. This 

approach also opens new possibilities to generate multicompartment micelles with the two 

coiled-coil building blocks possessing different functionalities.  

 

The generation of micron-sized inorganic multicompartment, Janus, or patchy 

particles has been well studied and optimized, whereas development of sub-100 nm patchy 

particles have been more challenging42. patchy particles have been generated from linear 

dendritic polymers43, 44, di- and tri-block copolymers45-51, polymersomes52, and other systems 

that exploit surface roughness53, layer-by-layer deposition54, self-assembled monolayers55-57, 

host-guest binding58, metal coordination59, polymer grafting60 to produce the patches. 

However, none of these approaches allow control over the precise ligand cluster size, or local 

multivalency, on the surface of the nanoparticles. Ligand clustering with controlled cluster 

size observed in viruses is vital to improve binding selectivity and accuracy, and yet, has not 

been systematically investigated due to the lack of a platform that can regulate the clustering 

of ligands. 

 

In this contribution, we present a micellar platform that utilizes hierarchical self-

assembly of amphiphilic coiled-coil peptide-PEG-lipid hybrid conjugates to control the local 

multivalency of ligands on the micelle surface based on the coiled-coil oligomeric state. A 

mixture of 3-helix and 4-helix peptide bundles were shown to retain their individual native 

oligomeric states. Mixed micelles with excellent stability in the presence of bovine serum 

albumin can be generated from mixtures of 3-helix and 4-helix amphiphilic peptide-PEG-

lipid conjugates at various ratios. Mixed micelles at various mixing ratios showed similar 

stability compared to the individual micelles. At a 1:1 mixing ratio of 3HM:4HM, the 

thermal transition associated with alkyl chain packing within the hydrophobic core of the 

mixed micelle was found to re-distribute from a single homogeneous transition for an 

annealed sample to two distinct transitions indicating the formation of distinct domains as it 

was cooled down to room temperature. Fluorescence self-quenching and recovery 

experiments further affirmed the formation of nanodomains within the mixed micelles. This 

study provides valuable insight into the self-assembly of orthogonal coiled-coil peptide-PEG-

lipid conjugate amphiphiles into patchy micelles and guidance to develop biomaterials with 

controlled local multivalency for ligand cluster presentation.  
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§ 6.2 Results and discussion 

 

6.2.1 Oligomeric state of mixed coiled-coil peptides 

A mixture of 3-helix and 4-helix peptides showed retention of their individual 

oligomeric states as shown in Figure 6.1.  

 

 
 

Figure 6.1. Mixtures of 3-helix and 4-helix peptides. (a) SEC traces of 4-helix peptide (blue), 

3-helix peptide (red), and a 1:1 mixture of 3-helix and 4-helix peptides (black). (b) UV 

titration of heme bound to 4-helix peptide bundles in the absence of 4-helix peptide (purple), 

5% 4-helix peptide (red), and 100% 4-helix peptide (black). (c) Fluorescence recovery of 

various ratios of 3-helix to 4-helix mixtures. Freshly prepared mixtures and annealed samples 

show no significant difference in fluorescence intensity. 

 

 

Figure 6.1a shows that the SEC trace of a 1:1 mixture of 3-helix:4-helix peptide 

(black) can be deconvoluted into two distinct peaks corresponding to the individual 3-helix 

and 4-helix peptides (blue and red, respectively). This is the first indication that mixture of 

the peptides does not result in cross-oligomerization since they retain their original bundle 

sizes. Next, Figure 6.1b shows the absorption at 412 nm due to binding of heme to the bis-
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histidyl ligation pockets of the 4-helix peptide61-63. The ratio at which the slope of the data 

changes corresponds to the number of heme molecules bound to each 4-helix bundle. 4-helix 

peptide in presence of 5% 3-helix peptide (red) indicates ~3.8 hemes bound per 4-helix 

bundle, close to the native state (in the absence of 3-helix peptides, shown in black) binding 

capacity of 4 heme molecules per 4-helix bundle. Retention of the heme binding pocket of 

the 4-helix peptide suggests minimal perturbation of the 4-helix bundle oligomeric state in 

the presence of 3-helix peptides. Absence of an inflection point when there is no 4-helix 

peptide available for heme to bind is shown in blue. Figure 6.1c shows the fluorescence 

intensity change as a function of unlabeled 4-helix peptide mixed with FAM-labeled 3-helix 

peptide. Minimal increase in the fluorescence intensity of FAM-labeled 3-helix peptide when 

mixed with 4-helix peptide at various mixing fractions (red trace) indicates that there is a 

lack of cross-oligomerization between the two coiled-coil peptides. Furthermore, the similar 

behavior of the mixtures even in the presence of thermal annealing (black trace) does not 

promote cross-oligomerization. This further suggests that the self-assembly of the two 

peptides are orthogonal and there is an absence of cross-oligomerization when the two 

peptides are mixed. 

 

6.2.2 Mixed coiled-coil micelles – oligomeric state and stability  

We seek to understand the oligomeric state of the coiled-coil bundles upon 

conjugation of alkyl tails and self-assembled into micelles. 3-helix peptide-polymer-lipid 

conjugate amphiphiles have previously been observed to retain its native trimeric state at the 

air-water interface64. Since amphiphiles of both 3-helix and 4-helix peptides form micelles of 

similar sizes in aqueous solution (Appendix A.5.2), SEC is not a viable method to study the 

individual oligomeric states of the peptides within mixed micelles. However, cofactor 

binding of heme to the coiled-coil bundle headgroup of 4-helix amphiphiles, as elucidated for 

the peptide mixtures in Figure 6.1b, allows us to probe the oligomeric state when mixed 

micelles are formed in the presence of 3-helix amphiphiles. Figure 6.2a shows the UV-vis 

heme titration into an aqueous solution of ~8 μM 4HM. Incorporation of heme into the 

hydrophobic pocket of the 4-helix peptide is evident from the increase in the Soret peak at 

412 nm and the poorly resolved Qα and Qβ bands at 560 and 529 nm, respectively61, 65, 66. As 

more heme is added, the absorption maxima experienced a blue shift, due to the absorbance 

of free heme in solution. Figure 6.2b plots the absorbance at 412 nm as a function of heme 

per 4-helix amphiphile. In the absence of 3HM, the tertiary structure of 4-helix bundle within 

4HM (black) retained native-like heme binding capability61, indicating that there is no 

substantial deleterious effects of di-alkyl conjugation to the N-terminus and PEGylation of 

the coiled-coil exterior. More importantly, in the presence of excess 3-helix amphiphiles 

(red), the number of heme molecules bound to the 4-helix amphiphiles was not compromised 

indicating that the tertiary structure is likely to be preserved. Once again, no change in slope 

was observed for a solution of 3HM in the absence of 4HM for heme binding (blue). The 

orthogonality and peptide native oligomeric states were preserved when the peptides were 

conjugated with two hexadecanoic acid tails at the peptide N-terminus and the resulting 

amphiphiles mixed.  
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Figure 6.2. (a) UV-vis spectra of heme titrated into a ~8 μM solution of 4HM upon addition 

of 0, 0.4, 1.2, 2, 3, 4, 4.8, 6, 7.2, and 8 eq. of heme per 4-helix bundle. The vertical black line 

indicates the peak at 412 nm which corresponds to the absorbance of heme within the 

hydrophobic interior of the 4-helix bundle. (b) Absorbance at 412 nm monitored as a 

function of heme molecules per 4-helix bundle ratio for pure 4HM (black), pure 3HM (blue), 

and at 4HM:3HM ratio of 5:95 (red). The ratio at which the slope changes indicates the 

number of heme molecules bound to each 4-helix bundle. 

 

 

To assess if mixed micelles were created and quantify their stability67-69, we measured 

the change in emission of an encapsulated FRET pair in the presence of bovine serum 

albumin (BSA) at various 3HM:4HM ratios. When both FRET molecules were encapsulated 

within the same micelle, appropriate excitation of the donor molecule can lead to energy 

transfer to the acceptor molecule due to the close proximity between the two molecules. As a 

result, excitation at 450 nm (donor excitation) leads to a strong emission at 565 nm (acceptor 

emission). If the mixed micelles dissemble, the encapsulated FRET molecules are released 

and diffused apart, eliminating the energy transfer. As such, a shift from 565 to 505 nm 

would be observed. Figure 6.3a shows the change in normalized FRET ratio over a 24-hour 

period. All micelles created from various 3HM:4HM ratios displayed good stability over the 

time period studied with FRET ratios above 0.9. Two formulations in particular, 3HM:4HM 

ratios of 50:50 and 0:100, displayed higher stability than the remaining of the micellar ratios 

with FRET ratios maintained ~ 0.99 over 24 hrs. The good stability presumably stems from 

the unique architecture of the coiled-coil peptide-polymer headgroup that can direct polymer 

entropic repulsion between subunits of the micelle27. To further illustrate the high kinetic 

stability of 3HM and 4HM, the FRET pair, DiO and DiI, was independently encapsulated 

within each of 3HM and 4HM and mixed in equal molar ratios at room temperature as shown 

in Figure 6.3b. The emission spectra over 16 hrs essentially remained constant, indicating no 

cargo leakage and slow subunit kinetic exchange of the two micellar populations. The high 

kinetic stability of micellar formulations at various 3HM:4HM ratios indicates that they do 

not undergo significant disassembly in the presence of serum albumin. The stability of the 

mixed micelles demonstrated in the presence of BSA suggests that these mixed micelles may 

be compatible in vivo, which is critical for intravenous drug delivery applications.  
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Figure 6.3. (a) Plot of normalized FRET ratio as a function of time for mixed micelles at 

various ratios of 3HM:4HM. (b) Time-resolved fluorescence showing a 1:1 mixture of 3HM 

and 4HM, each independently encapsulated with DiO and DiI, respectively.  

 

 

6.2.3 Phase separation of coiled-coil domains within mixed micelle 

Since the 50:50 ratio of 3HM:4HM showed higher stability than mixed micelles 

composed of other ratios, we decided to further investigate the mixed micelle at this 50:50 

ratio. To probe the distribution of the two coiled-coil amphiphiles within the mixed micelle, 

we first studied micelles composing of the individual components – pristine 3HM and 

pristine 4HM. Figure 6.4a shows DSC measurements of the individual pristine micelles 

having very distinct phase transition temperatures at 17°C and 40°C for 3HM and 4HM, 

respectively. Two separate micelle solutions of 3HM and 4HM mixed in a 1:1 ratio displayed 

two prominent transitions at 17°C and 40°C, indicative of discrete 3HM and 4HM 

populations in solution. However, a single homogeneous transition ~21°C is apparent in 

Figure 6.4b upon thermal annealing of this mixture and subjected to immediate DSC 

measurement (t = 0 hr). As the 1:1 mixture was allowed to equilibrate at room temperature 

after thermal treatment, a separate transition at a higher temperature of ~33°C appears and 

the enthalpy associated with the 33°C transition continued to increase from 1 hr to 16 hr 

while the transition at 20°C decreased in enthalpy over the same time period. This suggests 

that returning the thermally treated mixed micelles that are phase-mixed back to ambient 

temperature led to the formation of distinct 3-helix and 4-helix domains within the mixed 

micelles over the span of several to tens of hours. 
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Figure 6.4. DSC measurements of (a) pristine 3HM, 4HM, and 1:1 mixture of separately 

prepared 3HM and 4HM, (b) time evolution of 1:1 ratio of 3HM:4HM mixed micelle at times 

0, 1, 16, 26, and 40 hrs after thermal annealing. Solid red lines are fits to the data while 

dotted red lines indicate the deconvoluted peaks. 

 

 

Table 6.1. Phase transition temperatures and enthalpy for the data shown in Figure 6.4. 

 

Sample T
m

 (°C) ΔH 

(kJ/mol) 

Total ΔH 

(kJ/mol) 

3HM 17 25.1 ± 0.1 25.1 ± 0.1 

4HM 40 33.5 ± 0.2 33.5 ± 0.2 

1:1 t = 0hr 21 11.5 ± 0.04 11.5 ± 0.04 

1:1 t = 1hr 20 7.84 ± 0.06 
9.12 ± 0.11 

33 1.28 ± 0.05 

1:1 t = 16hr 17 1.85 ± 0.02 
9.20 ± 0.04 

33 7.35 ± 0.02 

1:1 t = 40hr 20 1.56 ± 0.02 
9.11 ± 0.06 

37 7.60 ± 0.02 
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Figure 6.5. (a) Fluorescence spectra of 3HM-FAM mixed with 4HM at a 1:1 ratio as a 

function of temperature. (b) Normalized fluorescence intensity at 520 nm plotted as a 

function of incubation time at the different temperatures. Data points for 25°C, 70°C, and 

cooled down to 25°C in red, black, and blue, respectively. 

 

 

To further examine the phase separation behavior of nanodomains within the 1:1 ratio 

of 3-helix and 4-helix mixed micelles, we studied the formation process of mixed micelles 

from 3HM and 4HM using fluorescence self-quenching and recovery. Figure 6.4a shows the 

fluorescence spectra of unlabeled 4HM added to a solution of FAM-labeled 3HM in a 1:1 

mixture as a function of time at three temperatures – 25°C (red), heated to 70°C (black), then 

cooled down to 25°C (blue). Figure 6.4b plots the normalized fluorescence intensity as a 

function of time and the data at the three temperatures are in the same color scheme as Figure 

6.4a. The mixture of two separate micellar populations of 3HM and 4HM at the initial 

temperature of 25°C experienced a slight ~3% increase in fluorescence intensity over a 

period of 22 hrs. This modest increase in fluorescence is due to the excellent kinetic stability 

of 3HM and 4HM with minimal subunit exchange between the two micelle populations31. 

However, when the temperature of the mixture was raised to 70°C, the fluorescence intensity 

greatly increased by 58% in 2 hrs. This large increase in fluorescence intensity is due to 

subunit exchange as the FAM-labeled 3-helix amphiphiles are desorbed from the self-

quenched 3HM-FAM and inserted into non-labeled 4HM. As the sample cell was cooled 

back down to 25°C, the fluorescence intensity decreased 10% over ~10 hrs. The FAM-

labeled 3-helix amphiphiles reorganize themselves closer to each other, thereby self-

quenching the fluorescence and resulting in a decrease in fluorescence intensity. This 

sequence of results show that 3HM and 4HM are kinetically stable at room temperature and 

minimal subunit exchange occurs in the presence of the other micellar species. Addition of 

thermal energy promotes the rapid exchange of amphiphiles between 3HM and 4HM, 

blending to form mixed micelles. However, cooling down to ambient temperature resulted in 

spatial rearrangement of the 3-helix and 4-helix amphiphiles within the mixed micelles to 

form 3-helix rich and 4-helix rich nanodomains within the same micelle. 

 

The results shown here strongly suggest that the lack of cross-oligomerization 

between two orthogonal 3-helix and 4-helix coiled-coil bundles, even when modified with di-

alkyl chains and PEG, indicates the oligomeric state of coiled-coils can be an effective 
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platform to specify the local multivalency of ligand clusters. Here, we show that highly stable 

sub-20 nm mixed micelles can be generated from a pair of orthogonal coiled-coil peptide-

PEG-lipid conjugates. Furthermore, the 3-helix and 4-helix amphiphiles were observed to 

phase segregate within the mixed micelles, forming ‘patches’ of 3-helix and 4-helix rich 

domains. Further work is needed to quantify the spatial distribution and domain size of 3-

helix and 4-helix regions within the mixed micelles. The phase separation is likely driven by 

incompatible geometric packing of the coiled-coil headgroups in the micelle corona and alkyl 

tails in the hydrophobic core. 4-helix amphiphiles have a higher density of alkyl chains 

attached to each bundle compared to 3-helix amphiphiles. Although the length of the 4-helix 

bundle is longer than 3HM70, 4HM forms micelles that are smaller than 3HM, suggesting that 

the alkyl chains in 4HM extend significantly less than those in 3HM. The mismatch in alkyl 

chain length could cause phase separation in mixed micelles. The domain size of 

nanodomains of lipids, also known as lipid rafts, in membranes is directly correlated to the 

mismatch in degree of alkyl unsaturation and subsequently bilayer thickness71, 72. We 

hypothesize a similar effect of interfacial energy minimization between 3-helix and 4-helix 

amphiphiles that dominates the phase separation phenomenon described here. This study is a 

first important step to elucidate the properties of these new hybrid self-assembled mixed 

micellar structures, and to allow their optimization regarding different fields of application, 

in particular the design of drug delivery nanosystems with targeting capability using 

clustered ligands with well-defined oligomeric states using either the 3-helix or 4-helix 

domain. 

 

§ 6.3 Conclusion 

 

In this report, we show the retention of coiled-coil bundle oligomeric states and the 

orthogonality of 3-helix and 4-helix peptide-PEG-lipid amphiphiles in mixed micelles with 

potential utility for control over the local multivalency of ligands. Additionally, the mixed 

micelles displayed high stability in serum albumin which is crucial for intravenous drug 

delivery applications. Temporal evolution of alkyl packing and tracking the relative 

distribution of FAM-tagged 3-helix amphiphiles within mixed micelles indicated partitioning 

of 3-helix and 4-helix rich domains to form self-assembled sub-20 nm patchy micellar 

particles. The proposed approach described here for generating mixed micelles with well-

defined ligand cluster sizes is extremely versatile due to the ability to engineer a variety of 

coiled-coils with different oligomeric states. Coiled-coil based peptide-PEG-lipid conjugates 

are a promising class of materials to specify the oligomeric state of ligands on surfaces for a 

wide range of diagnostic and therapeutic applications. 

 

 

§ 6.4 Experimental methods 

 

6.4.1 Synthesis of and purification of peptide-PEG-lipid conjugates 

Synthesis of amphiphilic peptide-polymer conjugates using solid-phase peptide 

synthesis based on standard Fmoc-chemistry have been previously described in detail27, 30, 31 

and will only be outlined here. The two peptides studied here are based on a 3-helix coiled-

coil peptide sequence73 (EVEALEKKVAALECKVQALEKKVEALEHGW) and a 4-helix 
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coiled-coil peptide74 (GGGEIWKLHEEFLCKFEELLKLHEERLKKL). PAL-PEG-PS resin 

(0.17 mmol/g loading, ThermoFisher Scientific) was used to conduct solid-phase synthesis of 

the peptides on a Prelude peptide synthesizer (Protein Technologies). The N-termini of the 

peptides are modified with a short C6 alkyl linker, Fmoc-6-aminohexanoic acid, followed by 

a lysine residue. This allowed for conjugation of two palmitic acid molecules to the N-

terminus. Both peptides contain a cysteine residue at position 14 to facilitate conjugation of a 

maleimide-PEG chain (MW 2000) to the exterior of the coiled-coil bundles. Fluorescein was 

attached to the C-terminus of the 3-helix peptide by selective deprotection of alloc-protected 

lysine followed by coupling the amine with 5(6)-carboxy-fluorescein. Specifically, 0.2 eq. of 

Pd(PPh3)4 was used as a catalyst with 24 eq. of phenylsilane as an allyl trapper in 

dichloromethane. The reaction was carried out for 30 mins each, repeated 5 times.  

 

The conjugates were purified by RP-HPLC (Beckman Coulter) using a C-4 column 

(Vydac, Phenomenex). Separation of the conjugates was facilitated by using a linear AB 

gradient where solvent A is water plus 0.1% (v/v) TFA and solvent B is acetonitrile plus 

0.1% (v/v) TFA. Elution of the conjugate was ~85% B. Purification of the FAM-labeled 

conjugate was achieved using solvent B as isopropanol plus 0.1% (v/v) TFA and the purified 

product eluted ~90% B. The masses of the purified conjugates were verified by MALDI-TOF 

(Appendix A.5.1).  

 

6.4.2 Size-exclusion chromatography (SEC) 

The sizes of 3-helix peptide, 4-helix peptide, and a 1:1 mixture of the two peptides 

were studied using SEC on a BioSep-SEC-S4000 column (Phenomenex) at a concentration 

of ~100 μM. Elution was carried out using a flowrate of 1 mL/min with phosphate buffer (pH 

7.4, 25 mM) for 15 minutes. The elution profiles were monitored with a UV-Vis detector at 

wavelengths of 220 nm and 280 nm. 

 

6.4.3 UV-vis heme titration 

Titration experiments were performed with 1 mL of ~8 μM solutions of 4-helix 

peptide or 4HM dissolved in phosphate buffer (25 mM, pH 7.4) in the presence of excess 3-

helix peptide or 3HM, respectively. Spectra from 250–600 nm were recorded on a Hewlett-

Packard 8453 spectrophotometer using a 1 cm pathlength quartz cuvette after addition of 

each 2 μL aliquot of a ~800 μM stock hemin solution in DMSO. 

 

6.4.4 Fluorescence self-quenching and recovery 

Fluorescence spectroscopy was measured using a LS-55 fluorescence spectrometer 

(Perkin Elmer). Briefly, 200 μM of fluorescein-labeled 3HM (donor) and 400 μM of 

unlabeled 4HM (acceptor) were independently annealed at 70 °C then allowed to cool to 

room temperature before mixing for self-quenching experiments. The two solutions were 

then mixed in a 1:2 (donor:acceptor) volume ratio at a total volume of 400 μL, giving a 

donor:acceptor molar ratio of 1:1. The sample was loaded into a 1 mm by 10 mm quartz cell 

(Starna Cells). Temporal evolution of fluorescence intensity at 520 nm was recorded every 

30 seconds using an excitation wavelength of 450 nm. Self-quenching and recovery 
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experiments were conducted with the sample cell maintained at 25°C for 22 hrs, increased to 

70°C for 2 hrs, and finally decreased to 25°C for a further 20 hrs.  

 

6.4.5 Forster Resonance Energy Transfer (FRET) 

A pair of lipophilic FRET pair, 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO, 

donor) and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI, 

acceptor), was dissolved in methanol (1 wt%) along with various 3HM:4HM ratios. The 

methanol was evaporated under vacuum at 60°C for 3 hrs to form a thin film in a glass vial. 

Phosphate buffer was added to rehydrate the film at a concentration of 1 mg/ml. The 

solutions were annealed at 70°C for 45 mins then allowed to equilibrate over 16 hrs at room 

temperature and subjected to spin dialysis using a 3K MWCO filter (Amicon Ultra-4, 

Millipore) to remove any soluble free dye in solution. The samples were incubated with BSA 

(20 mg/mL) at 37°C and time-resolved fluorescence emission intensity was monitored every 

15 mins on a LS-55 fluorescence spectrometer (Perkin Elmer) from 475–650 nm for 24 hrs 

using an excitation wavelength of 450 nm.  

 

6.4.6 Differential scanning calorimetry (DSC) 

DSC measurements were conducted using a VP-Microcal calorimeter (GE). ~550 uL 

of sample and buffer solutions were degassed for 10 mins before being loaded into two 

hermetically sealed tantalum cells at a pressure of ~28 psi to prevent water evaporation 

during the heating cycle. The temperature was increased from 5°C to 60°C at a scanrate of 1 

°C/min with 15-minute equilibration at 5°C. Baseline correction and concentration 

normalization were performed using the Origin software provided by Microcal. 

 

6.4.7 Dynamic light scattering (DLS) 

Size distributions of 3HM were measured using a BI-200SM light scattering system 

(Brookhaven Instruments). Laser light (637 nm, 30 mW) was scattered from aqueous 

dispersions of 3HM (1 mg/mL) at a 90° scattering geometry with a 100 μm filter. The 

temperature of the sample cell was maintained at 25°C using a water bath. The 

autocorrelation function of the scattered light was collected for 1 minute and analyzed to 

determine the size distribution of 3HM. 
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§ 7.1 Introduction 

 

Self-assembled nanostructures with tunable properties by controlling the structure or 

architecture of the building block represents a versatile and highly desirable platform for 

drug delivery. The self-assembled structures are a result of intricate balance between many 

competing non-covalent interactions such as electrostatic, hydrophobic, van der Waals, and 

hydrogen bonds. Although these interactions are individually weak, collectively, they can 

generate stable assemblies. By tuning the architecture, one can selectively choose to enhance 

or weaken the interaction between components, thereby changing the energy landscape and 

subsequently the resulting structure and functionality. 

 

Mono or di-alkyl tails attached to the amine- or carboxy-terminus of peptides have 

been reported to influence their aggregation and secondary structure in water for synthetic1, 2 

and natural3, 4 systems. Stupp5-10 and Tirrell11-16 have generated peptide amphiphiles by 

conjugating hydrophobic alkyl chains to hydrophilic amino acid sequences at either the N- or 

C-terminus. The formation of extensive nanofibers from peptide amphiphiles requires a 

minimum alkyl chain length of at least 10 carbons6. Alkyl chain length can modulate the 

stability of 3-helix micelles17. In addition to alkyl chain length, the architecture of 

hydrophilic peptide headgroups of peptide amphiphiles have been studied7, 10. Branching of 

the peptide resulted in lower packing efficiency8 and allows additional space for improved 

cellular recognition and adhesion properties9 for artificial matrix applications. Previous 

studies in our group has shown that the architecture of the trimeric coiled-coil headgroup in 

3-helix micelles is crucial for the enhanced kinetic stability and slow subunit desorption 

rates18. Although alkyl chain length and peptide headgroup architecture has been investigated 

for many systems, the effect of alkyl chain conjugation architecture to peptide headgroups 

has yet to be explored.  

 

The molecular architecture of building blocks affects internal order of the self-

assembled nanostructure and subsequently can have a large impact on the biological 

performance of self-assembled nanocarriers. We hypothesize that the architecture of 

conjugated di-alkyl chains could have an impact on the stability of 3-helix micelles by 

altering the efficiency of alkyl packing. Here, we study the effect of modifying di-alkyl 

conjugation architecture on the packing of alkyl chains within the micelle hydrophobic core 

as well as the micellar stability. Peptide-PEG-alkyl hybrid conjugates with different alkyl 

architectures were generated while maintaining a similar hydrophilic–lipophilic balance. The 

results show that alkyl chains conjugated to ε-amine of adjacent lysine residues of a coiled-

coil peptide display a higher melting transition temperature and enhanced micellar stability.  
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§ 7.2 Synthesis of N-alkylated and C-alkylated conjugates 

 

1CW (EVEALEKKVAALESKVQALEKKVEALEHGW) peptide was synthesized at 

a 50 μmol scale on PAL-PEG polystyrene resin (ThermoFisher Scientific) using solid phase 

peptide synthesis. Depending on whether N-alkylation or C-alkylation was desired, Fmoc-

Lys(Fmoc)-OH or Fmoc-GG-Lys(Alloc)-Lys(Alloc)-OH modifications was made to the 

1CW peptide at the N- or C-terminus, respectively. Scheme 7.1 shows the synthetic route to 

achieve (A) C-alkylated and (B) N-alkylated amphiphiles.  

 

Prior to C-alkylation, the N-terminus of the peptide was either acetylated using acetic 

anhydride:pyridine (1:1 volume ratio) or PEGylated with α-carboxy-ω-methoxy-

poly(ethylene oxide) (750 g/mol) using HATU/DIPEA chemistry. C-alkylation then required 

selective removal of the allyl protecting groups on both ε-amines of the two lysine residues at 

the C-terminus using 0.2 eq. Pd(PPh3) catalyst and 24 eq. phenylsilane. Hexadecanoic acid or 

octadecanoic acid were coupled to the deprotected amine functional group using 

HBTU/DIPEA chemistry. In total, four variants of C-alkylated amphiphiles were 

synthesized: hexadecane-acetylated, octadecane-acetylated, hexadecane-PEGylated, and 

octadecane-PEGylated henceforth referred to as C-16(Ac), C-18(Ac), C-16(P), and C-18(P), 

respectively. 

 

For N-alkylation, a 20% piperidine solution was used to selectively remove the α- and 

ε-Fmoc protecting groups on the single lysine residue, allowing two molecules of 

hexadecenoic or octadecanoic acid to be conjugated to the N-terminus, referred to as N-16 

and N-18, respectively. 

 

 After alkylation of the peptide, the amphiphiles were cleaved from the resin using a 

cocktail of TFA/TIS/H2O (90:8:2). The crude products were precipitated and washed using 

cold diethyl ether and dried in vacuo to obtain a dry white powder in ~85% yield. Crude 

amphiphiles were dissolved in phosphate buffer (pH 7.4, 25 mM) at a concentration of ~20-

30 mg/mL, depending on hexadecane or octadecane, and 4 eq. of α-maleimide-ω-methoxy-

poly(ethylene oxide) (2000 g/mol) added and stirred overnight. Purification of the conjugates 

was achieved using a linear gradient of water:acetonitrile (A:B) with 0.1% v/v TFA from 

30% B to 100% B in 30 mins at a flowrate of 8 mL/min. Purified conjugates eluted around 

85% B. Octadecane conjugates were purified using isopropanol plus 0.1% v/v TFA as 

solvent B and eluted ~90% B. 
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Scheme 7.1. Synthetic scheme of alkylation at the C- and N-terminus of the 1CW peptide. 

(A) Alkylation of 1CW modified with GGKK residues at the C-terminus through both ε-

amines of two adjacent lysine residues. (B) Alkylation of 1CW at the N-terminus through α- 

and ε-amine of a single lysine residue. 

 

 

§ 7.3 Results and discussion 

 

7.3.1 Stability of micelles in serum protein 

For any intraveneous applications, stability of nanoparticles in serum protein is 

crucial for minimal drug leakage in circulation. The stability of C-alkylated 3-helix micelles 

was compared to that of N-alkylated 3-helix micelles using FRET, shown in Figure 7.1. N-16 

displayed good micelle stability, FRET ratio decreased ~5% over 24 hrs. Acetylated variants 

of C-16 and C-18 showed enhanced stability over the same time period, only decreased by 

~1% in FRET ratio.  
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Figure 7.1. FRET stability of N-16 (blue) compared to C-16(Ac) (red) and C-18(Ac) (black).  

 

 

7.3.2 Packing of C-alkylated chains in 3-helix micelles 

 To understand the molecular contribution of C-alkylation on the enhanced stability of 

3-helix micelles, DSC was used to investigate the alkyl packing behavior of both N-alkylated 

and C-alkylated 3-helix micelles, shown in Figure 7.2.  

 

 

 
 

Figure 7.2. DSC measurements showing N-alkylated 3HM in empty circles and C-alkylated 

3HM in solid circles. 3HM conjugated with hexadecenoic acid and octadecanoic acid shown 

in red and black, respectively.  
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C-alkylated 3-helix micelles exhibited ~10°C higher transition temperature for the 

same alkyl chain length compared to N-alkylated 3-helix micelles. It is interesting to note 

that C-18(Ac) micelle has a melting temperature at 40°C which is higher that body 

temperature (37°C).  

 

7.3.3 Effect of di-alkyl architecture on peptide secondary structure 

Our previous studies have shown that the secondary and tertiary structure of the 

peptide is crucial to maintain high kinetic stability of the 3-helix micelles18. We use circular 

dichroism to probe the effect of C-alkylation on the peptide secondary and tertiary structure. 

Figure 7.3 shows the spectrum of C-16(Ac) compared to N-16 micelles. C-alkylation resulted 

in a ~10% decrease in the helical content of the peptide. However, the decrease in helical 

content did not affect the formation of coiled-coil structure, as shown from the ratio of 

ellipticity at (222/208 nm) maintained above 1. 

 

 
 

Figure 7.3. Circular dichroism spectra of N-16 and C-16(Ac) in red and black, respectively.  

 

 

7.3.4 Effect of N-PEGylation on C-alkylated 3-helix micelles 

Non-specific absorption of serum proteins on the surface of the micelles can lead to 

off-target, and often undesired opsonization and sequestration by macrophages thereby 

cleared from the system rapidly. To overcome this problem, surface PEGylation of particles 

is a common and effective method to impart the particles with ‘stealth’ properties, enhancing 

the circulation lifetime. In this section, we seek to understand the effect of surface 

PEGylation on the C-alkylated 3-helix micelles, namely stability, secondary structure of the 

helical peptide, and alkyl packing in the hydrophobic core of 3-helix micelles. 

 

Figure 7.4 shows the FRET stability of N-PEGylated 3-helix micelles with C-

alkylation. The FRET ratio remains close to unity and decreased less than 1% over a period 

of 24 hrs under incubation with 20 mg/mL bovine serum albumin. This indicates that the 

PEGylated micelles shown in Figure 7.4 are marginally more stable in serum albumin than 

the acetylated micelles shown in Figure 7.1. 
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Figure 7.4. Stability of N-PEGylated 3-helix micelles with C-alkylation in 20 mg/mL bovine 

serum albumin. 

 

 

For C-alkylated 3-helix micelles, the effect of PEGylation and acetylation at the N-

terminus were compared. Figure 7.5 shows that the circular dichroism spectra of acetylated 

and PEGylated C-alkyl 3-helix micelles overlap for the same alkyl chain length, indicating 

that PEGylation does not adversely affect the secondary structure of the coiled-coil peptide. 

However, increasing the alkyl chain length decreases the helicity of the peptide as seen from 

the less negative minima at 222 nm.  

 

 

 
 

Figure 7.5. Comparison of circular dichroism spectra for N-PEGylated (solid circles) and N-

acetylated (empty circles) 3-helix micelles with C-alkylation. Red and black represent 

micelles conjugated with hexadecenoic acid and octadecanoic acid, respectively. 

 

 

Figure 7.6 shows the alkyl phase transition for N-PEGylated and N-alkylated 3-helix 

micelles with C-alkylation. There is no difference in the transition temperature between 
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PEGylated and acetylated 3-helix micelles, indicating that PEGylation of the N-terminus for 

C-alkylated micelles does not affect the packing of alkyl chains within the hydrophobic core.  

 

 

 
 

Figure 7.6. DSC thermograms of C-alkylated 3-helix micelles with N-PEGylation (solid 

circles) and N-acetylation (empty circles). 

 

 

§ 7.4 Conclusion 

 

This study shows that 3-helix micelles can be alkylated either at the N- or C-terminus 

of the helical peptide with high retention of the helical and coiled-coil peptide structure. 

Alkylation at the C-terminus through conjugation to ε-amines of two adjacent lysine residues 

was shown to enhance the stability of the resulting 3-helix micelles. The hydrophilic–

lipophilic balance of the system was not changed – merely the conjugation architecture, 

directly resulting in a significant stability enhancement. The increased stability was 

correlated to the increase in alkyl melting temperature within the hydrophobic core of the 

micelles. Besides increasing the stability of 3-helix micelles, C-alkylation using this new di-

alkyl architecture also allows the N-terminus of the peptide to be functionalized with PEG or 

targeting ligands such as small molecules and peptides which require amine-based 

conjugation methods. This study opens new avenues to generate 3-helix micelles with 

tunable stability by modifying the di-alkyl architecture. 
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§ 7.5 Experimental methods 

 

7.5.1 Forster resonance energy transfer 

A FRET pair, 3,3′-dioctadecyloxacarbocyanine perchlorate (DiO, donor) and 1,1′-

dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI, acceptor) and the 

different variants of 3-helix micelles were co-dissolved in methanol. The methanol was 

evaporated under vacuum at 60°C for 3 hrs in a glass vial to form a thin film. Phosphate 

buffer was added to rehydrate the film at a concentration of 1 mg/ml. The solutions were 

annealed at 70°C for 45 mins then allowed to equilibrate over 16 hrs at room temperature and 

subjected to spin dialysis using a 3K MWCO filter (Amicon Ultra-4, Millipore) to remove 

any soluble free dye in solution. The samples were incubated with BSA (20 mg/mL) at 37°C 

and time-resolved fluorescence emission intensity was monitored every 15 mins on a LS-55 

fluorescence spectrometer (Perkin Elmer) from 475–650 nm for 24 hrs using an excitation 

wavelength of 450 nm. 

 

7.5.2 Differential scanning calorimetry 

DSC measurements were conducted using a VP-Microcal calorimeter (GE). ~550 uL 

of sample and buffer solutions were degassed for 10 mins before being loaded into two 

hermetically sealed tantalum cells at a pressure of ~28 psi to prevent water evaporation 

during the heating cycle. The temperature was increased from 5°C to 80°C at a scanrate of 1 

°C/min with 15-minute equilibration at 5°C. Baseline correction and concentration 

normalization were performed using the Origin software provided by Microcal. 

 

7.5.3 Circular dichroism 

Circular dichroism measurements for secondary and tertiary structure characterization 

were conducted on a J-815 spectrometer (Jasco) using a quartz cell with 0.1 cm pathlength. 

All samples were prepared at a concentration ~150 μM in phosphate buffer (25 mM, pH 7.4). 

CD spectra were recorded from 250 nm to 190 nm at 0.5 nm intervals with a scanrate of 100 

nm/min and a response time of 4 s. The measured ellipticity was normalized by concentration 

and converted to molar residual ellipticity. The mean residue ellipticity for a 100% helix 

peptide of infinite length19-21 was taken to be −37400 deg cm2 dmol−1. 
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Afterword 
 

 

 

3-helix micelle show great potential as nanocarriers for drug delivery. The ability of 3-

helix micelle to penetrate various biological barriers such as the blood-brain barrier and 

achieve deep penetration within dense tumor tissue is inexplicable, for now. The mechanical 

property of 3-helix micelle holds the key to understanding its exceptional behavior when 

infiltrating biological barriers typically not accessible to macromolecules or nanoparticles. 

Fundamental studies to probe the deformability and structure of 3-helix micelle under 

physiologically-relevant shear stress or pressure would have important biological implications 

for the development of future nanocarriers. 

 

The discovery of exceptionally high water content in 3-helix micelles suggests that they 

might be a good candidate for hydrogel applications. To facilitate cross-linking, cross-linkable 

moieties can be attached to the surface of 3-helix micelles. Varying the number of linkers 

available on the micelle surface can tune the extent of cross-linking to potentially generate 

hydrogels with different degrees of stiffness for various biological applications. 

 

3-helix micelle also presents an attractive platform to design nanoparticles for selective 

targeting to cells as alluded to in Chapter 6. Attachment of specific ligands to the surface of 

the micelles can achieve active targeting to diseased cells. Biological studies that vary the local 

ligand density by defining the coiled-coil oligomeric state could elucidate the effect of local 

ligand cluster size on specific ligand-receptor interaction affinity and the subsequent 

endocytosis efficiency of the nanocarrier. Furthermore, the possibility of generating ‘patchy’ 

or Janus micelles on a sub-20 nm scale could have a huge impact on cellular uptake for targeted 

delivery applications. Detailed characterization of the structure and spatial distribution of the 

coiled-coil amphiphiles within mixed micelles is required to establish structure-function 

relationships. Moreover, a fundamental understanding of the assembly pathway is necessary 

to control their self-assembly into well-defined nanostructures, if the mixed coiled-coil micelle 

platform is to fulfil its full potential for biological applications. Further studies to elucidate the 

origin of nano-phase separation within the mixed coiled-coil micelles could open new avenues 

to generate well-defined ‘patchy’ particles in the unique size range of tens of nanometers. 
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A.1 Supporting information for Chapter 2 

 

 

A.1.1 

 
 

A.1.1 MR images of rat brain bearing tumors. Left and right images are obtained at 9 and 16 

days (tumor volume: 48 and 201 mm3) post-intracranial transplantation of U87 cells, 

respectively. (Black dots represent the GBM border) 

 

 

A.1.2 

 
 

A.1.2 Average tumor size from 9 and 16 days post-intracranial transplantation of U87 cells 

(data represents mean and SD, unpaired t-test with Welch’s correction, p = 0.0016) 
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A.2 Supporting information for Chapter 3 

 

 

A.2.1 

 
 

A.2.1 MALDI of dC16-1CW(dPEG), Δm/z of 48 g/mol indicates the presence of deuterated 

ethylene oxide repeat units. 

 

 

A.2.2 

 
 

A.2.2 a) SAXS profile of 3HM with PEG at the 14 position. b) Radial density profiles of the 

different components of 3HM. 
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A.2.3 

 
 

A.2.3 The aggregation number for the micelle selected for all the analyses in CGMD as a 

function of simulation time. 
 

 

A.2.4 

𝑎𝑖𝑗 water PEG alkyl peptides 

water 25 26.3 100 33.7 

PEG 26.3 25 100 100 

alkyl 100 100 25 100 

peptides 33.7 100 100 100 

 

A.2.4 Repulsion parameter 𝑎𝑖𝑗 used for the interactions between the different bead-types in 

MD DPD model. 

 

 

A.2.5 

  FWHM 95% 

Thickness of component SANS (Å) CGMD (Å) SANS (Å) CGMD (Å) 

alkyl 25 23 35 27 

peptide 38 23 53 51 

PEG 61 37 92 68 

 

A.2.5 Thicknesses of peptide, PEG, and alkyl layers within 3HM from SANS and CGMD, 

reported in two different ways: (1) full-width at half maximum (FWHM) and (2) range of the 

distribution representing 95% of each component. 
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A.3 Supporting information for Chapter 4 

 

 

A.3.1 

 
 

A.3.1 MALDI of (a) dC16-1CW, (b) dC16-1CW(PEG2k), and (c) dC16-SC(PEG2k). The 

expected m/z for dC16-1CW is 4079 and the observed m/z of 4112 corresponds to the [M+K]+ 

ion. Δm/z of 44 g/mol indicates the presence of ethylene oxide repeat units. The m/z ratios for 

the PEGylated peptides indicate 44 repeat ethylene oxide units. 

 

 

A.3.2 

 
 

A.3.2 CD spectra of ~100 μM dC16-1CW (black), dC16-1CW(PEG2k) (red), and dC16-

SC(PEG2k) (blue). 𝜃222 𝜃208⁄  ≥ 1 for 1CW-based amphiphiles indicate the presence of coiled-

coils.  
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A.3.3 

 
 

A.3.3 2D contour plots of GIXD patterns for dC16-1CW at (a) 30 mN/m and (b) 40 mN/m; 

dC16-1CW(PEG2k) at (c) 30 mN/m and (d) 40 mN/m; and dC16-SC(PEG2k) at (e) 30 mN/m 

and (f) 40 mN/m. 

 
 

 

 

 

  



119 

  

A.4 Supporting information for Chapter 5 

 

 

A.4.1 

 
 

A.4.1 MALDI of (a) dC16-1CW(PEG2k), (b) dC16-1CW(PEG2k)-FAM, and (c) dC18-

1CW(PEG2k). Δm/z of 44 g/mol indicates the presence of ethylene oxide repeat units. 

 

 

A.4.2 

 
 

A.4.2 Time-dependent changes in size distributions of (a) 3HM(C18) and (b) 3HM(C18)-

DOX. 
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A.4.3 

 
 

A.4.3 Temperature-dependent circular dichroism spectra showing 𝜃222 𝜃208⁄  of (a) 

3HM(C16)-DOX and (b) 3HM(C18)-DOX.  
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A.5 Supporting information for Chapter 6 

 

 

A.5.1 

 
 

A.5.1 MALDI of purified peptides and conjugates. (a) 1CW, (b) BB, (c) 1CW-FAM, (d) 

dC16-1CW(PEG2k), (e) dC16-1CW(PEG2k)-FAM, and (f) dC16-BB(PEG2k). 

 

 

A.5.2 

 
 

A.5.2 Size distributions of mixed micelles from different 3HM:4HM ratios measured by DLS.  
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A.5.3 

 
 

A.5.3 Time-resolved fluorescence spectra of mixed micelles at various 3HM:4HM ratios (a) 

100:0, (b) 90:10, (c) 50:50, (d) 20:80, and (e) 0:100 encapsulated with a FRET pair. 




