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1.1 Molecular self-assembly 

Molecular self-assembly is defined as the spontaneous association of molecules 

under equilibrium conditions into stable, structurally well-defined aggregates 

joined by noncovalent bonds 1, 2. Molecules that spontaneously self-organize into 

larger, supramolecular structures are a universal phenomenon in nature and in 

fact are essential to life. For example, actin proteins assemble into cytoskeleton 

filaments, lipids self-organize into membranes and virus capsids spontaneously 

form by assembly of the virus coat proteins. 

 

Over the past decades, scientists have utilized the supramolecular assembly of 

molecules as a powerful toolbox for creating new and functional materials. 

Different forces contribute to the stabilization of supramolecular assemblies, 

including hydrophobic forces, hydrogen bonding, electrostatic interactions and 

van der Waals forces. This intricate interplay of forces allows the formation of an 

almost unlimited number of supramolecular assemblies. Interestingly, by precise 

control over the intermolecular interactions, materials were obtained with smart 

properties, which were unattainable by covalent bond chemistry 2-4. For example, 

a flexible filament of polymer material has been demonstrated to shape 

spontaneously into a 2 mm wide tube upon a shift in temperature 5 or a self-

healing rubber material was designed based on supramolecular interactions; 

when the piece of rubber is broken the material regains its initial strength at the 

site of scission, simply by holding both ends together 6. These examples illustrate 

the level of control that can be obtained at the mesoscale by carefully controlling 

supramolecular interactions. 

 

Nanostructures can be defined as assemblies of bonded atoms that have 

dimensions in the range of 1 to 102 nanometers 1. Particularly, molecular self-

assembly is a practical approach to form well-defined nanosized objects 4, which 

are of use for a variety of different applications, including molecular sensors in 

detection arrays 7, diagnostic imaging agents 8, 9, templates for nanolithography 10, 

11, nanovessels for chemical reactions 12 and drug carriers 13, 14. The techniques 

that are available to modify or shape such small structures after their synthesis 

are limited. Among the few techniques that are applicable, like dip-pen 
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nanolithography, most are very costly, or not suited for large scale productions 15, 

16. Therefore, molecular self-organization is the most frequently exploited route for 

the assembly of nanostructures. 

 

The selection of self-assembling molecules is greatly defined by the intended 

application of the material or nanostructure. For biomedical applications, like drug 

delivery, medical imaging, or tissue engineering, the self-assembled structures 

should at least be stable in biological fluids, have low toxicity and be poorly 

immunogenic. Examples of molecular building blocks that have successfully been 

used as biomaterials are metals 17, polysaccharides 18, lipids 19 and synthetic 

polymers 20. In addition to synthetic polymers, which represent the predominant 

class so far 21, genetically engineered protein-based polymers, such as silk-like or 

elastin-like polymers are increasingly being used as building blocks to generate 

novel biomaterials by self-assembly 22, 23. 

 

1.2 Peptides in molecular assembly 

Among the candidates for self-assembly of molecules, (poly)peptide polymers 

based on amino acids combine sequential control with a wide diversity of 

molecular characteristics 23. Even when only considering the 20 encoding amino 

acids, peptides as the molecular building blocks allow the selection of a broad 

range of physicochemical features. Four out of the 20 encoding amino acids 

contain charged side groups that can establish coulombic intermolecular 

interactions, various amino acids exhibit apolar side chains, either aliphatic or 

aromatic which may contribute to hydrophobic clustering. Furthermore, the 

aromatic amino acids can orderly arrange via π-π stacking, and many peptide 

side chains, and the peptide backbone itself, can form hydrogen bonds. The 

variety of intermolecular interactions available for the self-assembly of peptides is 

reflected by the diversity of developed supramolecular structures 24-30. In aqueous 

environment peptide design exclusively based on the 20 encoding amino acids 

has generated supramolecular architectures like peptide hydrogels 31-34, 

adjustable fibrous scaffolds 35, 36, rigid or dynamic nanotubes 10, 37, 38, micelles and 

peptide sheets 39, 40.  
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Even peptides as short as two amino acids (dipeptides) can orderly arrange into a 

variety of different structures. The dipeptides are characterized by the presence 

of at least one phenylalanine. For example, well-defined nanospheres are formed 

by a glycine-phenylalanine peptide. The Fmoc-diphenylalanine peptide 

spontaneously forms hydrogels, whereas a plain diphenylalanine peptide 

assembles into hollow peptide tubes of 50 up to 1000 nm in diameter 10, 41, 42. The 

diphenylalanine tubes are rigid and withstand highly disruptive conditions. The 

Youngs’ elastic modulus of 19 GPa places these dipeptide nanotubes among the 

stiffest biological materials that are known to date 38, 43.  

 

Polypeptides, whose controllable synthesis up to extensive block lengths has 

become feasible by the discovery of nickel mediated NCA polymerization, 

represent a contrasting class of self-assembling peptide molecules 28, 44. 

Dependent on the lengths and ratios of the hydrophilic and the hydrophobic 

blocks, long polypeptides of up to 400 amino acids in length assemble into 

sheets, micelles, vesicles or hydrogels 28, 39. The L40K160 polypeptides assemble 

into a hydrogel of high water content, only containing 0.25–2.0 weight percent of 

the polymer material. The polypeptide assemblies display a soft and highly 

deformable nature rapid recovering after mechanical stress 28, 45. The stiff 

phenylalanine dipeptide structures and the soft polyleucine-b-polylysine 

polypeptide assemblies exemplify the broad range of supramolecular structures 

and variety of physicochemical characteristics achievable, even when restrictively 

using the 20 natural amino acids as the building blocks. It can be envisioned that 

many supramolecular morphologies and physicochemical characteristics in 

between the outlined examples are achievable by variations of (poly)peptide 

lengths and composition. Further insights into the details of the forces driving self-

assembly will lead to rationally design of (poly)peptide materials. 

 

1.2.1 Self-assembling amphiphilic oligopeptides 

Small oligopeptides varying in size from 8-30 amino acids are particularly 

interesting building blocks for molecular self assembly. By their small size the 

supramolecular self-organization in aqueous environment can be more readily 

predicted as compared to larger peptides or proteins, whose folding behavior 
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remains complicated. Moreover, when hydrophobic peptide segments are 

utilized, small peptides limit the tendency to form peptide aggregates 24, 29. 

Amphiphilicity is a main driving force in self-assembly, and it dominantly drives 

the structuring of self-assembling oligopeptides as well 25. Two different 

topologies of amphiphilicity can be distinguished in oligopeptides. One is the 

hydrophobic and hydrophilic moieties on the opposing sides of the backbone’s 

longitudinal axis. For example, alternating hydrophobic and charged amino acids 

in EAK16 ionic self-complementary peptides contain repetitions of negatively and 

positively charged amino acids, spaced by a single alanine 46. The beta-sheet 

conformation of these peptides presents the apolar alanines to one side, while 

the complementary charged species face the opposite side of the peptide 

backbone. The manifestation of amphiphilicity in these peptides is thus 

dependent on the secondary conformation of the peptide. In the EAK16 peptides 

the attractive coulombic interactions promote self-association of the peptides, 

whereas the opposing sides associate via hydrophobic interactions. As a result, 

the beta-sheeted oligopeptide assemblies gelate into a stable macroscopic 

hydrogel.  

 

The other type of amphiphilicity is represented along the longitudinal axis of the 

peptide backbone, in which the hydrophobic block is attached to the hydrophilic 

block. This type is not specific for oligopeptides, as it is present in e.g. amphiphilic 

block-co-polymers and lipids. By their size these amphiphilic oligopeptide 

resemble the molecular dimensions of phospholipids. Such lipid-like or detergent-

like peptides were shown to assemble into thin peptide membranes that form a 

network of nanotubes 37, 47, 48. Interestingly, these tubes appeared open at their 

ends, and the oligopeptide assembly into these tubes occurred spontaneously 

upon dispersion in water, thereby revealing marked distinctions from classical 

hydrocarbon amphiphile assembly 49. Despite observation of some spherical 

architectures in these assemblies, oligopeptides that solely formed nanovesicles 

were not reported so far 50, 51. 

 

Various promising results of biomedical applications of oligopeptide assemblies 

have been reported. This is remarkable giving the fact that self-assembling 

oligopeptides are explored only since recently 46. Oligopeptide hydrogels, like the 
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EAK16 peptide gels, were shown to promote biological processes, like neurite 

outgrowth and synapse formation of neurons, as well as angiogenesis in 3D cell 

cultures and wound healing in human skin tissue culture models 52-56. Moreover, 

oligopeptides can be directly extended to incorporate and present biofunctional 

peptide sequences, like 6-10 amino acids laminin 1 or collagen IV motifs for cell 

adherence to the oligopeptide scaffolds. These straightforward extensions of the 

peptide sequence indeed improved the long-term effects and functionality of the 

peptide assemblies 53, 57, 58. The biocompatibility of such oligopeptides was 

furthermore demonstrated by the in vivo application of oligopeptide hydrogels. 

The intrinsic promotion of neural growth and function in vivo resulted in the 

restoration of vision in mice after severe nerve injury. The self-assembling 

oligopeptides were immunologically inert 59 .  

 

1.2.2 Production of amphiphilic oligopeptides and effects on 

self-assembly 

Recently it was reported that the production of lipid-like oligopeptides with several 

hydrophobic amino acids in a row is challenging by means of current solid phase 

synthesis techniques 60. Other, more sophisticated synthesis routes might be 

opted for, like NCA polymerization synthesis; however, this route lacks sequential 

control on the peptides. Moreover, purification of synthetic peptides is difficult and 

labor-intensive. The impurities may consist of peptides differing only one or two 

amino acids in length. Such impurities may significantly affect the self-assembling 

behavior of amphiphilic peptides 60. An alternative route of synthesis, production 

of proteins or polypeptides in biological systems like E. coli bacteria, is feasible 

up to long polypeptide lengths, while keeping full sequential control of the peptide 
23, 61, 62. Moreover, the incorporation of synthetic, non-natural amino acids by 

bacteria by expanding the genetic code may increase the chemical diversity of 

peptide biosynthesis 63, 64. The use of fusion proteins (e.g. glutathione S-

transferase, thioredoxin, small ubiquitin modifying protein) can further facilitate 

peptide expression and purification 65, 66. Recombinant production is cost-

effective, in particular at larger scales 67, 68. For difficult to synthesize peptides, 

biotechnology may provide production routes alternative to solid-phase synthesis.  
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1.2.3 Peptide hydrogen bonding and secondary conformation 

The design of supramolecular assemblies requires full understanding and control 

over intermolecular interactions. The intramolecular (secondary) organization of 

peptides determines the spatial arrangement of amino acids relative to each other 

in a peptide, and thereby dictating the intermolecular interactions that may occur. 

Peptides deviate significantly from many self-assembling synthetic polymers and 

hydrocarbon amphiphiles by the chemical nature of their backbone. The amide 

hydrogen and carbonyl oxygen in the backbone are a hydrogen bond donor and 

acceptor, respectively and in the case of amphiphilic peptides the backbone itself 

exhibits an apolar character. As mentioned above, supramolecular assemblies 

frequently are based on the formation of a hydrophobic domain 25. The energetic 

penalty of burying the free hydrogen bond donor and acceptor into an apolar, 

dehydrated environment has been estimated at 2.5 kcal/mol 69. In contrast, the 

gain in energy of hydrophobic desolvation of apolar amino acid side chains is at 

maximum -2.2 kcal/mol, and for many amino acid side chains like alanine or 

valine these values are lower 70. Therefore, burial of free amides and carbonyls in 

the hydrophobic domains is energetically restricted, and in the hydrophobic 

domain of proteins rarely found 71. 

 

Many peptides in assemblies establish hydrogen bonds, thereby saturating the 

amide and carbonyl hydrogen bond donors and acceptors 24-27, 55. Typically, 

hydrogen bonding occurs in a well defined pattern. For example, the alpha-helix 

turns 360° each 3.6 amino acids, and thereby saturates the peptide backbone 

hydrogen bond donors and acceptors intramolecularly. In supramolecular 

assemblies, such secondary peptide conformation can distinguish between 

molecular organization and peptide aggregation. Assembly of polylysine-b-

polyleucine into vesicles was demonstrated to rely on alpha-helix formation of the 

hydrophobic leucine block; if a racemic mixture of the leucines was used, unable 

to adopt the alpha-helical conformation, large unordered aggregates were formed 

instead 39. 

 

A slightly different helical structure, the coiled coil conformation, has been 

extensively exploited for example in the design of longitudinally interacting 

peptides. Upon interaction of two or more helices a slight switch to a 3.5 amino 
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acid periodicity takes place. Due to the restricted conformational freedom of such 

peptide conformation precise modification of the peptide structures is facilitated. 

Peptide coiled coil fibers can be grown in a highly ordered way, of demonstrated 

use for biomedical tissue engineering applications 36, 72. Kinks as well as branches 

can be controllably introduced in the fibers, whereas insertion of biofunctional 

peptide sequences is of use for the controllable attachment of cells 35, 73-75.  

 

Many other peptide self-assemblies adopt the beta-sheet conformation, which 

involve intermolecular hydrogen bonding. Typically, beta-sheeted peptides self-

associate into fibers, which in turn may form a mesoscale network. Using the 

well-defined nature of the beta-sheets, peptide assembly was shown to be highly 

controllable and adjustable, in analogy to the self-assembling coiled coil fibers 76-

81. Interestingly, the peptide fibers and networks were found to be robust and 

biocompatible 59, 78, 79 In conclusion, the utilization of the secondary peptide 

conformation provides an additional level of control over the supramolecular 

assembly of peptide molecules 82-85. 

 

In small peptides as well as in proteins, the significance and the characteristics of 

a thus far largely unexplored secondary conformation has become increasingly 

evident 86-88. The polyproline type II (PPII) conformation in its extended form turns 

counterclockwise (left-handed) each 3.0 amino acids and is a well-known 

structure in collagen and polyproline peptides. However, the PPII conformation 

extends beyond these typical examples. Detailed insights by spectroscopic 

techniques on short non-proline peptides has confirmed that the typical PPII 

dihedral angles (Φ -75°, Ψ 145°) are the preferential orientation of peptide bonds 

occurring in many, thus far designated as unordered, peptide sequences 86, 88-93.  

 

Besides the impact these findings may have on the early steps in protein folding, 

the light shed on the PPII conformation may be of value in the design of peptide 

self-assembling systems. Contrary to the alpha-helix conformation and the beta-

sheet, the PPII conformation is not cooperative and is typically found in 

equilibrium with the dihedral angles of the extended beta-sheet 94. In other words, 

in contrast to e.g. the alpha-helix, the PPII conformation is not stabilized by 

hydrogen bonds and the PPII dihedral angles of one amino acid is not 



Chapter 1 

16 

energetically favored by the equal conformation of the neighboring amino acids 95. 

Consequently, non-proline peptides that adopt the PPII conformation not 

necessarily exhibit a rigid and stiff rod-like character, like the alpha-helical or 

beta-sheet conformation, and may retain significant flexibility 96. In peptide self-

assembly, the PPII conformation as an intramolecularly ordered and stretched 

conformation thus far has remained largely unexplored.  

 

1.3 Molecular self-assembly to obtain drug delivery systems  

Advanced drug delivery strategies aim at maximizing the therapeutic activity of 

drugs while minimizing their toxic side effects 21. To achieve this, various 

supramolecular structures have been used to entrap pharmaca. The design of 

such self-assembling structures can follow a top-down approach in which 

structures from nature with known self-assembling characteristics are being used 

to create the supramolecular assemblies. Some of the many examples are 

liposomes, virus-like particles, alginate beads, gelatins and silk-like polymers. 

Alternatively, a bottom-up approach is followed in which molecules are designed 

de novo in such a way that they will self-assemble in a controlled and predictable 

manner. The latter approach of supramolecular assembly aims at, as was 

mentioned before, a full control on the mechanisms that underlie the self-

assembly into the desired structure. 

 

By utilizing either approaches of molecular self-association a broad range of 

different structures can function as a drug carrier, like macroscopic hydrogels, or 

nanoscaled particles like tubes, rods, micelles and vesicles. Hydrogels can be 

used to entrap and release protein pharmaceuticals, micelles for the delivery of 

low molecular weight drugs that are poorly water soluble, or polyplexes for the 

delivery of genetic material. Self-assembled nanostructures can also function in 

selectively protecting the drugs from undesired interactions with the body fluid or 

enzymatic degradation. In contrast, drugs or prodrugs can be attached to 

supramolecular structures, and may be released specifically upon enzymatic 

cleavage of the supramolecular components in particular tissue 97, 98.  
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Morphological characteristics of the supramolecular nanoparticles like shape 99, 

surface patterning 100 and size 101 influence the behavior and efficiency of a drug 

carrier. For example, the shape of micelles can affect the circulation time. 

Filamentous PEG-polyethylethylene polymer micelles showed superior in vivo 

circulation kinetics as compared to spherical micelles 99. The particle size is one 

of the key parameters, particularly when used for intravenous delivery of drugs to 

tumor tissue 101, 102. In order to avoid rapid liver clearance, particles should be 

smaller than 200 nm in diameter. Moreover, several studies have demonstrated 

the poor penetration of particles of a size in between 50 and 200 nm into 

diseased tissues 103. Large particles do not diffuse readily across the extracellular 

matrix. Spheres of 100 nm in diameter or larger are excluded from penetration 

into the extracellular collagen matrix 104 and injection of 100 nm nanoparticles in 

tumor tissue resulted in the delivery of the particles to only those tumor cells 

located along the needle track 105. In contrast, particles with a diameter of 40 nm 

were shown to penetrate into the collagen-rich regions and uniformly distributed 

throughout the tumor tissue 104, 106.  

 

Besides carrying the drug through the body, the supramolecular structures can 

also provide additional control over the properties of the drug. For example, by its 

particular physico-chemical characteristics the supramolecular assembly can shift 

the effective pKa of the bound low molecular weight drug, establishing more 

desirable pKa values for drug release 
107. Frequently, the biodistribution is 

modulated by the characteristics of the drug carrier and can be enhanced towards 

specific organ or tumor accumulation, thereby optimizing the biodistribution 

profile. Circulation kinetics can be extended by the nanoparticle or the carrier can 

actively transport its payload to specific (sub)cellular target locations 108, 109. 

Hence, the success of a drug delivery vehicle largely depends on the ability to 

optimize the supramolecular assembly for specific applications 101. 

 

1.4 Nanovesicles 

Vesicles of nanometer scale have been seen repeatedly as a platform for the 

intelligent delivery of drug molecules to diseased sites in the body. Design of 

such smart drug delivery vehicles may include elements for recognition of the 
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target sites and subsequent triggered release of one or even multiple stocks of 

active drug molecules 101, 110. So far, several vesicular systems for intravenous 

delivery of drugs have reached the market 111. However, further improvement of 

their performance is still needed. Therefore, an extension of the arsenal of 

nanosized delivery systems is desired.  

 

In order to develop nano-particles and, more specifically, vesicular architectures 

several types of molecular building blocks can be considered. Hydrocarbon 

amphiphiles, like lipids and detergents, are well-characterized with respect to 

their self assembling behavior 49, 112 and have been extensively studied for their 

potential as a drug delivery platform 113-115. Many lipids, in particular phospholipids 

have been used because of their vesicle-forming capacity when dispersed in 

aqueous media. Such lipid vesicles are often referred to as liposomes and can be 

considered as an archetype of colloidal drug delivery systems obtained by 

molecular self-assembly. Similarly, non-ionic surfactants can also form vesicles, 

the so-called niosomes (Table 1). Both hydrophobic and hydrophilic drugs can be 

encapsulated in the bilayer or the enclosed aqueous compartment, respectively. 

Niosomes, however, face some challenges with respect to the stable entrapment 

of low molecular weight hydrophilic molecules 116. One of the advantages of using 

lipids for biomedical applications is the stability of the assembly which can be 

attuned to the desired situation 117. Moreover, the building blocks are 

biocompatible – only limited adverse effects have been reported for lipid carriers 

by systemic administration. In fact, several approved pharmaceutical products are 

based on drugs entrapped in liposomes, such as Doxil® and Daunoxome® and 

are successfully used in the clinic 118-120. However, the design of smart liposomal 

carriers, for example by inclusion of stimuli-responsiveness, is challenging. The 

attachment of targeting and biofunctional moieties on liposomes has faced 

significant hurdles as well 121. Chemical modifications of the lipids required for 

attaching the targeting molecule can be precarious, and unnatural linker moieties 

may elicit undesired side effects in the body 122. 

 

Synthetic polymers comprise a diverse class of building blocks for assembling 

nanosized particles, which can be varied in polymer design, block lengths, and 

molecular composition 123-126. The wide variety of possible polymer compositions 
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allows steering the characteristics of nanoparticles over a broad range, 

representing a major advantage of polymers as building blocks for 

supramolecular assembly. Various di- and triblock polymer architectures have 

been used to form vesicles (polymersomes) 127-130. The bilayer of the amphiphilic 

polymer can be increased as compared to e.g. liposomes; whereas lipid bilayers 

span 3-5 nm, 10-20 nm thickness is readily achievable for polymer membranes 
128. Polymersomes can thereby typically display high rigidity and low permeability 

for hydrophilic low molecular weight molecules 128, 131. Stable entrapment of small 

molecules can be advantageous for storage of the formulation. However, if 

triggered mechanisms of release are unavailable, an impermeable membrane 

may also imply restrictions on the availability of the drug molecules upon reaching 

the target site. In addition to encapsulation of drugs in the polymersome, the 

polymer membrane can be functionalized via the attachment of enzymes or 

incorporation of membrane proteins into the polymer bilayer 132, 133. Several 

polymeric vesicles have been examined with respect to their in vivo behavior. For 

example, PEO-PEE vesicles circulate for 15 to 20 hours, comparable to the 

circulation properties of clinically approved stealth liposomes 134. A major issue to 

be considered in the case of biomedical applications of polymers is the 

biodegradability, biocompatibility and the toxicity of low molecular weight 

molecules residual to the polymer synthesis, clearly restricting the synthesis 

routes and polymers that are suited for drug delivery applications. 

 
Table 1. Table 1. Table 1. Table 1. Currently available vesicles for drug delivery    

 
Liposomes Niosomes Polymersomes 

Components Phospholipids, 

cholesterol 

Non-ionic 

surfactants, 

cholesterol 

Amphiphilic di- 

or tri-block-

polymers 

Nanosize 

dimensions 

(diameter, nm) 

<100, sizing 

required 

<100, sizing 

required 

≥100 

Stability High - moderate Low High 

Crosslinkable -/+ - + 

Permeability Moderate-Low High Low 
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The vesicles that have been developed for drug delivery purposes so far typically 

are relatively large and require sizing for intravenous administration (Table 1). 

Polymer vesicles are limited in their size towards smaller diameters below 75 nm, 

due to the restricted curvature modulus and the development of lipid vesicles for 

drug delivery of sizes below 75 nm faces challenges as well 39, 49, 113, 135. Therefore, 

in order to enhance penetration into inflammatory and tumorigenic tissues, the 

development of stable and biocompatible vesicles of a size smaller than 50 nm 

may be of benefit for the delivery of both hydrophobic and hydrophilic drugs to the 

diseased tissues.  

 

1.5 Aim 

The aim of this thesis was to develop nanovesicles by molecular self-assembly of 

oligopeptides and to obtain insight into the intermolecular interactions that govern 

the self-organization of the oligopeptides. Furthermore, the potential of such 

oligopeptide vesicles as a drug carrier is investigated.  

 

1.6 Outline  

Chapter 2Chapter 2Chapter 2Chapter 2 reports the design, production and characterization of amphiphilic 

oligopeptides. First, the recombinant production of the oligopeptides is described 

and subsequently the reversible assembly of the peptides into nano-sized 

vesicles is demonstrated. The entrapment of hydrophilic low molecular weight 

molecules was feasible using calcein as a small hydrophilic model molecule. 

 

In Chapter 3Chapter 3Chapter 3Chapter 3 multiple cysteines are introduced in the hydrophobic domain of the 

self-assembling amphiphilic oligopeptides. As was shown using dynamic light 

scattering analysis in different solvents, after oxidation intermolecularly 

crosslinked vesicles were obtained. Dynamic light scattering, electron microscopy 

and atomic force microscopy were applied to gain further insight into the size 

distribution of the oligopeptide vesicles. 

 

CCCChapter 4hapter 4hapter 4hapter 4 describes the secondary conformation of the vesicle-forming 

amphiphilic oligopeptides. By both circular dichroism and Fourier transform 
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infrared spectroscopy it is demonstrated that the oligopeptides adopt the 

polyproline type II as their dominant conformation. It is further demonstrated that 

this peptide conformation is a critical factor in the assembly of the oligopeptides 

into nanovesicles. 

 

Knowing the intramolecular order of the oligopeptides, subsequently the 

intermolecular peptide organization was studied in Chapter 5Chapter 5Chapter 5Chapter 5. The vesicular 

assemblies are driven by the formation of a hydrophobic domain, as was 

demonstrated with fluorescence spectroscopy. In addition to hydrophobic 

interactions, both experimental and computational techniques demonstrated that 

also hydrogen bonds within the hydrophobic domains of the assemblies stabilize 

the oligopeptide vesicles. Either direct intermolecular hydrogen bonds are formed 

within the hydrophobic domain, or peptide backbones are stably bridged by single 

hydrogen-bonded water molecules. 

 

Chapter 6Chapter 6Chapter 6Chapter 6 investigates the potential use of the oligopeptide nanovesicles for drug 

delivery applications. The (route of) cellular internalization of the peptide vesicles 

was revealed by flow cytometry and fluorescence microscopy. Poorly-water 

soluble phthalocyanines could be entrapped in the peptide vesicles. Using the 

peptide vesicles as a carrier for the intracellular delivery of the hydrophobic drugs 

resulted in a phototoxic response towards cells. 

 

Chapter 7 Chapter 7 Chapter 7 Chapter 7 is a brief summary of the thesis and future perspectives of self-

assembling oligopeptides for drug delivery applications are outlined, with a 

special focus on the optimization of peptide vesicle characteristics. 
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Abstract  

The aim of the present study was to design amphiphilic oligopeptides that can 

self-assemble into vesicular structures. The ratio hydrophilic to hydrophobic block 

length was varied and peptides were designed to have a hydrophobic tail in which 

the bulkiness of the amino acid side groups increases towards the hydrophilic 

domain (Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp-Glu2/7-COOH). These peptides 

were recombinantly produced in bacteria as an alternative to solid-phase 

synthesis. We demonstrate with different complementary techniques (dynamic 

and static light scattering, tryptophan fluorescence anisotropy and electron 

microscopy), that these amphiphilic peptides spontaneously form vesicles with a 

radius of approximately 60 nm and a low polydispersity when dispersed in 

aqueous solution at neutral pH. Morphology and size of the vesicles were 

relatively insensitive to the variations in hydrophilic block length. Exposure to 

acidic pH resulted in formation of visible aggregates, which could be fully 

reversed to vesicles upon pH neutralization. In addition, it was demonstrated that 

water-soluble molecules can be entrapped inside these peptide vesicles. Such 

peptide vesicles may find applications as biodegradable drug delivery systems 

with a pH dependent release profile. 

 

Introduction 

The self-assembly of biomolecules has gained increasing attention as a means to 

design novel biomaterials from biomolecular building blocks (e.g. DNA, proteins 

and peptides) 24, 136. A variety of supramolecular structures have been formed with 

self-assembling peptides, such as macroscopic hydrogels 45, 53, 79, fibers 137, β-

sheeted tapes 78, polypeptide vesicles 39, 138 and nanotubes 37, 47. The 

biocompatability of peptide assemblies is underscored by their successful 

utilization in various biological and medical applications, like stem cell 

differentiation, tissue engineering, in vivo nerve regeneration and as scaffolds to 

deposit hydroxyapatite minerals as a mimic for extracellular bone matrix 33, 57, 59, 139, 

140. 
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Zhang et al showed that small amphiphilic oligopeptides self-assembled into 

nanotubes 37, 47, 48, 141. They proposed a model of assembly in which the peptides 

stick together tail-to-tail, forming a bilayer similar to lipids in aqueous environment 
37, 48. These peptides were found to predominantly assemble into open-ended 

tubes. A vesicular architecture, however, might be useful in a variety of 

applications, e.g. to encapsulate and deliver pharmaceutically active compounds, 

like low molecular weight drugs as well as biotherapeutics (protein, siRNA and 

pDNA) 111, 142. 

 

Extensive research about the self-assembling behavior of amphiphiles has 

provided valuable information about critical parameters determining the final 

assembled architecture. The surface area occupied by a monomer, relative to the 

length of the hydrophobic block determines the packaging shape of a monomer 

within a supramolecular assembly 112. A slightly increased surface area is 

favorable for the formation of vesicles, when compared to the formation of planar 

bilayers 49, 143. Besides the size and charge of the hydrophilic residues, such a 

surface area is influenced by the length of the hydrophilic block; an extension of 

the hydrophilic block favors an increase of occupied surface area per monomer 
128, 144. Therefore, the ratio hydrophobic to hydrophilic block length can be varied, 

in order to obtain a vesicular architecture 127. The aim of the current study was 

develop amphiphilic oligopeptides that self-assemble into vesicles in aqueous 

environment. Two peptides were designed to be amphipatic, negatively charged 

at neutral pH and to occupy a relatively large interfacial surface area. 

 

These self-assembling (SA) peptides were recombinantly produced in bacteria as 

an alternative to solid-phase synthesis; a production route that might be 

advantageous e.g. for large scale production 145. After purification and N-terminal 

acetylation, these peptides were characterized for their self-assembling behavior 

by fluorescence spectroscopy, electron microscopy and dynamic and static light 

scattering.  
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Results 

Peptide design Peptide design Peptide design Peptide design     

SA2 and SA7 peptides were designed to be amphipathic, containing glutamic 

acid residues as the hydrophilic domain (Figure 1) that, due to their side chain 

size and electrostatic repulsion, will occupy a relatively large interfacial area. A 

relative increase in hydrophilic block length also may enlarge the surface area 128. 

Therefore, the mass fraction of the hydrophilic block was varied from 25% (SA2) 

to 50% (SA7) of total peptide mass, while keeping the length of hydrophobic 

domain unchanged. In the hydrophobic domain of the SA peptides a conical 

shape was introduced by using hydrophobic amino acids with decreasing 

bulkiness of the side chains towards the N-terminus (Figure 1). Tryptophans suit 

well on a polar-apolar interphase, due to the polarity of the amide group present 

in the further hydrophobic indole side chain 146. The N-terminus of the peptide was 

acetylated to prevent undesired charge interactions with the negatively charged 

glutamic acid residues and to increase hydrophobicity 147. 

 

 

 
Figure 1.Figure 1.Figure 1.Figure 1. Space filling molecular models of stretched SA peptides, 

with amino acid sequence Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp-

Glu2-7-COOH. 

 
Recombinant production and purification of amphiphilic peptidesRecombinant production and purification of amphiphilic peptidesRecombinant production and purification of amphiphilic peptidesRecombinant production and purification of amphiphilic peptides    

The amphiphilic oligopeptides SA2 and SA7 were recombinantly produced as a 

cost-effective alternative to solid phase synthesis. To prevent degradation or 

toxicity of the unfolded, amphiphilic peptides in bacteria, SUMO protein was used 

as a fusion protein that has been reported to increase solubility and yield of 

recombinant proteins 68, 148, 149. DNA constructs, encoding the different SA 

peptides (Figure 1), were cloned into the pET-SUMO vector in frame with and 

downstream of the SUMO gene. The resulting gene constructs were expressed in 
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E. coli strain BL21(DE3). The SUMO fusion protein contained an N-terminal 

hexahistidine tag which allowed purification by IMAC. The SA peptide was 

cleaved from the C-terminus of the SUMO protein by SUMO protease, which 

cleaves by recognizing the three dimensional structure of the SUMO protein, 

rather than a specific amino acid (sequence), yielding SA peptides without any 

undesired amino acids on their N-termini 149.  

 

A typical example of SA peptide production in E. coli is shown in Figure 2. Total 

protein content of the BL21(DE3) bacteria expressing SUMO-SA2 fusion proteins 

was analyzed on a SDS-PAGE gel, before and after induction of recombinant 

protein expression with IPTG (Fig. 2A). In the IPTG treated sample, a protein 

band with an apparent molecular weight of ca. 17 kDa appeared, which is close to 

the theoretical mass of the fusion protein (13 kDa). After 3 hrs of induction by 

IPTG, ~40% of the soluble fraction of bacterial proteins consisted of the SUMO-

peptide (SUMO-SA2) fusion protein (Fig. 2A, third lane). One-step IMAC was 

performed to purify the fusion protein from the soluble fraction of the bacterial 

lysate (Fig. 2A, fourth lane). From the purified fusion protein imidazole was 

removed by desalting and the protein was incubated with SUMO protease to 

release the SA peptide. Cleavage is clearly visualized by monitoring the release 

of protein (UV280) from a Superdex peptide column (Fig. 2B) (void volume peak 

no. 1, optimal separation range 1-15 kDa) before (dashed line) and after cleavage 

by SUMO protease (dotted line).  
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FiFiFiFigure 2.gure 2.gure 2.gure 2. Recombinant production of SA2 oligopeptide in E. coli BL21(DE3). A. 

Expression and subsequent purification of SUMO-SA2 peptide fusion protein, analyzed 

on a 15% SDS-PAGE and visualized by silver staining. Lanes 1 and 5: Mark12 protein 

standard (Invitrogen); Lane 2: Total bacterial protein, uninduced; Lane 3: Total bacterial 

protein, IPTG induced; Lane 4: IMAC purified SA2-SUMO fusion protein. B. Enzymatic 

release of the SA2 peptide from the SUMO fusion protein using SUMO protease, 

analyzed by size exclusion chromatography (Superdex Peptide 10/300 GL column 

monitored at UV280). SUMO fusion protein (peak 2) before (dashed line) and after (dotted 

line) incubation with SUMO protease. The cleaved peptide (peak 3) was purified by 

removing co-purified proteins (peak 1), the SUMO fusion protein and the SUMO protease, 

both bearing hexahistidine tags, with IMAC (solid line). C. HPLC analysis on the purified 

and acetylated SA peptide, monitored at UV280. D. ESI-MS mass spectrum of the 19.53 

min. peak in C (19.47-19.84 min, expected mass 1183.65).  
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After cleavage a low molecular weight peak appeared (no. 3) that corresponded 

with the SA2 peptide as was revealed by MS analysis. The cleavage efficiency 

depended on incubation time and temperature. After 6 hours incubation at 

ambient temperature cleavage was complete. In the void volume of the column 

(peak 1) some co-purified bacterial proteins and aggregated fusion proteins came 

off. However, by applying the mixture of cleaved SA peptide on a Ni-NTA column 

the co-purified proteins, the His-tagged SUMO protease and the SUMO fusion 

protein could be removed and yielded the SA peptides (solid line, Fig. 2B). 

Subsequently, the purified SA peptide was acetylated on its N-terminus and 

analyzed with ESI-MS (Fig. 2C). The observed mass of N-acetyl-SA2 was 

1184.58, which is in good agreement with the expected mass of 1183.65. Non-

acetylated peptide was neither detected by ESI-MS nor by the free amine 

sensitive 2, 4, 6-trinitrobenzene sulfonic acid assay. SA7 peptide was produced in 

the same way. Typically, from a batch of 25 gram bacteria (dry cell weight) 300 

mg purified fusion protein was obtained, which yielded 30 mg of acetylated SA2 

peptide.  

 
Determination of the critical aggregation concentrationDetermination of the critical aggregation concentrationDetermination of the critical aggregation concentrationDetermination of the critical aggregation concentration    

After purification and subsequent acetylation of their N-termini, the SA peptides 

were studied for their self-assembling behavior in aqueous solution. To 

investigate the CAC of the peptide assemblies, tryptophan fluorescence 

anisotropy was used. Steady-state anisotropy is a measure for the rotational 

motion of fluorophores 150. At the critical aggregation concentration (CAC), the 

average rotational rate of the peptide molecules and of their intrinsic tryptophan 

residues will decrease abruptly, because of formation of peptide assemblies. This 

will manifest itself as a sudden increase of intrinsic tryptophan anisotropy 151. 

 

As can be seen in Figure 3 A and B, both peptide dispersions displayed a sharp 

rise of anisotropy with increasing peptide concentration. This allowed 

determination of the CAC, which is defined at the intersection of a linear fit 

through the points at low anisotropy values and a linear fit through the points 

describing a steep anisotropy increase. The CAC determined in this way was 

found to be 4.9 x 10-7 M for SA2, whereas the CAC of SA7 was 1.6 x 10-5 M. 

Measurements with a SA5 peptide, containing an identical hydrophobic block as 

SA2 and SA7 and 5 glutamic acids residues, gave a CAC of 1.3 x 10-6 M (data not 
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shown). This confirms that there is a trend for increasing CAC with increasing 

length of the hydrophilic block of the peptide. At higher concentrations, a plateau 

value of maximal anisotropy was reached of around 0.23 for SA2 and 0.19 for 

SA7. 

 

 
Figure 3.Figure 3.Figure 3.Figure 3. Tryptophan steady-state anisotropy as a function of SA2 (A) and SA7 (B) 

peptide concentration. CAC was determined at the intersection of the two linear fits in A 

(SA2, 4.9 x 10-7 M) and B (SA7, 1.6 x 10-5 M). 

 
Morphology of the peptide selfMorphology of the peptide selfMorphology of the peptide selfMorphology of the peptide self----assembliesassembliesassembliesassemblies    

Transmission electron microscopy was used to elucidate the morphology of the 

SA2 and SA7 peptide assemblies (Fig. 4). The use of the quick-freeze technique 

with subsequent transmission electron microscopy (TEM) provides an impression 

of the particles in solution and avoids potential artifacts induced by staining of the 

sample. As can be seen in Figure 4, the assemblies were situated apart, some 

seemed attached or even fused to each other (see arrow in 4D). All assemblies 

appeared as spherical particles and neither tubes nor fibrils were observed. The 

morphology of the particles was insensitive to increased hydrophilic block length, 

since for SA2 (Fig. 4A, C) and SA7 (Fig. 4B) only spherical particles of 

comparable sizes were observed. Peptide particles were also visualized with 

Atomic Force Microscopy (AFM) by immobilization of the particles on ornithine-

modified silica matrix, giving similar morphologies and size distributions as seen 

with TEM (data not shown). The spherically assembled peptide structures 

displayed a relatively soft nature, since minor forces were needed to destroy the 

peptide assemblies by the AFM cantilever. 
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Figure 4.Figure 4.Figure 4.Figure 4. Transmission electron microscopy of peptide self-assemblies. Both for the SA2 

(A) and SA7 (B) spherical assemblies were observed. The spheres are abundantly 

present in solution (C, overview of SA2 assemblies). Some assemblies lie overlaid, 

attached (A, D) or even fused (D, arrow). 

 
Dynamic and static light scattering and zeta potential measurements Dynamic and static light scattering and zeta potential measurements Dynamic and static light scattering and zeta potential measurements Dynamic and static light scattering and zeta potential measurements     

The SA2 and SA7 assemblies were analyzed by dynamic light scattering (DLS) to 

obtain the hydrodynamic radius (Rh) of the assemblies (Table 1). The radii found 

(63 nm for SA2 and 59 nm for SA7) correspond with the largest particles 

observed in TEM micrographs (Fig. 4). The particles sizes were stable over time 

(> three months, 4°C) and at physiological conditions (150 mM sodium chloride, 

10 mM sodium phosphate, pH 7.4). The polydispersity index (PD) of the self-

assemblies was ca. 0.2, which indicates little heterogeneity of particle size, as 

was also observed by TEM.  

 

Static light scattering provides information about the radius of gyration (Rg) and 

the molecular weight of the particles. Results of static light scattering (SLS) data 

analysis are shown in Table 1. The ρ-parameter (Rg/Rh), sheds light onto the 

density distribution of the particles and thereby on particle morphology.152 In case 

of uniform spheres, Rg = (3/5)
1/2Rh, so that ρ = (3/5)

1/2 = 0.775; for hollow spheres 
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(vesicles), assuming an infinitely thin wall, Rg =Rh, so that ρ = 1.0 
152-155. The Rg 

values of the SA particles coincided with the Rh values, resulting in ρ values of 

around 1 (Table 1). SLS data furthermore revealed the molecular weight of the 

particles and division by the molecular weight of the monomer resulted in the 

number of peptides per particle (Table 1). The aggregation number allowed the 

calculation of the surface area per monomer, assuming an equal distribution of 

peptides over the inner and outer side of a peptide bilayer 48. As can be seen in 

Table 1, the SA7 peptides containing a longer charged hydrophilic domain, 

occupied a larger surface area within the assembly, when compared to SA2 

peptides. Furthermore, these assemblies with the larger surface area per peptide 

also displayed a less negative zeta potential.  

 
Table 1.Table 1.Table 1.Table 1. Macromolecular properties of the peptide assemblies 

  
Zeta 

potenti

Rh
a 

(nm) 

Polydispersity 

Index 

Rg
b 

(nm) 

ρ 

paramete

Particle 

molecular 

Aggregation 

number  

SA2 -48 (±1) 63 (±1) 0.21 66 (±2) 
1.04 

(±0.03) 

3.0 (±0.1) 

x107  

2.5 (±0.1) 

x104 

SA7 -26 (±1) 59 (±3) 0.24 54 (±1) 
0.92 

(±0.06) 

1.8 (±0.1) 

x107  

9.8 (±0.2) 

x103 

aaaa    hydrodynamic radius; bbbb    radius of gyration 

 

 
pH dependency of the selfpH dependency of the selfpH dependency of the selfpH dependency of the self----assembled structuresassembled structuresassembled structuresassembled structures    

The stability of the SA peptide vesicles was studied as a function of pH by DLS 

measurements. As can be seen in Figure 5, the peptide assemblies were stable 

above pH 5.0 as no change in particle size (distribution) was observed. Lowering 

the pH to 4.0 resulted in the formation of aggregates, as indicated by a dramatic 

increase in particle size and PD (Fig. 5A, C). These aggregates were clearly 

visible by the naked eye. Reversing the pH to neutral values (Fig. 5B, D) elicited 

the formation of self-assemblies of a size and polydispersity similar to values 

before acidification. Interestingly, hysteresis was observed when reversing the pH 

values. Whereas destabilization took place around pH 4, re-assembly only 

occurred at pH values ≥ 7 (Fig. 5B, D). The vanishing aggregates and appearing 

assemblies in the re-assembly process can also be seen in the DLS size 
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distribution graphs (Fig. 5E). At pH 5, large particles were present (1 µm peak), 

that diminished at pH 6 and were completely gone at pH 7. The size distribution 

graph after acidification is similar to the initial particle size distribution (Fig. 5E). 

 

 
Figure 5.Figure 5.Figure 5.Figure 5. Effect of pH on the size of the SA peptide assemblies, as monitored by DLS 

measurements. Aggregation of the SA2 and SA7 peptides occurs below pH values of 4.0. 

The destabilization process is reversed by neutralization of the pH values, displaying 

hysteresis and restoring size and polydispersity (PD) to initial values. The process is 

further visualized by DLS size distribution graphs of SA2 peptides (E). 

 
Calcein encapsulationCalcein encapsulationCalcein encapsulationCalcein encapsulation    

A vesicular nature of the peptide assemblies would allow entrapment of 

hydrophilic molecules in the interior of the assemblies. To test this, the SA2 

assemblies (0.2 mg/ml) were prepared either in presence or absence of the 

fluorescent marker calcein. By using Sephadex G50 size exclusion spin columns 

the calcein-vesicle fraction can be rapidly separated from free calcein with only 

minor dilution of the vesicle dispersion, which could potentially destabilize the 

vesicles 156. As a positive control for calcein encapsulation, negatively charged 
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unilamellar egg phosphatidylglycerol (EPG) liposomes with comparable size and 

light scattering intensities as the SA-peptide vesicles were used. The eluted 

fractions were collected and analyzed for calcein fluorescence. As can be seen 

for the liposomes containing calcein, the first two fractions represented 

encapsulated calcein (void volume), whereas free calcein started eluting from 

fraction 4 onward (Fig. 6A). SA2 assemblies, prepared in the presence of 4 mM 

calcein, showed high calcein fluorescence in the first two fractions. Calcein 

fluorescence decreased in the third fraction and increased again in next fractions, 

a trend that confirms the presence of two different calcein populations. In 

contrast, when calcein was added to peptides after assembly, spin column 

separation shows minimal calcein fluorescence in the void volume, comparable to 

the elution profile of free calcein. At similar light scattering intensity, the degree of 

calcein encapsulation is 2.5 times lower when compared to negatively charged 

EPG liposomes (Fig. 6A). The degree of calcein entrapment linearly increased 

with SA peptide concentration (Fig. 6B).  

 

 

 
Figure 6.Figure 6.Figure 6.Figure 6. Calcein incorporation in SA2 peptide assemblies. A. Free calcein elutes in 

fraction 5 and onwards, whereas liposomes come off the column in the first two fractions 

(void volume). SA2 peptide was dispersed in presence of calcein, prior to spin column 

separation (0.2 mM SA2 peptide, 4.0 mM calcein). As a negative control calcein was 

added to SA2 assemblies after preparation. B. At increasing concentrations of peptide, 

assemblies were prepared in presence of a constant calcein concentration. 
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Discussion 

In this study, amphiphilic oligopeptides were recombinantly produced in bacteria 

and assessed for their self-assembling behavior. Recombinant production 

represents a cost-effective alternative to solid-phase synthesis, as it does not 

require expensive chemicals and can be easily scaled up to gram-quantities. 

However, recombinant production of small amphiphilic peptides may induce 

toxicity to the host cells. This toxicity problem was circumvented by using a fusion 

partner that increases the overall hydrophilicity of the recombinant polypeptide to 

be produced 65. Removal of the peptide from its SUMO fusion partner by SUMO 

protease was specific and yielded peptides without undesired N-terminal amino 

acids. Furthermore, the method used for purification of the SA peptides is, in 

principle, independent of the size, polarity and charge of the peptide and thus 

does not require setting up elaborate purification schemes for each peptide when 

different peptides have to be produced. Recombinant production may also 

provide means for the extension of peptide lengths towards longer 

(heteropolymeric) polypeptides. 

 

The use of the intrinsic tryptophan fluorescence of the peptides for CAC 

determination avoids the need for an external fluorophore, which might interfere 

with the self-assembling behavior. An increasing CAC with increasing hydrophilic 

block length was observed, and this trend was confirmed by the CAC value of a 

peptide containing 5 glutamic acids. Such an effect has also been observed for 

other small amphiphilic peptides 157. The maximal anisotropy value of any 

fluorophore in isotropic solution is 0.4, in case of minimal rotational movement; for 

tryptophans this value is near 0.3 150. The SA2 peptide assemblies, however, 

display a maximal anisotropy of 0.23 and for SA7 assemblies, this value was 

around 0.19, both clearly below the maximum tryptophan anisotropy. Local 

rotational motions of tryptophan residues within the assemblies are possibly 

responsible for this difference. 

 

The polydispersity index of the peptide assemblies derived from dynamic light 

scattering indicated the formation of an ordered structure. This was confirmed by 

TEM investigations, which revealed highly organized, spherical structures. The 

particles are formed spontaneously by resuspension of the acid precipitated 
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peptides and no sizing is required to obtain such a relatively monodisperse size 

distribution. Further studies by SLS confirmed the vesicular nature of the 

spherical assemblies. The calculated ρ values indicated the specific density 

distribution at the particle edge that is characteristic for a vesicle. Assuming a 

peptide bilayer, as was proposed by Vauthey for similar amphiphilic peptides 37, 

the surface area occupied by the peptides (4.0 nm2 for SA2 and 8.9 nm2 for SA7) 

are in good agreement with values found for other vesicles 127, 158. An increased 

length of the hydrophilic block indeed resulted in a larger surface area per 

monomer, as has been suggested before 128, 143. However, the increased 

hydrophilic mass fraction had no influence on the size and shape of the vesicles.  

 

Furthermore, the vesicular nature of the assemblies was confirmed by the ability 

to entrap calcein, a small water soluble fluorescent molecule, inside these peptide 

vesicles. The quantity of entrapped calcein was positively correlated with the 

peptide concentration used and was not due to diffusion of calcein into the 

spherical assemblies, as the addition of equal concentrations of calcein to the 

peptide vesicles after rehydration yielded much lower calcein fluorescence levels 

associated with the peptide vesicles (Fig. 6). The SA2 vesicles entrapped 

somewhat higher amount of calcein. These peptides display a lower CAC than 

SA7 peptides (Fig. 3), and the SA2 peptides within assembly might be packed 

denser, resulting in an increased ability to entrap water soluble compounds. Such 

a difference in packaging density of SA peptides is supported by the SLS data, 

which show a larger surface area per monomer for SA7, and by the maximal SA7 

anisotropy value, which indicates an increased movement for the SA7 peptides. 

The quantity of encapsulated calcein in SA2 vesicles is 2.5 times lower compared 

to the amount entrapped in negatively charged phospholipid vesicles of similar 

size and comparable scattering intensity. This difference may be related to the 

preparation methods of these two types of vesicles (lipid-film hydration vs. 

precipitate dispersion) or to the amount of vesicles present, since scattering 

intensity is not only dependent on particle concentration, but also on refractive 

index of the particles, which may differ for liposomes compared to peptide 

vesicles. 
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Interestingly, the self-assembly behavior of the SA peptides presented here are 

different from other amphiphilic oligopeptides described, like G8D2 or A6D that 

predominantly form branched nanotubes 37, 47. It might well be that differences in 

molecular geometry cause differences in the self-assembly of the SA peptides 49, 

159. A truncated cone has been proposed as the optimal packaging shape of the 

monomers in vesicle-forming amphiphiles 49, 112. Such a geometry is influenced by 

the length of the hydrophobic domain of the amphiphile in relation to the size of 

the interfacial surface area of the monomer within the assembly 128, 159, which is 

larger for the SA peptides compared to e.g. G8D2 or A6D, due to the larger 

glutamic acid side chain. Furthermore, the geometry of the peptide monomers 

also favors a conical shape as the hydrophobic amino acids increase in size 

towards the hydrophilic domain.  

 

The spontaneous nature of the self-assembly of peptides into vesicular structures 

is illustrated by their pH dependency. As studied by DLS measurements, the 

peptide vesicles aggregate below the pKa of the side chain carboxyl group of 

glutamic acid (4.3). It could not be determined whether this aggregation caused 

disruption of the vesicular assemblies. However, the assembly can be restored by 

re-adjusting the pH to neutral or basic values. The observed hysteresis upon pH 

neutralization might be caused by the shielding of peptides from the environment 

within the large aggregates, which may hinder deprotonation. Nevertheless, the 

experiments show that assembly and disassembly of the SA peptide vesicles can 

be controlled by changing the pH of the surrounding medium, which may be 

useful for drug delivery applications.  

 

According to the DLVO theory, the higher Coulombic repulsions between the 

particles, the more stable the colloids are 49, 160. The SA2 assemblies display a 

more negative zeta potential compared to SA7 assemblies (Table 1), which might 

favor the long-term stability. Also, the SA2 displayed a lower CAC, which is 

favorable for in vivo applications. Even further decrease of CAC might be 

established by modification or extension of the hydrophobic block, or by 

enhancement of secondary structure formation 161. 
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Conclusion 

In conclusion, a versatile method to recombinantly produce amphiphilic peptides 

in bacteria was developed. It was demonstrated that these SA peptides assemble 

spontaneously into nanosized vesicles above their critical aggregation 

concentration at neutral or basic pH. Furthermore, the study elucidates the 

characteristic of fully reversible assembling process of these peptides when 

brought into acidic solution. Interestingly, hydrophilic compounds could be 

encapsulated within the peptide vesicles and may therefore be useful as drug 

delivery systems, exhibiting a pH dependent release profile. 

 

Materials and Methods 

DNA design and construction DNA design and construction DNA design and construction DNA design and construction     

Oligo DNA 5’ 

GCGGCGGTGGTGCTGCTGCTGTGGGAAGAA(G/T)AA(G/T)AA(G/T)AA 

TGATAGACTCGGATCC 3’ and 5’ 

GCGGCGGTGGTGCTGCTGCTGTGGGAAGAAGAAGAA(G/T)AA(G/T)AA(G/T)

AATGATAGACTCGGATCC 3’ were made double stranded by annealing 5’ 

TTCGGATCCGAGTCTA 3’ oligo DNA and strand extension by incubation at 65 

°C with Taq polymerase (Fermentas, Burlington, Canada), generating adenine 

overhangs. The double stranded DNA was directly ligated in pET SUMO plasmid 

(Invitrogen, Carlsbad, USA) by TA cloning and the constructs were transformed 

into Escherichia coli (E. coli ) strain Mach1 T1 competent cells (Invitrogen, 

Carlsbad, USA) for colony screening. Correct insertion of oligo DNA was 

confirmed by DNA sequencing.  

 
Protein and peptide biosynthesis and purification Protein and peptide biosynthesis and purification Protein and peptide biosynthesis and purification Protein and peptide biosynthesis and purification     

The E. coli strain BL21(DE3) (Invitrogen Carlsbad, USA) was transformed with the 

constructed DNA plasmids to express the SUMO-SA fusion proteins. Five liters of 

Luria-Bertani (LB) medium, supplemented with 10 µg/ml kanamycin and trace 

metal solution 67, was inoculated with a 100 ml overnight shaking-flask bacterial 

culture. Bacteria were grown in a Labfors 3 fermentor (Infors HT, Bottmingen, 

Switzerland), with air flow, pH (7.0), and temperature (37°C) control and growth 

dependent glucose supply. Protein expression was induced by addition of 
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isopropyl-β-D-thiogalactopyranoside (IPTG) (Fisher Emergo, Landsmeer, 

Netherlands) to a final concentration of 1.0 mM. Three hours after induction, cells 

were harvested by centrifugation. Bacterial pellets were resuspended in lysis 

buffer (150 mM NaCl, 20 mM NaH2PO4, 10 mM imidazole, pH 8.0). Lysis was 

performed by a single cycle of freezing and thawing of the bacteria, 30 minutes 

incubation with lysozyme (1 mg/ml) at ambient temperature and subsequent 

sonication on ice, using a Braun Labsonic tip-sonicator (Braun Biotech, 

Melsungen, Germany). Bacterial lysates were centrifuged (30 minutes, 70 000 x 

g, 5°C) and supernatant was filtered through a 0.45 µm syringe filter. SUMO-SA 

fusion proteins were captured from the cleared supernatant using an Akta Purifier 

equipped with 5 ml His-Trap HP columns (GE Healthcare, Uppsala, Sweden). 

After capture, columns were washed extensively (25 column volumes 1.1 M NaCl 

and 25 column volumes 50 mM imidazole) and His-tagged protein was eluted at 

400 mM imidazole (150 mM NaCl, 20 mM NaH2PO4, 400 mM imidazole, pH 8.0). 

Elution buffer was exchanged to SUMO protease cleavage buffer (20 mM hepes, 

150 mM NaCl, 1.0 mM dithiothreitol (DTT), pH 8.0) using a HiPrep 26/10 

desalting column (GE Healthcare, Uppsala, Sweden). To release the peptides 1 

unit SUMO protease (Invitrogen, Carlsbad, USA) per ml protein solution was 

added and incubated at ambient temperature for 6 hours. Cleavage was 

confirmed by size exclusion chromatography on a Superdex Peptide 10/300 GL 

column (GE Healthcare, Uppsala, Sweden) at a flow rate of 0.5 ml/min with 

phosphate buffered saline (pH 7.4) as mobile phase. Column performance was 

determined with Gel Filtration LMW Calibration kit (GE Healthcare, Uppsala, 

Sweden). Second immobilized metal affinity chromatography (IMAC) purification 

was performed with nickel-nitrilotriacetic acid (Ni-NTA) Superflow (Qiagen, 

Hilden, Germany) to remove both the His-tagged SUMO protease and protein.  

 
Gel electropGel electropGel electropGel electrophoresis horesis horesis horesis     

For sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 

samples were boiled in Laemmli sample buffer (Bio-Rad Laboratories, Hercules, 

CA, USA) for 5 min and loaded to a 15% acrylamide gel. Electrophoresis was 

performed at room temperature applying 10 mA per gel until the running front 

reached the end. The gel was fixed in 50% methanol, 12% acetic acid and bands 

were visualized by silver staining. Mark12 protein standard (Invitrogen, Carlsbad, 

USA) was used as a reference. 
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PeptidePeptidePeptidePeptide acetylation and self acetylation and self acetylation and self acetylation and self----assemblyassemblyassemblyassembly    

The N-termini of the peptides were acetylated by incubating the purified peptide 

in 25% acetic anhydride, 50% methanol, 25% water (volume) for 1 hour at 

ambient temperature 162. The extent of acetylation was determined with 2,4,6-

trinitrobenzene sulfonic acid assay (Pierce, Rockford, USA), measuring UV335 

absorbance, according to manufacturer’s protocol. Solvents were removed by 

reduced pressure evaporation and remaining peptides were washed once in H2O 

as follows: peptides were rehydrated and subsequently precipitated by 

acidification. The precipitated peptides were harvested by centrifugation (30 

minutes at 17 000 x g). Self-assembly of the peptides was performed by 

dispersing the precipitated peptide in 1.0 mM NaOH in H2O while gently shaking 

(pH > 7.0). Peptide dispersions were centrifuged for 5 min. at 13 000 x g to 

sediment any dust particles present. Peptide concentration was determined by 

UV280 measurements based on the molar extinction coefficient of the tryptophan 

residue of 5690 M-1cm-1.  

 
HPLC analysis and mass spectrometryHPLC analysis and mass spectrometryHPLC analysis and mass spectrometryHPLC analysis and mass spectrometry    

Acetylated peptide was injected onto a Sunfire C18 column (Waters Corporation, 

Milford, USA). A gradient was run at 1.0 ml/min flow rate from 5% acetonitrile, 

0.1% trifluoroacetic acid, 95% water in 30 minutes to 95% acetonitrile, 0.1% 

trifluoroacetic acid, 5% water, and running an additional 10 minutes as such. UV 

was monitored at λ= 280 nm. Online electron spray ionization - mass 

spectrometry (ESI-MS) in positive ion mode was performed on a Finnigan LCQ 

Deca MAX (Thermo Electron Corporation, Waltham, USA).  

 
Fluorescence anisotropyFluorescence anisotropyFluorescence anisotropyFluorescence anisotropy    

To determine the CAC of the peptides, dilution series of peptide (1000 - 0.1 

µg/ml) were prepared in 10 mM sodium phosphate (pH 8.0). Tryptophan steady-

state fluorescence anisotropy was measured with a Horiba Fluorolog fluorometer 

(Horiba Jobin Yvon, Longjumeau Cedex, France) using quartz cuvettes (Hellma, 

Müllheim, Germany). Experiments were performed at 22°C. Samples were 

excited at 290 nm and emission was recorded at 360 nm. Integration time of 10 

seconds was used and the excitation and emission band slits were set at 7 and 

10 nm, respectively. The fluorescence intensities IVV and IVH were measured with 

the polarizers of the instrument in vertical-vertical (VV) and vertical-horizontal 
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(VH) positions, respectively. The anisotropy (r) was calculated from the measured 

intensities IVV and IVH using 

r=(IVV-GIVH)/(IVV+2GIVH) (1) 

The factor G corrects for differences in sensitivity of the detection system of 

vertically and horizontally polarized light and was determined with peptide 

samples at concentrations below CAC by using  

G= IHV/IHH (2) 

where IHV and IHH are the fluorescence intensities with the polarizers in horizontal-

vertical (HV) and horizontal-horizontal (HH) positions, respectively. For each 

peptide anisotropy was plotted against the peptide concentration.  

 
Cryogenic transmission electron microscopyCryogenic transmission electron microscopyCryogenic transmission electron microscopyCryogenic transmission electron microscopy    

Cryogenic transmission electron microscopy (TEM) analysis was performed on 1 

and 3 mg/ml peptide dispersions. Quick freezing of the samples was performed 

using a Vitrobot (FEI Company, Eindhoven, The Netherlands). Samples were 

applied on glow-discharged 200 mesh grids, covered with Quantifoil holey carbon 

foil (Micro Tools GmbH, Jena, Germany) and blotted for 0.5 second at 100% 

relative humidity. Immediately the samples were vitrified by plunging the grid into 

liquid ethane and subsequently put in dry liquid nitrogen. Grids were introduced in 

a Tecnai12 transmission electron microscope (Philips, Eindhoven, The 

Netherlands) using a GATAN 626 cryoholder (Gatan GmbH, München, 

Germany). Samples were observed at 120 kV with low-dose imaging conditions 

to avoid melting of the vitrified film. Images were recorded on TemCam-0124 

camera (TVIPS GmBH, Gauting, Germany) and processed with AnalySIS 

software. 

 
Zeta potential and light scattering techniquesZeta potential and light scattering techniquesZeta potential and light scattering techniquesZeta potential and light scattering techniques    

Buffers used to dilute the peptide dispersions were filtered through 0.02 µm filters 

(Whatman, Kent, UK). Static light scattering (SLS) and dynamic light scattering 

(DLS) measurements were performed in a Malvern ALV CGS-3 goniometer 

(Malvern Instruments, Malvern, UK) containing a HeNe laser source (λ = 632.8 

nm, 22 mW output power). The DLS time-correlation was analyzed by ALV 

Correlator 3.0 software (ALV, Langen, Germany). For pH dependent DLS 

measurements 10 mM citrate buffer was used. pH values were adjusted with 1.0 

M HCl or 1.0 M NaOH. SLS was performed at angles between 150° and 30° for 
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four different peptide concentrations (40, 50, 60 and 80 µg/ml). A Guinier plot was 

constructed 163 using ALVStat 4.31 software (ALV, Langen, Germany) (dn/dc of 

peptides in hepes buffer: 0.185 ml/g). Zeta potential measurements were 

performed in 5.0 mM Hepes (pH 8.0) in a dip-in cell on a Zetasizer 2000 (Malvern 

Instruments, Malvern, UK).  

 
Calcein encapsulation assayCalcein encapsulation assayCalcein encapsulation assayCalcein encapsulation assay    

Spin columns containing 250 mg Sephadex G50 (medium bead size; Amersham 

Bioscience, Uppsala, Sweden) were prepared according to Fry et al 156. SA2 

peptides precipitated by acidification were re-dispersed in the absence or 

presence of a 4.0 mM calcein solution in hepes buffer (5.0 mM hepes, pH 8.0). 

Fifty microliters of the peptide dispersion (0.2 mg/ml) were then applied to the 

spin column and subsequently spun for 3 min at 350 x g in a swing-out rotor and 

eluent was collected. Consecutive elution steps (applying 50 µl of hepes buffer 

followed by centrifugation at 350 x g for 3 min) were performed and eluted 

fractions were collected and analyzed for calcein fluorescence using a Fluorostar 

Optima microplate reader (BMG Labtech GmbH, Offenburg, Germany) set at 488 

nm excitation and 514 nm emission wavelengths. As a reference, EPG liposomes 

were prepared in hepes buffer containing 4.0 mM calcein by lipid-film hydration 

and extrusion as described by Olson et al 164. After extrusion the average size of 

the EPG liposomes was 45 nm in radius with a PD of 0.17. The liposome sample 

was adjusted to give a similar light scattering intensity as the peptide dispersion 

prior to loading 50 µl onto the spin column. 
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Abstract 

Previously, we have shown that amphiphilic oligopeptides (e.g. Ac-Ala-Ala-Val-

Val -Leu-Leu-Leu-Trp-Glu-Glu-COOH) spontaneously assemble into peptide 

vesicles in aqueous environment. In order to improve the stability of such 

vesicles, in the present study peptides were produced using recombinant 

techniques containing either two or three cysteines in their hydrophobic domain 

(Ac-Ala-Cys-Val-Cys-Leu-(Leu/Cys)-Leu-Trp-Glu-Glu-COOH). The peptides were 

assessed for their self-assembling behavior. Light scattering, electron and atomic 

force microscopy as well as encapsulation assays showed that the peptides 

spontaneously assemble into nano-sized vesicles of 15-20 nm in mean particle 

radius, which enclose aqueous compartments. Hydrophilic molecules could be 

encapsulated and released slowly over time. Importantly, crosslinking of the 

supramolecular structure by disulfide bond formation rendered the assemblies 

resistant to disruptive environments, such as exposure to high concentrations of 

dimethyl formamide (DMF) and did not the affect the supramolecular structure. 

Such small and crosslinkable oligopeptide vesicles hold promise for, e.g. drug 

delivery applications.  

 

Introduction 

Self-assembly of peptides can result in a whole array of different supramolecular 

morphologies 10, 45, 59, 79, 142, 165. Long polypeptides as well as oligopeptides have 

been exploited to develop new (bio)materials. Several of these (bio)materials 

exhibit unique and useful macromolecular characteristics 24, 46, 78. Recently, we 

have shown that amphiphilic oligopeptides (e.g. Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-

Trp-Glu-Glu) assemble into nanosized vesicles in aqueous environment (Chapter 

2). These peptides display a ‘lipid-like’ design, containing charged amino acids as 

the hydrophilic domain, whereas a stretch of up to 8 hydrophobic amino acids 

functions as the hydrophobic domain 24. Similar surfactant-like peptides, with a 

different primary sequence (e.g. Ac-Gly8-Asp2, Ac-Val6-Asp) formed open-ended 

tubes 37, 47.  
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The individual intermolecular interactions, like hydrophobic interactions, van der 

Waals forces, and hydrogen bonding that may stabilize the supramolecular 

structure in peptide self-assemblies, are relatively weak. Indeed, it was found for 

both the tubular and the vesicular assemblies that they exhibit a dynamic 

character 37, 50. The assembly exists in equilibrium with oligopeptides in free form 

and the amphiphilic oligopeptides display a critical aggregation concentration 

(CAC). For example, the CAC for the vesicle-forming SA2 peptides is around 0.5 

µM 50, 157. As a consequence, the supramolecular peptide assemblies destabilize 

upon dilution. For certain applications of these peptide vesicles, e.g. for use as 

drug delivery systems, a more stable structure is favorable, because injection into 

the bloodstream or tissue may rapidly destabilize the peptide assemblies.  

Hence, in this study we aimed for stabilization of the oligopeptide vesicles after 

self-assembly by introducing intermolecular disulfide bonds in the peptides.  

 

Results and Discussion 

Peptide design and production Peptide design and production Peptide design and production Peptide design and production     

Amphiphilic peptides that were previously shown to assemble into vesicles were 

used as the basic motif to develop crosslinkable peptide vesicles. The 

hydrophobic domain of the peptide exhibits a conical shape, in which the amino 

acid side groups decrease in size from the interface along its hydrophobic chain 

(Table 1) 50. Considering that thiols can function as an elegant and reversible 

route to stabilize the peptide assemblies 166, two (SA2C2) or three (SA2C3) 

cysteines were introduced in the hydrophobic domain (Table 1). The cysteine-

containing peptides fused to the small-ubiquitin modifying protein (SUMO) were 

recombinantly produced in E. coli as previously described 50. SDS-PAGE (Fig. 1) 

showed that the purified SUMO-SA2C2 and SUMO-SA2C3 fusion proteins 

appeared around 17 kDa. Although the expected mass of the fusion proteins (15 

kDa) is lower, the SUMO protein is known to run at a somewhat higher apparent 

molecular weight on SDS-PAGE 149. The SUMO protease specifically cleaves 

SUMO protein by means of recognition of the folded SUMO protein 149. In lanes 4 

and 5 (Fig. 1A) an intermediate of the cleavage process (1 hour incubation at 

30°C) was analyzed on the gel and the two different proteins are visible: the 

upper band corresponds to the SUMO-peptide fusion protein and the lower band 

to the cleaved SUMO protein. Because of the small size of the released peptide 
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(MW 1.2 kDa), the monomeric peptide is not visible on gel under the tested 

conditions. SDS-PAGE showed that almost quantitative cleavage (> 95%) was 

achieved by prolongation of the incubation time to 4 hours at 30°C. Since the 

SUMO-peptide fusion protein contains two (SUMO-SA2C2) or three (SUMO-

SA2C3) thiols, protein dimerization was also investigated using SDS-PAGE 

under non-reducing conditions. As can be seen in Figure 1B, the non-cleaved 

fusion proteins in lane 3 (SUMO-SA2C2) and 5 (SUMO-SA2C3) revealed the 

presence of protein dimers, whereas after cleavage (Fig. 1B, lane 2 and 4) 

dimerization of SUMO was not observed. This is expected since the SUMO 

protein itself does not contain cysteines.  
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Figure 1.Figure 1.Figure 1.Figure 1. SDS-PAGE analysis on the purified fusion proteins. Reducing conditions (A): 

lane 1 SUMO-SA2C2, lane 2 SUMO-SA2C3, lane 3 molecular weight markers, lane 4 

SUMO-SA2C2 partially cleaved, lane 5 SA2C3 partially cleaved. Non-reducing conditions 

(B): lane 1 the molecular weight marker, lane 2 SUMO-SA2C2 cleaved and not cleaved 

(lane 3), lane 4 SUMO-SA2C3 cleaved and not cleaved (lane 5). 

 
Peptide selPeptide selPeptide selPeptide selffff----assembly and intermolecular crosslinking of the peptide vesiclesassembly and intermolecular crosslinking of the peptide vesiclesassembly and intermolecular crosslinking of the peptide vesiclesassembly and intermolecular crosslinking of the peptide vesicles    

Acetylated SA2C2 and SA2C3 peptides were first precipitated at low pH, upon 

which the pH was elevated by adding an aqueous PB solution of pH 8.0. 

Dispersion of the peptides occurred spontaneously by elevation of the pH without 

application of external mechanical input. Upon incubation at RT, a clear solution 

was obtained within half an hour after addition of the PB and DLS was used to 

determine the size of the formed peptide assemblies (Table 2).  
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Table 1.Table 1.Table 1.Table 1. Synthesized peptides 

Peptide Sequence 

SA2C2 Ac-Ala-Cys-Val-Cys-Leu-Leu-Leu-Trp-Glu-Glu-COOH 

SA2C3 Ac-Ala-Cys-Val-Cys-Leu-Cys-Leu-Trp-Glu-Glu-COOH 

SA2 50  Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp-Glu-Glu-COOH 

 

Table 2 shows that both peptides assembled into supramolecular structures. The 

SA2C3 particle radius (75 nm) was in good agreement with the non-crosslinked 

SA2 peptide assemblies (63 nm); in the case of SA2C2 peptides a somewhat 

larger mean particle radius (106 nm) was observed. It was investigated whether 

the assemblies relied on the oxidation of the cysteines by adding DTT to the 

assemblies. Subsequent DLS analysis showed that the assemblies were stable 

under reducing conditions and loss of scattering intensity was not observed 

(Table 2). Moreover, the reducing conditions did not significantly change the 

mean particle size, indicating that the assembled structures were not affected by 

the cleavage of the disulfide bonds. 

 

As was established using the Ellman’s free thiol assay, by air exposure a final 

reduction of free thiols to 5% had been achieved, which confirmed disulfide 

formation in the oxidized peptide assemblies. In order to assess whether this 

disulfide bond formation indeed stabilized the peptide assemblies, the organic 

solvent DMF was added to the peptide dispersion to a final concentration of 95% 

(v/v). This solvent disrupts hydrogen bonds as well as hydrophobic domains and 

was found a good solvent for hydrophobic or amphiphilic (poly)peptides 44. When 

the peptides were reduced with DTT and subsequently injected into DMF, the 

particle light scattering dropped to background levels instantaneously (Table 2), 

indicating full disintegration of the assembled structures. In contrast, when the 

oxidized peptide assemblies were brought into DMF, the scattering intensity 

remained and was stable over time. DLS analysis on the assembled structures in 
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DMF indicated a mean particle radius of 50-65 nm. Next to the direct effects of 

the solvent, noncovalent interparticle interactions may be broken by DMF as well, 

resulting in the observed lower mean particle radius. In conclusion, the stability of 

the oxidized peptide assemblies in DMF demonstrated that intermolecular 

disulfide bonds were formed, which covalently crosslinked the peptide 

assemblies. 

 

 
Table 2.Table 2.Table 2.Table 2. DLS analysis of the peptide assemblies with and without disulfide bonds in 

different solvents 

 Solvent Radius (nm) Mean count rate (kcps) 

SA2Ac PB 63 (±1) 380 

  DMF - 11 

SA2C2Ac, reduced PB, DTT 102 (±3) 340 

  DMF - 10 

SA2C2Ac, oxidized PB 106 (±2) 185 

  DMF 50 (±1) 200 

SA2C3Ac, reduced PB, DTT 69 (±8) 355 

  DMF - 10 

SA2C3Ac, oxidized PB 75 (±5) 280 

 DMF 63 (±1) 510 
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Figure 2.Figure 2.Figure 2.Figure 2. Dynamic light scattering size distribution graphs of the oxidized SA2C2 (A) and 

SA2C3 (B) peptide assemblies in 10 mM PB of pH 8.0. 

 

 

The particle size derived from DLS readings was more closely examined. In 

Figure 2, the particle size distribution of SA2C2 and SA2C3 assemblies was 

plotted as a function of the scattering intensity. The peptide assemblies displayed 

a wide distribution of particle sizes. The peak around 100 nm, which was the 

dominant peak, confirms the mean particle radii of Table 2. Besides the 100 nm 

particles, light scattering by smaller particles (peak around 10 nm, radius) was 

detected as well for the oxidized SA2C2 and SA2C3 peptide dispersions (Fig. 2A 

and B). Since the size distribution graphs are based on the scattering intensity, in 

number the smaller particles may constitute the major fraction of the peptide 

structures. In Figure 2B also a 1000 nm peak was observed, which was not 

present for the SA2C3 dispersion. The 1000 nm peak diminished when the 

oxidized assemblies were brought in DMF (data not shown), what might indicate 

some clustering of particles in aqueous environment. The peak around 10 nm 

(radius) remained in DMF for both peptide assemblies, underscoring the 

significance of the smaller particles detected. 
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A BA B

 

Figure 3.Figure 3.Figure 3.Figure 3. Cryogenic transmission electron microscopy micrographs of the crosslinked 

SA2C2 (A) and SA2C3 (B) peptide assemblies. 

 

 
Cryogenic Electron Microscopy analysis of peptide assembliesCryogenic Electron Microscopy analysis of peptide assembliesCryogenic Electron Microscopy analysis of peptide assembliesCryogenic Electron Microscopy analysis of peptide assemblies    

Although the peptides formed particles with a radius that would agree with a 

vesicular architecture 48, other morphologies (tubes from oligopeptides) also have 

been reported to display comparable hydrodynamic radii in DLS measurements 
47. Therefore, to discern tubes or other aggregated morphologies from spherical 

particles, and to further investigate the particle sizes, cryogenic transmission 

electron microscopy (cryoTEM) was performed. The vitrification of the sample in 

cryoTEM allowed the direct examination of the peptide structures as present in 

solution. Representative micrographs of the crosslinked peptide assemblies are 

shown in Figure 3. As can be seen in the micrographs, both SA2C2 and SA2C3 

samples (oxidized) showed spherical structures and neither tubes nor fibrils were 

observed. The size of the particles was examined by measuring the diameter of 

85 particles on average at random tracks. Table 3 shows that the mean particle 

radii for both the SA2C2 and SA2C3 assemblies was < 20 nm, which is 

substantially smaller than the size detected by DLS (75 nm or larger; Table 2). 

Some assemblies indeed were clustered, which may in part explain the large 

sizes detected with DLS (Figure 2).  
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Figure 4.Figure 4.Figure 4.Figure 4. Atomic force microscopy of SA2C2 (A) and SA2C3 (B) crosslinked assemblies 

immobilized on poly(ornithine) coated mica. The scan size of the images is 1.0 x 1.0 µm 

and the z-scale is 16 nm. 

 

 
Atomic Force Microscopy Atomic Force Microscopy Atomic Force Microscopy Atomic Force Microscopy     

Atomic Force Microscopy (AFM) was used to provide further evidence regarding 

the particle morphology and size distribution of the SA2C2 and SA2C3 peptide 

assemblies. After coating of the mica with polyornithine 50, the negatively charged 

peptide assemblies were immobilized on the surface and AFM was performed in 

solution. Figure 4 shows representative AFM micrographs of the crosslinked 

peptide assemblies. In accordance with the cryoTEM, only spherical particles 

were observed with AFM. The particle size and size distribution were analyzed 

using AFM analysis software 167. As can be seen in Table 3, the particle sizes 

derived from the AFM measurements are in good agreement with the sizes found 

by cryoTEM. The mean particle radius from either technique is approximately 20 

nm for the SA2C3 assemblies, and 16 nm for the SA2C2, respectively. AFM on 

the reduced assemblies showed no significant different morphologies or particle 

sizes, while contrary to non-crosslinked particles, contact with the AFM-tip did not 

damage the crosslinked assembled structures and instead could move the 

spheres intact over the mica (results not shown). These findings indicate that the 

intermolecular disulfide crosslinks indeed preserved the peptide supramolecular 

structure, making them more resistant to external disruptive forces, and confirm 

the particle sizes that were found with cryoTEM. 
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Figure 5.Figure 5.Figure 5.Figure 5. Negative staining transmission electron microscopy micrographs of the 

crosslinked SA2C2 (A) and SA2C3 (B) peptide assemblies. 

 

 
Negative staining Electron Microscopy Negative staining Electron Microscopy Negative staining Electron Microscopy Negative staining Electron Microscopy     

Due to the blotting performed in the sample preparation, cryoTEM might be 

slightly biased in disfavor of the larger particles, which are easier removed during 

blotting 168. Also with AFM, large particles in a population can be more difficult to 

detect. Therefore, to exclude biased conclusions based on artifacts in cryoTEM 

and AFM particle analysis, a complementary imaging technique, namely negative 

staining transmission electron microscopy (nsTEM) was exploited. As can be 

seen in Figure 5, imaging of the assemblies by the negative staining was feasible 

for the crosslinked peptides; this technique remained elusive for non-crosslinked 

peptides (data not shown). Evidently, the nsTEM technique was harsh, involving 

staining and dehydration of the sample and the spheres tended to cluster 

together and some were damaged. Nevertheless, taking into account the 

individual structures, predominantly spherical particles were observed and no 

tubes, fibrils nor irregular aggregates were observed (Figure 5). The mean radius 

of the individual spheres was 10 nm for the SA2C3 and 11 nm for SA2C2 (Table 

3). More importantly, throughout the nsTEM investigations, no individual particles 

or structures larger than observed with cryoTEM and AFM were found (Figure 5, 

Table 3). The extensive dehydration of the sample in nsTEM may explain the 

smaller mean particle size observed by nsTEM as compared to the cryoTEM and 

AFM analysis. The nsTEM showed that the only larger structures that were 

present, were clusters of smaller (3 – 35 nm, radius) particles and thus confirmed 

that the particle size distribution observed with AFM and cryoTEM were not 

biased against a specific subset of large particles.  
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Microscopy based size distributionMicroscopy based size distributionMicroscopy based size distributionMicroscopy based size distribution    

Using the data on particle size obtained with cryoTEM and AFM, a microscopy 

based size distribution graph was constructed (Figure 6). In agreement with DLS 

(Fig. 2), the peptide assemblies displayed a wide particle size distribution. The 

mean particle size as was determined by DLS, the technique that is often used to 

establish the particle size and size distribution 125, 169, matched the largest 

particles present in the particle population. This is explained by the fact that this 

technique is exceptionally sensitive to the larger particles in a population or a 

cluster of particles (scattering proportional to (radius of hydration)6) (Fig. 2) 152. 

The actual size of the particles is relevant for e.g. drug delivery applications. With 

respect to in vivo biodistribution kinetics, reduction of the particle size typically 

correlates to an enhanced penetration in diseased tissue, like tumors 14, 102, 170. 

Moreover, small particle sizes may facilitate the cellular entry of the drug carriers 

by endocytic processes 171, 172.  

 
Table 3. Table 3. Table 3. Table 3. Radii of stabilized oligopeptide assemblies based on microscopic analyses 

SA2C2 SA2C3 Particle radius 

(nm) Mean (stdev) Min Max Mean (stdev) Min Max 

CryoTEM 14 (4) 7 56 19 (7) 8 38 

AFM 17 (7) 7 48 21 (8) 8 51 

nsTEM 11 (5) 3  31 10 (5) 5 35 
 

Based on the microscopic examination it can be concluded that the majority in 

number (>90%) of the crosslinked oligopeptide assemblies exhibited a radius 

between 7 and 30 nm for the SA2C2 assemblies, and between 10 and 30 nm for 

SA2C3 assemblies. Performing a number weighting on the DLS analysis resulted 

in a size distribution analogous to the EM and AFM size distribution. Interestingly, 

the amphiphilic peptide assemblies displayed an asymmetric size distribution 

curve (Fig. 6), which is typical for assemblies in which the hydrophobic chain 

repulsion is dominant, as opposed to a symmetrical size distribution for 

assemblies in which the head group repulsion dominates 49. The difference in 

hydrophobic block composition might thereby also have effectuated the observed 

difference in mean size (distribution) of the SA2C2 compared to the SA2C3 

assemblies (Fig. 6).  
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Figure 6.Figure 6.Figure 6.Figure 6. Size distributions in number of the SA2C2 (A) and SA2C3 (B) crosslinked 

assemblies, based on cryoTEM and AFM analysis. 

    
    
Calcein encapsulation and release Calcein encapsulation and release Calcein encapsulation and release Calcein encapsulation and release     

To confirm a vesicular architecture of the crosslinked SA2C2 and SA2C3 peptide 

structures, a calcein entrapment assay was performed 155. Calcein was entrapped 

by hydration of the acid-precipitated peptides in a buffered calcein solution (pH 

8.0). Separation of the free calcein from the calcein associated with the peptide 

assemblies was done on a SEC spin column 156. The peptide assemblies, eluting 

in the void volume of the column, entrapped considerable amounts of calcein 

(Fig. 7A). As a control calcein was added to the outside of the peptide vesicles 

and separated on the column, resulting in minimal calcein co-elution (Fig. 7A). 

Besides small molecules as calcein, larger hydrophilic compounds like dextran  

10 000 could be entrapped as well (Fig. 7C). 

 

To demonstrate release of water-soluble compounds from the peptide vesicles, 

calcein was entrapped in the peptide assemblies at self-quenching 

concentrations. After separation from non-encapsulated calcein, the release of 

the entrapped calcein can be conveniently monitored as an increase in 

fluorescence intensity, due to the dilution of the calcein into the bulk volume 173. 

Indeed, a typical calcein release profile was observed for the SA2C2 and SA2C3 

assemblies, as is shown in Figure 7. After 24 hours 50% of the entrapped calcein 

was released and continued slowly releasing further. During the time schedule 

the particles were stable as no changes in particle size were observed by DLS. 

The calcein release indicated that the assembled structures exhibit a vesicular 
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architecture. Moreover, Figure 7B shows that the release of calcein from the 

oxidized cysteine peptide assemblies was comparable to the SA2 peptides, which 

were shown to form vesicles previously. The comparable release profile of the 

crosslinked (SA2C2, SA2C3) assemblies and the non-crosslinked (SA2) vesicles 

suggests that the covalent bonds between the peptide monomers within the 

vesicular assembly do not form an additional barrier for diffusion of calcein. 

 

The size of the assemblies (Fig. 6) is in good agreement with a vesicular nature, 

as was demonstrated by molecular dynamic simulations on surfactant-like 

peptides, similar to the ones we have studied here 37, 48. These peptides form 

stable assemblies with a hydrophilic interior and exhibit radii comparable to the 

SA2C2 and SA2C3 assemblies. The smallest particles detected with cryoTEM 

and AFM theoretically can exhibit a vesicular architecture; moreover, it was 

demonstrated before that the SA2 peptides, which display a similar size 

distribution, also exhibit a vesicular architecture 50.  
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Figure 7.Figure 7.Figure 7.Figure 7. Calcein encapsulation (A) and calcein release (B) from the peptide assemblies. 

A. Crosslinked SA2C2 (triangles) and SA2C3 (blocks) assemblies prepared in the 

presence of calcein were separated on a size exclusion spin column. Fraction 1 and 2 

represented the void volume containing the peptide assemblies. When calcein was added 

to preformed assembled peptide (control, circles) no calcein elution in the void volume 

was observed. B. Release of calcein from the crosslinked SA2C2 (diamonds) SA2C3 

(open blocks) and the non-crosslinked SA2 (filled blocks) peptide assemblies.  
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Conclusion 

Although various strategies for the covalent stabilization of supramolecular 

assemblies have been exploited 166, disulfide bond formation represent an 

attractive route for crosslinking self-assembled oligopeptide vesicles. We showed 

that the particle size of supramolecular structure was preserved after 

intermolecular disulfide bond crosslinking. By using different, complementary 

sizing techniques we demonstrated that the disulfide cross-linked particles are 

small in size (7-30 nm in radius, 14-60 nm in diameter) and that at least part of 

these particles, if not all, have a vesicular nature in which water-soluble 

compounds can be entrapped. The encapsulation of hydrophilic molecules, as 

well as the small size of the particles is relevant in the case these peptide 

vesicles will be used for drug delivery applications. The in vivo circulation kinetics 

of the peptide vesicles and their cellular uptake is subject of subsequent 

investigations.  

 

 

Materials and Methods 

Materials Materials Materials Materials     

Chemicals were from Sigma (St. Louis, USA) unless indicated otherwise. Hepes, 

acetic anhydride was from Fluka, Ellman’s reagent was from Pierce (Rockford, 

USA). pET SUMO and chemically competent TOP10 and BL21(DE3) E. coli cells 

were from Invitrogen (Carlsbad, USA). SUMO protease was from (LifeSensors, 

Malvern, USA). 

 
DNA design and construction DNA design and construction DNA design and construction DNA design and construction     

Two sets of complementary oligo DNA (5’ 

GCGTGCGTGTGTCTGCTGCTGTGGGAAGAATGAGGATCCA 3’; 5’ 

GGATCCTCATTCTTCCCACAGCAGCAGACACACGCACGCA 3’ and 

GCGTGCGTGTGTCTGTGCCTGTGGGAAGAATGAGGATCCA 3’; 5’ 

GGATCCTCATTCTTCCCACAGGCACAGACACACGCACGCA 3’) were designed to have 3’ 

A-overhangs for directional ligation (TA cloning) and a BamHI recognition site 

after the peptide coding region and stop codon. Both complementary oligos were 

annealed at a 5.0 µM DNA concentration using temperature gradients (cooling at 
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0.2° per second; 10 minutes 95°C, cooling to 30°C, 10 minutes 75°C, cooling to 

30°C, 10 minutes 65°C, cooling to 30°C) and ligated into pET SUMO with T4 

DNA ligase (Fermentas, Burlington, USA). After transformation of TOP10 E. coli 

cells, colonies were screened for the right DNA construct by colony PCR and 

subsequent BamHI (Fermentas, Burlington, USA) restriction analysis on purified 

plasmid DNA. Correct insertion of the dsDNA was confirmed by DNA sequencing 

(BaseClear, Leiden, The Netherlands). 

 
Peptide biosynthesis Peptide biosynthesis Peptide biosynthesis Peptide biosynthesis     

E. coli BL21(DE3) cells were transformed with plasmids encoding the SUMO-

peptide fusion protein, and expression and protein purification were performed as 

described before 50. Briefly, bacteria were cultured in a 5L Luria Broth pO2-stat 

fed-batch fermentation. Protein expression was induced by addition of isopropyl-

β-D-thiogalactopyranoside (IPTG) (Fisher Emergo, Landsmeer, The Netherlands) 

to a final concentration of 1.0 mM. After 3 hours, cells were harvested by 

centrifugation for 15 minutes at 3500 x g and lysed by means of a single freeze-

thaw step and passing twice through an Avestin C5 cell-cracker (ATA Scientific, 

Lucas Heights, Australia). The cleared lysate, the His-tagged fusion protein was 

purified on a 20 ml HisTrap column (GE Healthcare, Upsala, Sweden) by 

automated flow purification. After elution with a 300 mM phosphate buffer (pH 

8.0) containing 400 mM imidazole and buffer exchange to Hepes buffered saline 

(HBS, 20 mM Hepes, 150 mM NaCl, pH 8.0) supplemented with 2.5 mM 

dithiotreitol (DTT), the peptides were cleaved off the fusion protein by incubation 

with 2 u/ml SUMO protease at 30°C. The peptide was purified from the SUMO 

protein and protease using a size exclusion column of Sephadex™ G−25 

Fine material (GE Healthcare, Upsala, Sweden) in a buffer of 10 mM Hepes, 75 

mM NaCl, 2.5 mM DTT, pH 8.0. Subsequently, N-terminally acytelation was 

performed for 1 hour in 50% ddH2O, 25% methanol 25% acetic anhydride (v/v). 

Acetylation was confirmed (>95%) by determination of free amines using 2,4,6-

trinitrobenzene sulfonic acid (Pierce, Rockford, USA) according manufacture’s 

protocol. The solvents were removed by reduced pressure evaporation. The 

correct peptide mass was confirmed by mass spectrometry after S-

carboxymethylation of the cysteine residues by iodoacetic acid 174 (SA2C2 

expected mass 1294.1; found mass 1294.0; SA2C3 expected mass 1282.4; 

found mass 1281.5 (diiodoacetylated)). 
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Gel electrophoresisGel electrophoresisGel electrophoresisGel electrophoresis    

For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 

samples were boiled in Laemmli sample buffer without (non-reducing conditions) 

or with 25% β-mercaptoethanol (v/v) for 5 min and loaded onto a 15% acrylamide 

gel. Electrophoresis was performed at room temperature, applying 10 mA per gel 

until the running front reached the end of the gel. The gel was fixed in a 38/50/12 

(v/v/v) mixture of water/methanol/acetic acid followed by silver staining. 

PageRuler prestained protein ladders were obtained from Fermentas (Burlington, 

USA) 

 
Peptide selfPeptide selfPeptide selfPeptide self----assemblyassemblyassemblyassembly    

The acetylated peptides were reconstituted in ddH2O and washed as follows. 

Typically, 8.0 µmol of peptides were sedimented after acidifying with HCl (pH < 

2.5) the peptide solution (15 ml), by centrifugation for 30 minutes at 13 000 x g 

and the supernatant was carefully removed. Peptide self-assembly was 

performed by adding 3.0 ml of 20 mM phosphate buffer (PB), pH 8.0 on top of the 

pellet, excluding mechanical input. The peptide solutions were exposed to air for 

16 hours. The peptide concentration in the dispersions was determined by UV 

absorbance of the tryptophan residue at 280 nm, using a molar extinction 

coefficient of 5690 l mol-1 cm-1. The measurements were checked on light 

scattering and if needed corrected for, according to ref. 175. 

 
Ellman’s reactionEllman’s reactionEllman’s reactionEllman’s reaction    

To the peptide dispersions diluted in 0.1 M sodium phosphate, 1.0 mM EDTA, pH 

7.0 Ellman’s Reagent was added, to a concentration of 71 µg/ml. The conversion 

to 2-nitro-5-thiobenzoic acid was monitored at 412 nm in a Shimadzu 

spectrophotometer. The conversion was considered complete when the signal 

became stable over time (typically after 16 hours). Subsequently, the free thiols 

were quantified using the molar extinction coefficient of 2-nitro-5-thiobenzoic acid 

(14 150 l mol-1 cm-1)176. 

 
Dynamic Light scattering Dynamic Light scattering Dynamic Light scattering Dynamic Light scattering     

Dynamic light scattering measurements were performed in a Malvern ALV CGS-3 

goniometer (Malvern Instruments, Malvern, U. K.) containing a He-Ne laser 

source (λ = 632.8 nm, 22 mW output power) under an angle of 90°. The DLS time 

correlation was analyzed by ALV Correlator 3.0 software (ALV, Langen, 
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Germany). The refractive indices used were 1.333 (water) and 1.431 (DMF). In 

general, the solvents used to dilute the peptides were filtered through a 0.2 µm 

filter before use, and three independent light scattering experiments were 

performed on the peptide samples.  

 
Electron MicroscopyElectron MicroscopyElectron MicroscopyElectron Microscopy    

Cryogenic transmission electron microscopy (TEM) analysis was performed on 

2.5 mM peptide dispersions. Samples were applied on glow-discharged 200 

mesh grids, covered with Quantifoil holey carbon foil (Micro Tools GmbH, Jena, 

Germany) and blotted for 0.5 second at 100% relative humidity. Immediately, the 

samples were vitrified by plunging the grid into liquid ethane using a Vitrobot (FEI 

Company, Eindhoven, The Netherlands) and subsequently put in dry liquid 

nitrogen. Grids were introduced in a Tecnai12 transmission electron microscope 

(FEI co, Eindhoven, The Netherlands). Samples were observed at 120 kV with 

low-dose imaging conditions to avoid melting of the vitrified film. Images were 

recorded on TemCam-0124 camera (TVIPS GmBH, Gauting, Germany) and 

processed with AnalySIS software. For negative stain EM, the peptide samples 

were adsorbed onto a glow discharged Formvar-carbon-coated copper grid and 

washed twice with 20 µl of ddH2O. The samples were stained with 2% uranyl 

acetate (w/v) and examined in Tecnai10 transmission electron microscope (FEI 

Company, Eindhoven, The Netherlands) at 100 kV acceleration voltage. 

 
Atomic Force MicroscopyAtomic Force MicroscopyAtomic Force MicroscopyAtomic Force Microscopy    

Freshly cleaved mica was incubated for 5 min with 0.1 mg/ml poly-ornithine (30-

70 kDa, Sigma, St. Louis, USA) and subsequently washed 4 times with water. A 

0.3 mM peptide dispersion was applied on the coated mica and incubated for 5 

minutes. The peptide dispersion was removed, the mica was rinsed and 10 mM 

PB was applied. Tapping mode AFM was performed in aqueous environment with 

a Multimode AFM and Nanoscope IIIa controller, equipped with a Silicon Nitride 

NP cantilever (Veeco, Santa Barbara, USA). A 12 µm piezoscanner (E scanner) 

was employed for imaging (Veeco, Santa Barbara, USA). 

 
Calcein entrapment and release assayCalcein entrapment and release assayCalcein entrapment and release assayCalcein entrapment and release assay    

Twenty five nanomol peptide was reduced in 20 mM, freshly prepared DTT for 40 

minutes at 45°C. The peptides were precipitated by addition of 1.0 M HCl to pH < 

3.0, centrifuged for 10 minutes at 13 000 g, and the pellet was washed twice with 
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100 µl 10 mM HCl. Peptide self-assembly was performed in 50 µl calcein solution 

(40 mg/ml calcein, 20 mM Hepes, pH 8.0) at anaerobic conditions (degassed 

solution, under argon) and subsequently exposed to air for 16 hours. Size 

exclusion spin columns were prepared as described by Fry et al 156. Four milliliter 

of G25 Sephadex Medium Coarse size (GE Healthcare, Upsala, Sweden) swollen 

in Hepes buffered saline (HBS, 150 mM NaCl, 20 mM Hepes, pH 8.0) was used 

per column. The solution was applied on top of the column and centrifuged for 3 

minutes at 350 g. The flow through was collected (fraction 1) and 50 µl of isotonic 

HBS were used for elution of the subsequent fractions. The void volume fractions 

(1 and 2) were directly measured over time in a Horiba Fluorolog fluorescence 

spectrometer (excitation 495 nm, emission 518 nm, slits 1.0 nm). The total 

encapsulated calcein was quantified after reduction in 20 mM DTT and disruption 

of the supramolecular structure in DMF (90% DMF, 10% HBS). Concentration 

series of calcein from 1.0 µM to 1.0 nM in 90% DMF, 10% HBS was used for 

calibration.  
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Abstract 

The secondary conformation of peptides determines their intramolecular 

organization and thereby critically affects self-assembling behavior of peptides. 

Amphiphilic oligopeptides have been designed that spontaneously self-organize 

into nano-sized vesicles, while their secondary conformation has thus far 

remained unknown. Here, we investigate the intramolecular organization of these 

amphiphilic oligopeptides with circular dichroism and Fourier transform infrared 

spectroscopy. We show that these non-proline containing oligopeptides (Ac-Ala-

Ala-Val-Val-Leu-Leu-Leu-Trp-Glu(2/7)-COOH) exhibit the polyproline type II (PPII) 

as its dominant peptide conformation. Moreover, the PPII conformation appears 

critical for the correct peptide self-assembly. 

 

Introduction 

With an increased understanding of the mechanisms that underlie peptide self-

assembly, we can now exploit peptides as versatile building blocks for the design 

of supramolecular nanomaterials. Because of the chemical diversity of the 20 

coding amino acids, (oligo)peptides can possess a virtually unlimited number of 

conformations and intermolecular interactions. Moreover, peptide polymers have 

the ability to adopt a secondary structure. This intramolecular level of 

organization determines the spatial distribution of amino acids within the peptides 

and thereby their self-assembling characteristics 27, 39, 82. The secondary structure 

of peptides is therefore critically important in predicting its self-assembling 

behavior. For example, β-sheet forming peptides are well known for their ability to 

assemble into long fibrous structures, which is seen in amyloid structures 

associated with diseases like Alzheimer’s and Parkinson’s disease. Alpha-helices 

can give rise to fibrous structures by forming coiled-coils 27, 39, 82. Besides fibrils, 

other supramolecular structures have been observed with alpha-helix forming 

peptides. The ability of poly-lysine-b-poly-leucines to adopt an alpha-helix was 

shown to be responsible for the formation of vesicles 27, 39, 82. 

 

In a previous study, we have shown that small amphiphilic peptides SA2/7 (Ac-Ala-

Ala-Val-Val-Leu-Leu-Leu-Trp-Glu(2/7)-COOH) self-assemble in aqueous 
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environment 50. At pH > 7 these peptides form nanospheres, with an average size 

of around 130 nm. The vesicular nature of these nanospheres was demonstrated 

by both static light scattering and by entrapping a water-soluble fluorescent 

marker in the nanospheres 50. Other groups reported that similar amphiphilic 

oligopeptides, but with a different primary peptide sequence, assemble into 

nanotubes 37. Circular dichroism spectroscopic analysis revealed that alpha-helix 

and beta-sheet conformations were absent in these self-assembled surfactant-

like peptides 37. 

 

A secondary conformation which is frequently found in small peptides and which 

has gained increased attention is the polyproline type II conformation 87. In its 

extended form (like in collagen) the PPII is a left-handed helix and exhibits 3.0 

amino acids per turn 87. The PPII conformation is not restricted to proline-

containing sequences and has been described for many regions in proteins as 

well as for small peptides (e.g. short alanine peptides) that were previously 

assigned as unordered 90. Detailed insights from spectroscopic techniques on 

short peptides 86, 90, 91 suggest that the typical PPII dihedral angles (Φ -75°, Ψ 

145°) are the preferential orientation of many peptide bonds 92, 93. Consequently, 

the PPII helix has been proposed as the major conformation in previously 

assigned unordered peptide sequences 87, 177. The PPII conformation in 

supramolecular self-assembly so far has been largely unexplored 51. Here, we 

studied whether the polyproline type II conformation plays a role in the self-

assembling characteristics of SA2 and SA7 amphiphilic oligopeptides.  

 

Results and Discussion 

First, CD measurements were performed on the SA2 peptide, in its self-

assembled, vesicular state (Fig. 1). The CD spectrum of the SA2 vesicles showed 

a steep, negative peak around 200 nm, which is typical for peptides that exhibit a 

PPII conformation 90, 177. Dependent on the amino acid content and charged state 

of peptides, either positive, neutral or slightly negative 220 nm CD values have 

been observed 178, which thus far have hindered the development of a generally 

applicable quantification of the PPII content 179. However, clearly the intensity and 
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the shape of the CD spectrum indicate a substantial PPII content in the SA2 

peptide 91.  

 

To investigate the relevance of the peptide conformation on the self-organized 

state of the SA2 peptide, the secondary structure was also investigated at acidic 

conditions. At pH<4 the SA2 peptide has been shown to form large aggregates 50. 

As can be seen in Figure 1, the disruption of the vesicular assemblies upon 

exposure to low pH was clearly accompanied by a change in the peptide 

conformation. A shift of the minimum in the CD spectra from 200 nm to 219 nm 

was observed and the x-axis is crossed at 205 nm, indicating the formation of 

beta-sheets 180-182. The hydrogen bond patterning in beta-sheets may favor the 

hydrophobic residue alignment, thereby strengthening the peptide aggregation. 

 

190 200 210 220 230 240 250 260 270
-5

-4

-3

-2

-1

0

1

2

3

aggregates
(acidified)

vesicles

Wavelength (nm)

[θθ θθ
] 

(x
1
0

-3
d

e
g

 c
m

2
 d

m
o

l-1
)

 

Figure 1Figure 1Figure 1Figure 1.... Circular dichroism spectra of the SA2 peptides assembled into vesicles 

(spheres) and in acid-induced aggregated form (blocks).  

 

To substantiate the CD results, the effect of the SA2 secondary structure on the 

peptide organization was investigated with FTIR (Fig 2). The infrared absorption 

in the amide I’ region is sensitive to the secondary structure of peptides and beta-

sheets typically absorb around 1620 cm-1, frequently accompanied by a peak 

around 1680 cm-1 180-182. The PPII helix appears around 1645 cm-1, in proximity to 

the alpha-helix position (1650 cm-1) 86, 180-182. The SA2 peptide in their self-

organized form, displaying a vesicle size distribution of around 65 nm in radius 

(Fig. 2A), showed a main infrared absorption at 1645 cm-1 (Fig. 2D and G). This 
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peak position indicates that the PPII structure is predominantly present, in 

agreement with the CD data. The higher-wavenumber shoulder (Fig. 2G) is 

typically observed for the PPII conformation in various peptides 86, 177.  

 

Aggregation of the peptide by acidification is reflected by the 1-µm peak in the 

size distribution graph (Fig. 2B). As well, large, visible particles appeared in the 

solution. FTIR showed that the absorbance peak shifted towards lower 

wavenumbers (Fig. 2E). Although a minor 1650-1645 cm-1 absorbance was still 

observed (Fig. 2H), the main IR absorbance was at 1620 cm-1 with a minor peak 

at 1680 cm-1. The latter peaks indicate the presence of beta-sheets 180-182 in the 

aggregated SA2 peptide, which is consistent with the CD data.  

 

Figure 2.Figure 2.Figure 2.Figure 2. Dynamic light scattering and Fourier transform Infrared Spectroscopy on self-

assembled and aggregated SA2 peptides. Dynamic light scattering size distribution 

graphs of the peptide in assembly (A), aggregated by acidification (B) and aggregated by 

organic solvents (C). Depicted in the row below: the corresponding amide I’ FTIR 

absorption graphs of the vesicular peptide assemblies (D), acid-induced peptide 

aggregation (E) and organic solvent induced aggregation (F). Resolution enhancement by 

the second-derivative was used to denote the major infrared absorbance peaks of the 

peptide vesicles (G), acid-aggregated (H) and organic solvent aggregated (I) peptide. 
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Table 1.Table 1.Table 1.Table 1. Dynamic light scattering analysis before and after 

heating the SA2 assemblies to 85°C 

 Hydrodynamic 
radius (nm) 

Polydispersity 
index 

Before heating 58 nm 0.25 

After heating 48 nm 0.26 

 

Since acidification of the sample results in the protonation of the peptide, and 

consequently the charged state of the peptides is changed, another method 

(solvent change of the sample) inducing aggregation was investigated. SA2 

peptide assemblies were injected into heated (68°C) acetonitrile. Immediate 

peptide aggregation was observed, as reflected in the dynamic light scattering 

size distribution graphs (Fig. 2C). After removal of the acetonitrile, the aggregated 

peptide in D2O showed a strong shift of the amide I’ peak to a lower wavenumber 

(Fig. 2 F and I) as compared to the peptide in vesicular assembly, resulting in a 

peak in the beta-sheet region at 1628 cm-1 and a shoulder around 1600 cm-1. 

Especially, the 1600 cm-1 peak represents extensively dehydrated and strongly 

intermolecular hydrogen bonded strands of aggregated peptide 180-182. This is in 

agreement with the observation that the acetonitrile induced aggregation was 

irreversible: the size distribution as displayed in Fig. 2A could not be restored 

upon reversal to initial conditions, contrary to the acid aggregated SA2 peptides 
50. 

 

To further investigate PPII as the predominant conformation of the peptide 

organized into vesicles, the effect of guanidine hydrochloride (GND) on the 

peptide self-assembly and conformation was studied. GND, like urea, is known to 

disrupt secondary structures like alpha-helix and beta-sheets, but it stabilizes the 

PPII helix in peptides and (denatured) proteins 177, 183, 184 . The peptide assemblies 

were titrated with GND and dynamic light scattering of the peptide dispersions 

was studied. Surprisingly, GND at concentrations up to 6 M did not disrupt the 

peptide assemblies (Fig. 3B). The scattering intensity was stable over time and 

the vesicle radius only slightly increased with GND concentration.  
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Moreover, the secondary structure was not affected by GND, as can be seen 

from the CD analysis; the addition of GND did not result in a significant change in 

shape or intensity of the CD spectrum down to 210 nm (Fig. 3A). In the case 

peptides adopt the PPII conformation partially, GND has been reported to 

increase the PPII content 10,183, 184. For the SA2 peptides the PPII increasing effect 

of GND was not observed, which underscores that the PPII conformation is 

dominantly present in the peptide. Also, these results show that the PPII-

preserving characteristics of GND counterbalanced its weakening of the 

hydrophobic interactions in the peptide assemblies. Therefore, the stability of the 

assemblies at high GND concentrations indicates the importance of the PPII 

conformation on the stability of the self-assembled structure of SA2 peptides.  
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Figure 3.Figure 3.Figure 3.Figure 3. Effect of guadinium HCl (GND) and temperature on the peptide assemblies. A. 

Circular dichroism of the self-assembled SA2 peptide in presence of increasing 

concentrations of GND as compared to the peptide in phosphate buffer (PB). B. Dynamic 

light scattering correlation function of the SA2 assemblies in 6M GND. C. Dependence of 

the SA2 CD intensities on temperature. D. Effect of temperature on scattering intensity of 

the SA2 assemblies: heating (closed triangles), cooling (open triangles).  
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Characteristically, the tendency of peptide bonds to adopt the PPII conformation 

increases at lower temperature, as detected by a decrease in intensity of the 

(negative) peak around 200 nm and an intensity increase of the (negative) 220 

nm signal 91, 93, 177. Therefore, the temperature of the peptide dispersion was 

increased from 5 to 85°C, while monitoring CD and the particle characteristics by 

light scattering. Notably, the peptide assemblies were stable upon heating to 

85°C and subsequent cooling. No change in scattering intensity was observed 

(Fig. 3D), neither particle size nor polydispersity were affected by the temperature 

trajectory (Table 1). During the temperature trajectory a slight gradual change in 

CD intensities was observed (Fig. 3C), while sharp transitions in the CD profile 

were absent. The negative slope of the 200 nm CD signal versus temperature 

and the positive slope of the 220 nm signal reflect an increase in PPII 

conformation upon lowering the temperature 87, 91.  

 

The effect of temperature on the PPII conformation in the SA2 peptide is less 

pronounced as compared to the PPII conformation in the GGAGG peptide 91. The 

latter peptide decreased in 200 nm CD values from -500 to -800 deg cm2 dmol-1 

upon cooling from 55°C to 4°C, whereas the SA2 peptide showed a decrease 

from -2600 to -3100 deg cm2 dmol-1 in 200 nm values upon the same temperature 

change (Fig. 3B). In dissolved peptides like the GGAGG peptide, the PPII 

conformation is stabilized by water structuring around the peptide. With 

increasing temperature the water hydrogen bonding with the peptide backbone is 

reduced 87, 185. With respect to the SA2 peptides in assembly the intermolecular 

steric effects may have a more pronounced influence on the PPII conformation as 

compared to effects of water structuring. 

 

To determine whether the PPII conformation is induced by self-assembly of the 

SA-peptides into vesicles or that the PPII conformation is already present in 

monomeric peptides, the secondary structure of these peptides above and below 

the critical aggregation concentration was measured by CD. No dependence of 

the SA2 conformation on changes in the peptide concentration above its critical 

aggregation concentration (CAC) was observed with CD (Fig. 4A). Unfortunately, 

due to the low CAC of the SA2 peptides (0.5 µM) no reliable CD spectra were 

obtained at peptide concentrations below this CAC. Therefore, SA7 peptides 
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were used in this experiment. SA2 and SA7 peptides have identical hydrophobic 

blocks and only differ in length of the hydrophilic domain (2 vs 7 glutamic acid 

residues). This difference affects the CAC (16 µM for SA7 compared to 0.5 µM for 

SA2) but peptide vesicles obtained above the CAC are, in terms of size and 

morphology indistinguishable from SA2 peptide vesicles 50.  
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Figure 4.Figure 4.Figure 4.Figure 4. Circular dichroism spectra of the self-assembling peptides SA2 (A) and SA7 (B) 

at different peptide concentrations. The CAC of the SA2 and SA7 peptide is 0.5 µM and 

16 µM, respectively. 
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The CD spectra of the SA7 peptide at a concentration above the CAC (0.2 mM 

and 0.4 mM, Fig. 4B) display a PPII CD spectrum, with a minimum at 203 nm 

analogous to the SA2 peptide. The 200 nm CD signal of this SA7 peptide is more 

intense, which is attributed to the strong negative 200 nm signal of glutamic acids 
178. Throughout the concentration series the characteristic PPII spectrum was 

maintained (Fig. 4B). Some detailed but significant changes were observed when 

approaching the CAC. At the CAC the minimum in the CD spectrum showed a 5 

nm blue-shift, and at concentrations below the CAC the 220 nm signal increased; 

at 10 µM a neutral 220 nm value and at 5.0 µM a positive value of 1.6 103 deg 

cm2 dmol-1 were reached (Fig. 4B). The spectra below the CAC may represent a 

typical charged, solvated PPII conformation 179. Clearly, the PPII conformation is 

already present in the monomeric peptide and as such favors self-assembly into 

vesicles.  

 

Conclusion 

In conclusion, we have shown that the amphiphilic oligopeptides when self-

assembled in vesicles predominantly exhibit a PPII conformation, giving these 

nanoscale structures a strikingly stable conformation that can withstand exposure 

to high temperatures and high concentration of chaotropic agent. Destabilization 

of the secondary conformation of the self-assembled peptides is accompanied by 

disruption of the self-organized state of the peptide, whereas in the presence of 

the PPII conformation preserving chaotropic agent GND, the peptide vesicles are 

stable. These findings point to a crucial role of the PPII structure in the molecular 

self-assembly of amphiphilic oligopeptides that has until now remained 

unexplored. 
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Materials and Methods 

Peptide synthesis and selfPeptide synthesis and selfPeptide synthesis and selfPeptide synthesis and self----assemblyassemblyassemblyassembly    

Peptides were recombinantly produced in E. coli as described before (Chapter 2). 

Briefly, BL21(DE3) cells were transformed with the DNA construct encoding the 

peptide - Small Ubiquitin Modifiying (SUMO) fusion protein. Expression of the 

protein took place upon addition of IPTG (1.0 mM final concentration) in 5 liter 

fed-batch fermentation and the fusion protein was purified from the bacterial 

lysate by nickel affinity chromatography. The purified fusion protein was 

enzymatic cleaved by SUMO protease (LifeSensors, Malvern, USA) for 1 hour at 

30°C and overnight at 5°C. The released peptides were purified using a second 

nickel affinity purification step and analyzed as reported previously (purity > 

98%). The N-terminus of the peptides was acetylated in a 25% acetic anhydride 

(Fluka, St. Gallen, Switzerland), 50% methanol solution (v/v). Solvents were 

removed by reduced pressure evaporation and the peptides were taken up in 

water, precipitated by acidification with HCl and pelleted by centrifugation for 45 

minutes at 17 000 g. Peptide self-assembly was performed after removing the 

supernatant by restoring the peptide pellet in a 10 mM sodium phosphate, pH 8.0 

and subsequent incubation at RT for 4 hours. The concentration of the peptides 

were determined with UV spectroscopy, using the absorbance of tryptophan 

λmax(H2O)/nm 280 (ε/dm3 mol-1 cm-1 5690). 

 
Spectroscopic analysisSpectroscopic analysisSpectroscopic analysisSpectroscopic analysis    

For spectroscopic analysis peptides were diluted from aqueous stock to 0.5 mM 

in 10 mM sodium phosphate, pH 7.0, unless indicated otherwise. Acid-

aggregation was done by addition of 1.0 M HCl until pH < 2.0. For acetonitrile-

induced aggregation, the peptide stock and the acetonitrile were preheated to 

68°C and 25 µl of 30 nmol peptide was injected into 300 µl acetonitrile and 

directly measured with DLS, taking into account the refractive index of acetonitrile 

(1.344). For subsequent FTIR analysis, the solvents were evaporated and the 

white aggregates were resuspended in 10 µl D2O. 

Circular dichroism was measured in a double beam DSM 1000 CD spectrometer 

(Online Instrument Systems, Bogart, GA, USA) using quartz cuvettes of different 

path lengths (0.5 – 10 mm) (Hellma, Müllheim, Germany). Ten measurements of 
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1.0 nm increment were averaged and background spectra of the buffer were 

subtracted. The results are expressed in terms of molar residue CD.  

FTIR measurements were performed on a BioRad FTS 6000 spectrometer 

(Varian, Inc., Palo Alto, CA, USA) using a liquid sample cell at a 10 µm path 

length with CaF2 windows and. Peptides were taken up in D2O at a peptide 

concentration of 2.5 mM or higher. 1 024 scans were accumulated for a single 

spectrum, and an H2O vapor spectrum was measured for background 

subtraction.  

 
Dynamic light scatteringDynamic light scatteringDynamic light scatteringDynamic light scattering    

The samples, described above, were assessed for dynamic light scattering at 90° 

angle in a Malvern ALV CGS-3 goniometer (Malvern Instruments, Malvern, UK) 

containing a He-Ne laser source (λ 632.8 nm, 22 mW output power). The DLS 

time correlation was analyzed by ALV Correlator 3.0 software (ALV, Langen, 

Germany).  
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Abstract 

Several lipid-like peptides have shown to self-assemble spontaneously into 

peptide nanotubes or, for example the SA2 peptides (Ac-Ala-Ala-Val-Val-Leu-

Leu-Leu-Trp-Glu-Glu-COOH), into well-defined nanovesicles in an aqueous 

environment. We have previously shown that the polyproline type II conformation 

is the dominant conformation of these non-proline containing oligopeptides when 

assembled into vesicles. Here, the intermolecular interactions that contribute to 

the formation and stabilization of the SA2 oligopeptide assemblies were 

determined. Firstly, upon assembly the formation of a hydrophobic domain was 

demonstrated using hydrophobic fluorescent probes and intrinsic tryptophan 

fluorescence in the peptide assemblies. The polarity of this hydrophobic 

microenvironment was comparable to that in negatively charged lipid bilayers. 

However, in contrast to lipid bilayers the SA2 oligopeptide vesicles could not be 

disrupted by addition of sodium dodecyl sulphate (SDS), suggesting an additional 

intermolecular interaction besides hydrophobic clustering. The effects of different 

solvents on the stability of the peptide assemblies suggested that intermolecular 

hydrogen bonds additionally stabilize the peptide assembly. All-atom molecular 

dynamics simulations confirmed the formation of intermolecular hydrogen bonds. 

In the interdigitated oligopeptide membrane, the peptide backbones in the 

hydrophobic domain either connected together directly by hydrogen bonding, or 

two peptide backbones were stably bridged by single water molecules. In 

conclusion, based on the data presented here we propose a model of an 

interdigitated peptide membrane which is stabilized by intermolecular hydrogen 

bonds, in addition to the hydrophobic interactions in the oligopeptide vesicles. 

 

Introduction 

The self-assembly of peptides is an attractive route to obtain new, functional 

materials, which may find application in a variety of different fields, including 

tissue engineering and drug delivery. Dependent on the amino acid sequence 

amphiphilic oligopeptides were shown in aqueous media to assemble into either 

vesicles or nanotubes with a hydrophilic interior 47, 50. These oligopeptides consist 

of a hydrophobic tail of 6 - 10 hydrophobic amino acids, and a hydrophilic domain 
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of charged amino acids, which vary in length from 1 - 7 residues 50. In view of their 

hydrophobic block lengths, such amphiphilic peptides have also been referred to 

as lipid-like or detergent-like peptides. Moreover, the SA2 peptides that assemble 

into vesicles have a conical geometry, in which the hydrophobic amino acids side 

chains increased in size towards the hydrophilic domain (Ac-Ala-Ala-Val-Val -

Leu-Leu-Leu-Trp-Glu-Glu-COO-) (Chapter 2).  

 

Such peptides exhibit a lipid-like design and display similarity in their 

supramolecular architecture to phospholipids, e.g. vesicular assemblies 56, 157, 186. 

In contrast, the supramolecular characteristics of these peptides assemblies are 

significantly different. The SA2 peptides self-assemble into nano-sized vesicles 

spontaneously, without the need for any particle sizing 50. The polar nature of the 

peptide backbone may partially explain the distinguished self-assembling 

characteristics of oligopeptides as compared to e.g. lipids. The amide hydrogen 

and carbonyl oxygen atoms are hydrogen bond donor and acceptors and the free 

energetic penalty of burying a non-hydrogen bonded amide and carbonyl in a 

dehydrated environment has been estimated at 2.5 kcal/mol 69. In contrast, the 

gain in free energy of apolar amino acid side chain desolvation is at maximum 2.2 

kcal/mol, and for the amino acid side chains of alanine or valine these values are 

smaller 70. Therefore, hydrogen bonding of the peptide’s backbone is favorable in 

a desolvated environment, and indeed, in proteins burial of non-hydrogen bonded 

amides and carbonyls in the hydrophobic interior of proteins is rarely found 71.  

 

Previously, we have shown that the SA peptides assembled into vesicles adopt 

the polyproline type II (PPII) conformation as the dominant intramolecular 

organization (Chapter 4). The PPII conformation is a stretched conformation 87, 187 

and, in contrast to e.g. the α-helix, leaves the backbone amide hydrogen and 

oxygen atoms available for intermolecular hydrogen bonds. The aim of this study 

is to reveal the stabilizing forces that dominate the SA2 oligopeptide assemblies. 

Hydrophobic domain formation was assessed using the fluorescent probe pyrene 

and the fluorescence of tryptophan (Trp) in the peptide assemblies. A 3-

Hydroxyflavone based probe was used to reveal the degree of hydration and 

polarity within the hydrophobic cavity. In addition, by both experimental 
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techniques and in silico molecular simulations, intermolecular hydrogen bonding 

within the hydrophobic domain was examined.  

 

Materials and Methods 

MaterialsMaterialsMaterialsMaterials    

All the chemicals were from Sigma-Aldrich (St. Louis, USA), unless indicated 

otherwise. Probe F was synthesized as reported elsewhere 209.  

 
Peptide productionPeptide productionPeptide productionPeptide production    

Peptides were recombinantly produced in E. coli as described before 50. Briefly, 

BL21(DE3) cells were transformed with the DNA construct encoding the peptide - 

Small Ubiquitin Modifiying (SUMO) fusion protein. Expression of the protein took 

place upon addition of IPTG (1.0 mM final concentration) in 5 liter fed-batch 

fermentation and the fusion protein was purified from the bacterial lysate by nickel 

affinity chromatography. The purified fusion protein was enzymatic cleaved by 

SUMO protease (LifeSensors, Malvern, USA) for 1 hour at 30°C and overnight at 

5°C. The released peptides were purified using a second nickel affinity 

purification step and analyzed as reported previously (purity > 98%). The N-

terminus of the peptides was acetylated in 25% acetic anhydride (Fluka, St. 

Gallen, Switzerland), 50% methanol solution, 25% water (v/v). Solvents were 

removed by reduced pressure evaporation and the peptides were taken up in 

water, precipitated by acidification with HCl and pelleted by centrifugation for 45 

minutes at 17 000 g. Peptide self-assembly was performed after removing the 

supernatant by restoring the peptide pellet in a 20 mM sodium phosphate, pH 8.0 

and subsequent incubation at ambient temperature for 4 hours. The 

concentration of the peptides was determined with UV spectroscopy (Nanodrop, 

ThermoScientific, Wilmington, USA) using the absorbance of tryptophan 

λmax(H2O)/nm 280 (ε/dm3 mol-1 cm-1 5690). 

 
Fluorescence spectroscopy Fluorescence spectroscopy Fluorescence spectroscopy Fluorescence spectroscopy     

Dilution series of the peptide (1000 - 0.1 µg/ml) were prepared in 5 mM Hepes, 

pH 8.0. Pyrene (Fluka, Buchs, Switzerland) in acetone was added to a final 

concentration of 5.4 x 10-6 M. Acetone did not exceed 1% of the total volume. 

After minimally 14 hours of incubation in the dark, fluorescence excitation spectra 
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were measured using a Horiba Fluorolog fluorometer (Horiba Jobin Yvon, 

Longjumeau Cedex, France). Excitation spectra were recorded between 300 nm 

and 360 nm, with an emission wavelength of 390 nm. Excitation and emission 

band slits were 4 and 2 nm, respectively. The intensity ratio of I338/I333 was plotted 

against the peptide concentration 32.  

 

For probe F experiments, the samples were prepared in a 20 mM sodium 

phosphate, pH 8.0 at a 0.5 mM peptide concentration. Acidification was done by 

addition of 1.0 M HCl until pH < 2.0. For acetonitrile induced aggregation the 

peptide stock and the acetonitrile were preheated to 68°C and 25 µl of 30 nmol 

peptide was injected into 300 µl acetonitrile solution. The solvents were removed 

by reduced pressure evaporation and the peptides were hydrated 20 mM sodium 

phosphate, pH 8.0. Probe F was added to a 4.0 µM concentration from a DMSO 

stock solution. The final DMSO concentration was <1% (v/v). Deconvolution of 

probe F fluorescence into three bands (N*, H-N* and T*) was performed as 

previously described20 using the Siano software kindly provided by Dr. A.O. 

Doroshenko (Kharkov, Ukraine). The program is based on an iterative nonlinear 

least-squares method that is itself based on the Fletcher-Powell algorithm. The 

individual emission bands were approximated by a log-normal function 210.  

 

Tryptophan fluorescence was measured SA2 peptide or NATA concentration of at 

a 75 µM, diluted in 20 mM sodium phosphate, pH 8.0 from aqueous stock 

solution. Quantum yields were based on measurements with NATA as a 

reference (quantum yield NATA 0.14). For iodide quenching, to the peptide 

diluted to 350 µM iodide was added from 4.0 M potassium iodide stock solution. 

For the forced co-assembly with SDS, 0.15 µmol SA2 peptide and 2.4 µmol SDS 

were diluted from an aqueous stock solution in 25 ml methanol. Solvents were 

removed by reduced pressure evaporation after which the resulting film was 

hydrated in a 20 mM sodium sodium phosphate, pH 8.0. All emission spectra 

were recorded with excitation wavelengths at 280 nm.  

 
Circular dichroismCircular dichroismCircular dichroismCircular dichroism    

Circular dichroism was measured in a double beam DSM 1000 CD spectrometer 

(Online Instrument Systems, Bogart, GA, USA) using quartz cuvettes of 0.5 mm 

path length (Hellma, Müllheim, Germany) and peptide dispersions (0.5 mM) in 10 
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mM sodium phosphate, pH 8.0. Five measurements of 1.0 nm increment were 

averaged and background spectra of the buffer were subtracted. The results are 

expressed in terms of molar residue CD.  

 
Dynamic light scatteringDynamic light scatteringDynamic light scatteringDynamic light scattering    

Dynamic light scattering (DLS) measurements were performed at 90° angle in a 

Malvern ALV CGS-3 goniometer (Malvern Instruments, Malvern, UK) containing a 

HeNe laser source (λ = 632.8 nm, 22 mW output power). The DLS time-

correlation was analyzed with ALV Correlator 3.0 software (ALV, Langen, 

Germany) taking into account the refractive indices of the different solvents. 

 
Molecular dynamics simulationsMolecular dynamics simulationsMolecular dynamics simulationsMolecular dynamics simulations    

Molecular dynamics was performed with the program YASARA version 8.3.3 211 

in an Amber-99 force field. Explicit water molecules were placed at random 

positions within the box until the water density was 1.00 g/ml. Periodic boundary 

conditions were used and every run was started with a steepest descent energy 

minimisation until the maximum atom speed dropped below 2200 m/s, followed 

by 500 annealing steps. The particle mesh Ewald method was applied for long-

range electrostatic interactions, with a 7.86 Ångstrom Van der Waals forces cut-

off. pH was 7.0, temperature was set at 300K and the density was maintained at 

1.00 g/ml. From a 750 picosecond simulation random conformations of the SA2 

peptides were selected and 18 peptides were placed in boxes of 37x39x79 

(opposing layers) and 36x45x60 Ångstrom (interdigitated layers) in the presence 

of water and 54 sodium ions. Simulations were run for 15 ns and coordinates 

were saved every 7.5 ps. The results were analysed using analysis programs 

written in Python in our laboratory. 
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Results and Discussion 

Pyrene partitioning in oligopeptide vesiclesPyrene partitioning in oligopeptide vesiclesPyrene partitioning in oligopeptide vesiclesPyrene partitioning in oligopeptide vesicles    

The SA2 amphiphilic oligopeptides were designed to self-assemble based on the 

hydrophobic interactions of its apolar amino acids (Chapter 2). In light of the 

observation by electron microscopy that closely related oligopeptides assemble 

into a peptide membrane 37, it might be expected that these small peptides indeed 

form a distinguished hydrophobic microdomain. To confirm the formation of a 

hydrophobic domain, the apolar fluorescent probe pyrene was used. Partitioning 

in a hydrophobic environment results in a red-shift of the peak at 338 nm in the 

excitation spectra 188. In Figure 1A the I333/I338 ratio is plotted against the SA2 

peptide concentration. Above the critical association concentration (CAC; 0.5 

µg/ml)50 an increase in I333/I338 ratio was observed at increasing peptide 

concentrations. The fluorescence analysis shows that pyrene partitioned into a 

marked hydrophobic domain in the self-assembled peptides, which is in good 

agreement with previous investigations on similar self-assembling amphiphilic 

oligopeptides 157.  
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Figure 1.Figure 1.Figure 1.Figure 1. A. Pyrene excitation red shift (I333/I338) plotted against the SA2 peptide 

concentration. B. Pyrene partitioning equilibrium analysis. At a constant pyrene 

concentration, the relative increase of excitation I333/I338 ratio (R) is plotted against the 

peptide concentration (c in g/l). The calculated binding constant was 1.6 x104, assuming a 

mean density of the hydrophobic block of 1.27 g/cm3. 
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In order to obtain more insight into the apolarity of the hydrophobic cavity, the 

partitioning equilibrium of pyrene in the peptide assemblies, relative to pyrene in 

the bulk water, was examined 188. A linear correlation (r2 0.99) between 7.7 x 10-2 

and 9.0 x 10-6 g/l SA2 peptide was observed (Fig. 1B). The CAC as derived from 

pyrene partitioning is defined at the intersection with the x-axis 188. For the SA2 

peptides the CAC value measured with pyrene was higher (2.1 µM) compared to 

the CAC determined with Trp fluorescence anisotropy (0.5 µM) 50, something 

found more frequently when using pyrene for CAC determination of amphiphiles 
147, 189.  

 

The pyrene partitioning equilibrium constant (Kv) defined by 

(R-Rmin)/(Rmax-R) = Kv*χhc/1000ρh      (1) 

, where χh is the mass fraction of the hydrophobic block and ρh is the density of 

the hydrophobic domain and R is the ratio I333/I338. The Rmin and Rmax are 

determined as the lower and upper limit of the I333/I338 ratio (Fig. 1A). Assuming a 

mean density of the solid amino acids of the hydrophobic domain (1.27 g/cm3), 

pyrene partitions into the peptide assemblies with Kv of 1.6 x 10
4. The Kv of the 

peptide vesicles is an order of magnitude lower than reported for e.g. 

polystyrene-b-polyethylene glycol micelles of various polystyrene molecular 

weights and more closely resembles that of methoxy poly(ethylene glycol)-b-

oligo(caprolactone) micelles containing 2 caprolactone units 188, 190. The pyrene 

partitioning into the peptide vesicles indeed demonstrated the formation of a 

hydrophobic domain, while this domain may be relatively polar or hydrated. 

 
Analysis of 3Analysis of 3Analysis of 3Analysis of 3----hydroxyflavone probe in the peptide vesicleshydroxyflavone probe in the peptide vesicleshydroxyflavone probe in the peptide vesicleshydroxyflavone probe in the peptide vesicles    

3-Hydroxyflavone based membrane probes191, 192 are suitable for independently 

assessing the polarity and the hydration of hydrophobic domains in lipid bilayers 
193, 194. Due to intramolecular proton transfer in their excited states, these probes 

exhibit emission of both the normal (N*) form and a strongly red-shifted 

tautomeric (T*) form, and thereby provide additional information on the 

environment of the probe. 4’-N,N-dimethylamino-3-hydroxyflavone (probe F) was 

used for the investigation of SA2 peptide assemblies. Whereas below the CAC of 

the SA2 peptides only minor probe F fluorescence was observed, probe F in the 

presence of the SA2 assemblies showed dual emission (Fig. 2), similarly to that 

observed for this dye in lipid bilayers 193.  
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To extract the hydration and polarity parameters from these data, we used a 

method previously developed for probe F in lipid vesicles, which consists of 

deconvolution of the fluorescence spectrum into three bands: normal (N*), H-

bonded normal (H-N*) and tautomer (T*) 193. The polarity of the assembles was 

estimated as the intensity ratio IN*/IT*, while the hydration parameter was 

calculated as a relative contribution of the H-N* band, namely IH-

N*/(IN*+0.5×IT*).The results of the analysis presented in Table 1 were compared 

with previous data on large unilamellar vesicles (LUVs). It is clear that the 

obtained values of polarity and hydration are significantly different from those for 

LUVs composed of the neutral lipid, egg yolk phosphatidylcholine (PC), while 

they are remarkably close to those observed for the vesicles composed of the 

anionic lipid, bovine brain phosphatidylserine (PS). This especially concerns the 

polarity parameter, which, in SA2 vesicles, is ca 2.4-fold larger than in the PC 

vesicles, while it is nearly the same as in the PS vesicles.  
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Figure 2.Figure 2.Figure 2.Figure 2. Fluorescence spectra of the 3-hydroxyflavone based probe in peptide vesicles 

(dotted line), aggregated peptides by decrease of the pH values (solid line) and peptides 

aggregated by injection into hot acetonitrile (dashed line). The spectra were normalized at 

the T* band maximum. The spectrum of probe F in the presence of SA2 below CAC, 

presented for comparison (dashed-dotted line), was normalized to its relative intensity 

(1.3 %) with respect to that of probe F in SA2 vesicles. Excitation wavelength was 400 

nm. 
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The similarity of the SA2 vesicles with PS vesicles in terms of polarity of the 

probe binding site can be attributed to the presence of anionic glutamic acid 

residues in SA2 molecule. Indeed, like in the case of PS lipid, the anionic head 

group of SA2 should contribute to a large negative surface charge at the 

membrane-water interface. Moreover, similarities between SA2 and PS vesicles 

indicate common structural features between the organization of lipid membranes 

and SA2 membranes, namely the presence of low polar region formed by 

hydrophobic interactions of the amphiphiles (evident from the observed relatively 

low polarity) and presence of hydrated membrane-water interface (observed as 

the hydrated form of the dye, H-N*).  

 

 
Table 1.Table 1.Table 1.Table 1. Values of polarity and hydration estimated from spectra of probe 

F in assemblies of SA2 and in large unilamellar vesicles (LUV) of lipids 

Sample Polaritya Hydrationa 

SA2 Vesicles  0.915 0.429 

SA2 pH-aggr 0.858 0.141 

SA2 AcN-aggr 0.710 0.168 

LUV, PCb 0.382 0.874 

LUV, PSb 1.012 0.636 
aPolarity = IN*/IT*; hydration = IH-N*/(IN*+0.5×IT*), where IH-N*,IN* and IT* are peak intensities of 

the three bands obtained by band-separation analysis of the fluorescence spectra of 

probe F.  
bPC - egg yolk phosphatidylcholine; PS – bovine brain phosphatidylserine. The data were 

from ref. 193. 

 

It was previously shown that disruption of the SA2 peptide self-organization could 

be obtained by either decreasing the pH below the pKa of the glutamic acids, or 

by a combination of heat (weakening hydrogen bonds) with solvent change 

(injection into hot acetonitrile). These conditions resulted in the formation of large, 

visible peptide aggregates. The pH induced aggregation was found to be fully 

reversible, in contrast to the acetonitrile induced aggregation (Chapter 2). 
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However, in both cases, peptide aggregation was accompanied by a 

conformation switch of the peptides towards β-sheets as measured by circular 

dichroism and Fourier transform infrared spectroscopy (Chapter 4). As can be 

seen from Figure 2B, the dual emission of probe F maintained in the aggregated 

peptides, while the emission spectral profiles were considerably different. In the 

aggregated assemblies of SA2, the position of the short-wavelength band was 

considerably shifted to the blue as compared to the SA2 vesicles. Deconvolution 

analysis confirmed that the aggregation resulted in strong dehydration of the 

assemblies (Table 1), while the polarity parameter was modified only to a minor 

extent. The observed dehydration can be explained by formation of the β-sheet 

molecular packing, which is much tighter compared to the packing in vesicular 

membranes, and thus much more dehydrated 195.  
    
    
Tryptophan fluorescenceTryptophan fluorescenceTryptophan fluorescenceTryptophan fluorescence    

The Trp in the SA2 peptides (Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp-Glu-Glu-

COOH) is located subsequent to the glutamic acids that constitute the hydrophilic 

domain of the peptides. In order to address the polarity of the hydrophobic 

domain in the SA2 assemblies at this hydrophobic-hydrophilic interface, Trp 

fluorescence was investigated (Fig. 3). The Trp in vesicular assembly showed a 

fluorescence emission maximum at 355 nm (quantum yield 0.05). This is a 10 nm 

blue-shift as compared to the fully hydrated N-acetyl-tryptophan-amide (NATA; 

Fig. 3). The shift in polarity of the Trp in the vesicles can be compared to 

changing the environment of a charged Trp from water to ethanol 150, 196. The Trp 

of the peptide below the CAC showed an emission maximum at 368 nm, 

indicating full hydration of the Trp of monomeric SA2 peptides. When the 

peptides were aggregated by acidification (Fig. 3, grey line) a more extensive Trp 

emission shift to the blue was observed (quantum yield 0.02) as compared to the 

vesicular assemblies. When the polarity of the Trp species was now compared to 

Trp emission in well-known solvents, the λmax of the aggregated peptides 

resembles closely the fluorescence of Trp in n-butanol (λmax at 331 nm) 196. 

Overall, the Trp fluorescence data suggest that the peptide vesicles at the 

hydrophilic-hydrophobic interface are considerably hydrated. Such degree of 

hydration in peptide vesicles around the Trp as well as dehydration upon 

aggregation of the peptides both are in agreement with the data obtained with 

probe F (Table 1). 
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Figure 3.Figure 3.Figure 3.Figure 3. Tryptophan fluorescence emission 

spectra of the peptides in vesicular (solid black 

line) and in aggregated form (solid grey line) as 

compared to the fully hydrated NATA (dashed 

line). Excitation wavelength was 280 nm. 

    
    
Iodide quenchingIodide quenchingIodide quenchingIodide quenching    

The Trp quenching by iodide above and approaching the CAC of the SA2 

peptides are displayed in Figure 4. At significant iodide concentrations quenching 

was observed and the extent of collisional quenching was analyzed using: 

F0/F=1+KSV[Q]       (2) 

F0 and F are the fluorescence intensities in the absence and presence of the 

quencher, KSV is the Stern-Volmer quenching constant and Q is the molar 

concentration of the quencher 150. The Stern-Volmer analysis for the vesicle 

assemblies showed a relatively low quenching efficiency (KSV 0.89 (+/- 0.02) M
-1), 

indicating that the Trp in peptide assemblies is poorly accessible to iodide. When 

the peptides were diluted close to the critical association concentration (10 µM), a 

slight increase of the slope towards KSV = 1.4 was observed (Fig. 4, open blocks), 

suggesting that the relative increase of the molar fraction of the monomeric 

peptides indeed contributed to an enhanced accessibility of Trp moieties to 

iodide.  

 

The Trp in the SA2 assembly was shown to be located in a relative hydrated 

environment (Fig. 3), while almost inaccessible for iodide ions. Previous reports 

have shown that peptide amphiphile nanofibers, even those which had the Trp 
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Figure 4.Figure 4.Figure 4.Figure 4. Iodide quenching of the Trp in 

the SA2 peptides in assembly (0.2 mM, 

closed blocks) and at a concentration 

(10 µM, open blocks) approaching the 

CAC. 
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located more deeply buried in the self-assembled structure, display a more 

extensive iodide quenching (10-20 x higher KSV values) 
197. Therefore, burial of 

the Trp into apolar domains of the SA2 vesicles only may not be a sufficient 

explanation for the poor iodide quenching. Likely, efficient shielding of the 

assembled structures by the repulsive charges of the glutamic acids may 

significantly contribute to a minimal accessibility of the Trp in the vesicles 150.  

 
Stability of the SA2 vesicles in the presence of SDSStability of the SA2 vesicles in the presence of SDSStability of the SA2 vesicles in the presence of SDSStability of the SA2 vesicles in the presence of SDS    

Sodium dodecyl sulphate (SDS) rapidly inserts into phospholipid bilayers and 

disrupts liposomal structures. Typically such liposomal disruption starts already at 

low concentrations of SDS, below its CMC (8.2 mM) 198, 199. To assess whether 

SDS inserts and disrupts the oligopeptide vesicles, DLS analysis on mixtures of 

SA2 peptide vesicles and SDS was performed. The 100 nm peak in Figure 5C, 

corresponding to peptide vesicles (Fig. 5B), remained even at high 

concentrations of SDS and in significant molar excess (35 mM, above the CMC) 

compared to the peptides (0.1 mM). The smaller light scattering peak (Fig. 5C) 

displayed a hydrodynamic radius of around the radius of SDS micelles (2.5 nm) 
198. Molecular mixing of SDS with peptides and proteins may also induce 

extensive aggregation 200, 201. The DLS analysis additionally showed that no 

aggregation of the peptides occurred by addition of SDS (Fig. 5C). Clearly, SDS 

did not disrupt the peptide vesicles. Since SDS is known to disturb secondary 

conformations of peptides at low concentrations 46, 202, circular dichroism (CD) 

measurements were performed. No significant changes in the SA2 secondary 

conformation were observed in the presence of SDS (Fig. 5D). The CD spectra 

did not change over time (>2 months, RT) and were independent of the SDS 

concentration. The CD spectra in the presence or absence of SDS both showed 

the characteristics of the conformation of the vesicular SA2 assembly, dominated 

by the PPII conformation.  
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Figure 5.Figure 5.Figure 5.Figure 5. Stability of the SA2 assembly in presence of SDS. DLS analysis of SDS in 

aqueous solution (A), the SA2 peptide (0.1 mM) assemblies in absence (B) or in co-

existence with SDS (35 mM) micelles (C). D. Circular dichroism analysis of the SA2 

peptides (0.5 mM) in presence (triangles) or absence (blocks) of SDS (8.2 mM). E. 

Normalized tryptophan fluorescence of SA2 (0.1 mM) peptide vesicles (dashed line), and 

in co-existence with SDS (35 mM) micelles (grey line). As a control, tryptophan 

fluorescence of the SA2 peptides, forced to molecularly intermix with SDS is shown (solid 

line), in addition to NATA as a reference (dotted line). 

 

To now confirm that the addition of SDS to already assembled peptide vesicles 

did not result in spontaneous molecular intermixing of both self-assembling 

molecules, the Trp fluorescence of peptide vesicles and SDS co-added was 

investigated. As can be seen in Figure 5E, the Trp fluorescence of the peptide 

vesicles after addition of SDS (dashed line) was comparable to the Trp 

fluorescence of the assemblies without SDS (solid grey line). The Trp 

fluorescence contrasts the Trp fluorescence of the SDS and SA2 peptides forced 

to intermix (solid line, see text below), suggesting a lack of spontaneous insertion 

of significant amounts of SDS into the peptide vesicles in agreement with the DLS 

data (Fig. 5C). The data are in anology to the independent assembly of 

surfactants and low molecular weight hydrogelators, the latter shown to form 

A B C 

D E 
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intermolecular hydrogen bonds in their assembly by X-ray diffraction 203, 204. 

Independent molecular assembly of the SA2 peptides and SDS micelles indicates 

that an additional intermolecular interaction stabilizes the peptide assemblies, 

different from those involved in SDS assembly. 

 

For forced intermixing of SDS with the peptides, both the peptides and SDS were 

diluted in methanol. DLS measurements showed full disintegration of the SA2 

peptide assemblies in methanol (results not shown). By gentle evaporation a film 

was created. After hydration of the SA2 peptides and SDS film, successful 

molecular intermixing was suggested by changes of the supramolecular 

assemblies formed as well as the fluorescence profile of the Trp. Using optical 

particle size analysis, large structures of sizes up to 10 µm were detected in the 

dispersions and the molecular intermixing resulted in a red-shift of the SA2 Trp 

fluorescence (Fig. 5E). The λmax of the peptide SDS mixture (365 nm) 

corresponded to the λmax of NATA (365 nm, Table 1). The increase in polarity of 

the environment of Trp can have various causes, like an increased fraction of the 

dissolved peptides, proximity of the negatively charged SDS molecules to the Trp 

in the intermixed system, or an increased hydration of the Trp microenvironment 

by the SDS intermixing.  

 
Solvent effects on the peptide assemblySolvent effects on the peptide assemblySolvent effects on the peptide assemblySolvent effects on the peptide assembly    

To examine the presence of intermolecular hydrogen bonds within the peptide 

assemblies, the colloidal stability of the peptide assemblies in different solvents 

was monitored by DLS. The results of the DLS analyses are shown in Table 2. As 

a reference, the mean count rate of the SA2 vesicles in water was 850 kcps, 

displaying a mean particle radius of 65 nm and a relatively low particle 

polydispersity. When the particles were injected in THF significant particle light 

scattering was observed, and DLS analysis showed a comparable mean particle 

size combined with an even lower particle polydispersity as compared to the 

peptide vesicles water. Peptide vesicles also remained after addition of 

acetonitrile or ethanol with a moderate increase (ethanol) or decrease 

(acetonitrile) in average particle radius as compared to the peptide vesicles in 

water, which may be related to considerable differences in electrostatic 

interactions induced by the change of solvent. As the scattering intensity relates 

to the difference between the refractive index of the particle and the solvent, the 
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absolute scattering intensities can not be directly compared. However, the 

observed maintenance (THF) or increase (acetontrile, ethanol) of significant light 

scattering signal, as well as the absence of any large (aggregated) structures 

both indicated pronounced stability of the assemblies in the tested solvents. 

Clearly, the solvents acetonitrile, ethanol and THF were not able to disrupt the 

peptide assembly, whereas the tested solvents all caused complete disintegration 

of negatively charged EPG liposomes (data not shown).  

 

 
Table 2.Table 2.Table 2.Table 2. Stability of the peptide assemblies in different solvents examined by dynamic 

light scattering  

 
Water THF Acetonitrile Ethanol DMF DMSO 

Mean count 
rate (kcps) 

850 650 1450  1540 70 65 

radius (nm) 65 74 38 98 
No 
correlation 

No 
correlation 

Particle 
polydispersity 

0.28 0.23 0.24 0.12 - - 

Kcps - kilocounts per second; THF - Tetrhydrofuran; DMF - N,N-dimethylformamide; 

DMSO – Dimethylsulfoxide 

 

DMF and DMSO are good hydrogen bond breaking solvents 205 and therefore 

these solvents were used subsequently to investigate the presence of any 

stabilizing intermolecular hydrogen bonds in the peptide vesicles. Upon injecting 

the peptide vesicles in DMF or DMSO, scattering intensity was immediately lost, 

and background scattering was observed only (Table 2). Clearly, these hydrogen 

bond breaking solvents instantaneously disintegrated the peptide assemblies. 

These findings are an additional indication that the peptide assemblies are 

stabilized by intermolecular hydrogen bonds in addition to hydrophobic 

interactions. 

 
Molecular dynamics Molecular dynamics Molecular dynamics Molecular dynamics     

SA2 peptide assemblies were also investigated by molecular dynamics. Using 

periodic boundary conditions 18 peptides were simulated for 15 ns in the all-atom 

Amber 99 force field. Firstly, in analogy to the classical lipid bilayer model, a 

peptide bilayer in which two sets of 9 parallel peptides face each other at the 
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hydrophobic tail ends was used. This particular peptide bilayer conformation was 

unstable (Fig. 6A, B). Both monolayers dissociated over time and individual 

peptides became more disordered. In contrast, when peptides were arranged in 

an interdigitated manner with respect to the hydrophobic blocks (Fig. 6C), the 

peptide arrangement remained stable throughout 15 ns simulations (Fig. 6D). The 

degree of insertion of the hydrophobic blocks was optimal when the hydrophilic 

head protruded 4.5 Ångstrom out from the peptide membrane. In the hydrophobic 

domain of the interdigitated layer, the peptides remained flexible and the 

hydrophobic tails of the peptides retained a small but significant degree of 

conformational freedom (Fig. 6D), characteristic of an amorphous assembly. 

Lateral movement along the peptide interdigitated layer surface was minimal and 

was restricted by the bulkiness of amino acid side chains, and the conical shape 

of the SA2 peptides may further contribute to efficient peptide packing.  

 

Although it is known that current force fields are suboptimal for the simulation of 

the PPII conformation in non-proline containing peptides 87, 206, 207, the PPII 

conformation in assembled form was present for approximately 1/3 of the amino 

acids throughout the simulations. In contrast, when a monomeric SA2 peptide 

was simulated in water, the PPII conformation was fully lost within 1.0 ns (data 

not shown), underscoring the significance of the assembled state for the PPII 

peptide conformation.  

 

In agreement with experimental data (Chapter 3 of this thesis), the peptides 

lacked extended α-helical or β-sheeted conformations. These two conformations 

would saturate the hydrogen bond abilities of the peptides backbone by the well 

defined intra- (α-helix) or intermolecular (β-sheet) hydrogen bond patterning. 

However, the PPII conformation leaves the amide and carbonyl in the peptide 

backbone open for intermolecular interaction. Indeed, the molecular simulations 

showed significant hydrogen bonding between the peptides. Within the 

hydrophobic domain (Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp) of the 18 peptides in 

the simulation the total number of hydrogen bonds fluctuated around 8 (Fig. 7A), 

so that on average 16 out of 18 peptides were hydrogen bonded to another 

peptide within the hydrophobic domain.  
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After 7.5 ns simulation the number of water molecules located in the peptide 

hydrophobic domain was stable (Fig. 8). The water molecules in between the 

hydrophobic tails were found to bind the peptide backbones and frequently these 

bound water molecules directly bridged two peptides together (Fig. 7C). Such 

peptide – water – peptide bridges were markedly stable, lasting up to 3 

nanoseconds. The binding of these water molecules is in contrast with the 

stability of hydrogen bonds among water molecules that typically switch positions 

within < 0.5 ps 208. On average 19 of such water bridges were present (2.1 for 

each peptide) in the hydrophobic domain (Fig. 7B). Thus, each of these SA2 

peptides were on average involved in at least 3.0 hydrogen bonds in the 

hydrophobic domain by either direct intermolecular hydrogen bonds or single 

water molecules mediated intermolecular hydrogen bonds and bridges involving 

2 or more water molecules were found as well. Moreover, hydrogen bonds and 

stable water bridges occurred as well intramolecularly, which can be expected to 

further reduce the energetic penalty of peptide backbone desolvation. 

 

Other computational simulations have demonstrated that similar amphiphilic 

oligopeptides (Ac-V6D) indeed can form a stable spherical mesoscale assembly 
48. A tail-to-tail peptide layer was used in these simulations and the simulations 

did not involve water molecules 48. Our findings underscore that the presence of 

water is indeed crucial for the correct modeling of the interactions that stabilize 

the peptide assemblies. Overall, the presence of hydrogen bonds in the 

hydrophobic domain significantly contributes to the stability of the SA2 peptide 

vesicles. 
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Figure 6.Figure 6.Figure 6.Figure 6. Snapshots of 18 peptides (tube display) before and after simulation. The tail-to-

tail bilayer (A, B) and the interdigitated peptide layer (C, D) at start after energy 

minimization and simulated annealing (A, C) and after 15 ns simulation (B, D). Glutamic 

acids are displayed in red, peptide ends (acetyl) in green. For clarity, water molecules and 

counter ions were removed before constructing the snapshots.  
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����Figure 7.Figure 7.Figure 7.Figure 7. Intermolecular hydrogen 

bonding within the hydrophobic domain of 

18 SA2 peptides. A. Time profile of 

number of peptide backbone-backbone 

hydrogen bonds in between the peptides. 

B. Time profile of the number of single 

water molecules bridging two peptide 

backbones by hydrogen bonding. C. 

Close-up view in the hydrophobic domain 

of the peptide assembly. The depicted 

water molecule (arrow) bridged two 

peptides by hydrogen bonding. For clarity 

other water molecules are not depicted. 

Colouring: red is oxygen, blue is nitrogen, 

white is hydrogen and hydrogen bonds are 

indicated as yellow dashed lines. 

 

����Figure 8.Figure 8.Figure 8.Figure 8. Average number of water 

molecules (blocks, left y-axis) in a sliding 

window crossing the interdigitated peptide 

membrane. A. At 7.5 ns simulation stage. 

B. At 15 ns simulation (end) stage. The 

glutamate side chains (triangles, rigth y-

axis) are indicated as a reference. 
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Conclusion 

The described results provide insight into the intermolecular interactions that 

govern the SA2 peptide assembly and shed light onto the dynamic character of 

such oligopeptide membrane. As may be expected from their design, 

hydrophobic forces play a significant role in the oligopeptide assembly. The 

hydrophobic domain was shown to closely resemble the polarity of negatively 

charged lipid bilayers. In the oligopeptide vesicles Trp residues located at the 

hydrophobic-hydrophilic interface of the peptides significantly sense the presence 

of water molecules surrounding the charged glutamic acid residues. The anionic 

glutamic acids efficiently shield the Trp for the iodide quencher, indicating a 

molecular organization in which the glutamic acids expose outward to the bulk 

water. In addition, both the experimental findings and the molecular dynamics 

simulations demonstrated that peptide backbone hydrogen bonds additionally 

stabilize the oligopeptide vesicles. Within the interdigitated peptide membrane 

water molecules are significantly present in the hydrophobic domain and these 

water molecules are involved in stably bridging peptides by hydrogen bonding. In 

summary, additional to hydrophobic interactions, intermolecular hydrogen 

bonding stabilizes the oligopeptide-vesicle assembly, either directly between 

peptide backbones or mediated by bridging water molecules. 
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Abstract 

Previously we have shown that recombinantly produced amphiphilic 

oligopeptides with amino acid sequence Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp-

Glu-Glu-COOH spontaneously assemble into nano-sized vesicles. Moreover, 

such peptide vesicles could be stabilized by introducing multiple cysteine 

residues within the hydrophobic domain of these amphiphilic oligopeptides, 

allowing the formation of intermolecular disulfide bridges. In this study, the 

cellular association and internalization of such vesicle-forming peptides was 

assessed. Furthermore, the potential of these vesicle-forming peptides as 

delivery system for photosensitizers was explored. It was demonstrated that the 

water-insoluble phthalocyanine (Zn-Pt-NH2) could be quantitatively entrapped 

within the hydrophobic domains of these peptide vesicles. Flow cytometry and 

confocal laser-scanning microscopy showed, that vesicle-forming peptides were 

internalized by cells predominantly via adsorptive pinocytosis. To exclude the 

possibility that peptide vesicles disintegrate into monomeric peptides before 

cellular internalization, the intracellular localization of fluorescently-labeled 

peptides and the entrapped phthalocyanine was monitored by multiphoton 

microscopy. It was demonstrated that the peptides co-localized with the 

phthalocyanine, suggesting intact cellular internalization. Upon illumination, the 

phthalocyanine-containing oligopeptide vesicles showed an active photodynamic 

response towards the cells resulting in effective cell killing. In contrast, the free 

phthalocyanine or empty peptide vesicles did not show any cytotoxicity. In 

conclusion, we have demonstrated that peptide vesicles can be used to deliver 

photosensitizers into cells in culture resulting in effective cell killing after 

irradiation with visible light.  
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Introduction 

Recently, the self-assembling behavior of lipid-like peptides has been exploited 

for the controlled formation of nano-sized objects 37, 50, 157. Dependent on their 

amino acid sequence, these peptides spontaneously form either tubes (e.g. G8D2) 

or vesicles (Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp-Glu-Glu-COOH; SA2), 

exhibiting diameters of 40-60 nm 47, 50. Moreover, by introducing multiple cysteine 

residues into the hydrophobic domain of the SA2 peptides, the formed peptide 

vesicles can be conveniently stabilized via disulfide bond formation in between 

the peptides (Chapter 3 of this thesis).  
 

Oligopeptide vesicles can potentially be used in a variety of applications, 

including drug delivery 7-9, 12, 212. The potential advantages of such vesicles as drug 

delivery systems are numerous. Firstly, peptides made of natural amino acids are 

mostly likely enzymatically degradable and consequently do yield natural amino 

acids as non-toxic degradation products. Secondly, peptides can adopt a 

secondary conformation or can change their structure in response to the 

environment (pH or temperature), which may be used as a trigger for 

destabilization of the vesicles 50, 213. Thirdly, peptide ligands can be conveniently 

incorporated into the hydrophilic domain of the self-assembling peptides allowing 

cell-specific targeting without the need for chemical modifications of the carrier or 

ligand 53, 55, 59. So far, oligopeptide vesicles have not been studied as a drug 

delivery vehicle. Two recent reports have demonstrated that (poly-)peptide 

vesicles can efficiently translocate into the cytosol using (poly)arginines in the 

hydrophilic block 51, 142. However, whether such peptide vesicles can be used to 

deliver drugs or other pharmacologically active compounds into the cell’s interior 

has not been investigated. The aim of this study was to determine the interaction 

with cells in vitro of non-functionalized oligopeptide vesicles. In addition, it was 

studied whether these peptide vesicles can be used to deliver hydrophobic drugs 

into cells and establish an active therapeutic response. For this, we used 

phthalocyanines, which are clinically used as photosensitizers for treatment of 

various diseases and hold promise for cancer treatment 214-216. However, the poor 

water solubility of the highly aromatic molecules hinders their intravenous 

application and therefore such drugs profit in particular from entrapment in 

nanoparticles 217. 
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Results and Discussion 

In order to assess cytotoxicity of the vesicle-forming peptides, in vitro cultured 

COS-7 cells were incubated for 6 hours with the crosslinked (SA2C3; Ac-Ala-Cys-

Val-Cys-Leu-Cys-Leu-Trp-Glu-Glu-COOH) and non-crosslinked peptide (SA2; 

Ac-Ala-Ala-Val-Val-Leu-Leu-Leu-Trp-Glu-Glu-COOH) vesicles after which cell 

viability was determined. Both types of vesicle-forming peptides showed no 

inhibitory effects on cell growth up to 100 µM peptide concentrations. Compared 

to the PBS control, cells incubated with SA2 or SA2C3 showed a significant 

higher viability (P<0.05), particularly for the non-crosslinked peptide vesicles 6 

hours after adding the peptides (Fig. 1). At the highest tested concentration (100 

µM) of the crosslinked vesicles the cell viability slightly declined, but still remained 

indifferent from the PBS control (P<0.05), showing that the peptide vesicles are 

non-cytotoxic within the tested concentration range. 

 

1 10 100
0

50

100

150

200

Peptide concentration (µµµµM)

C
e

ll
 v

ia
b

il
it

y
 (

%
)

 

 

AF633-labeled SA2C3 peptide vesicles were used for cellular uptake studies. 

Two tumor cell lines (C26, COS-7) as well as a primary human vascular 

endothelial cell line (HUVEC) were incubated with the SA2C3 vesicle-forming 

peptides at different concentrations for 2 hours at 37°C prior to analysis by flow 

cytometry to determine cell-associated peptide fluorescence. As can be seen in 

Figure 2, all three cell lines showed a shift in fluorescence of the mean cell 

population upon incubation with the fluorescently labeled peptides. Moreover, the 

association of the peptides with the cells (either in free form or assembled in 

vesicles) was not influenced by the presence of serum components (Fig. 2E). The 

cellular fluorescence was not due to traces of free label present in the vesicle 

dispersions, as incubations with high concentrations (50 µM) of free label resulted 

Figure 1Figure 1Figure 1Figure 1.... Relative cell viability 6 

hours after addition of different 

concentrations of the crosslinked 

(diamonds, filled lined) and the 

non-crosslinked (circles, dotted 

line) peptide vesicles to COS-7 

cells as compared to addition of 

buffer (PBS). Experiments were 

performed in triplicate.  
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in minor cellular fluorescence intensity as compared to the fluorescence shift by 

the peptide vesicles (Fig. 2F). The cellular association was observed for the 

general cell population, although a small subset of cells could be detected that 

showed a more extensive (almost two orders of magnitude) or off-scale 

fluorescence (Fig. 2A, B). Further studies are needed to identify this subset of 

cells and the observation may be related to the divisional state of the cells. 
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Figure 2.Figure 2.Figure 2.Figure 2. Cellular association of the vesicle-forming peptides, analyzed by flow cytometry. 

Increasing amounts of fluorescently labelled peptide vesicles were incubated at 37°C with 

COS-7 (A), C26 (B) and HUVEC (C) cells, and compared to the cells without peptide 

vesicles. The histograms (from left to right) display cell-associated fluorescence after 

incubation without, with 1.3, 2.9 and 6.0 µM SA2C3 peptide vesicles, respectively. D. The 

increase in geometric (GEO) mean cell-associated fluorescence intensity showed a linear 

correlation with the concentration of peptide vesicles added to the cells (r2 =0.9994). E. 

COS-7 cells with vesicle-forming SA2C3 peptides in presence (grey) or absence of 

(black) 10% serum. F. From left to right: untreated cells, free label (50 µM), and vesicle 

forming SA2C3 (2.9 µM), incubated for 1 hour at 37°C with COS-7 cells. 
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Using a concentration series of the vesicle-forming peptides, the correlation of the 

mean cell-associated fluorescence intensity to peptide concentration is plotted in 

Figure 2D. Over the range of tested concentrations a linear correlation with the 

cell fluorescence intensity was observed. Typically, cellular association by means 

of active receptor-mediated binding displays a sigmoidal curve, and therefore the 

linearity observed in Figure 2 suggests a receptor-independent process, although 

it cannot be excluded that at higher peptide concentrations, saturation of cellular 

uptake may occur.  

 

 
 
Figure 3.Figure 3.Figure 3.Figure 3.    A.    Time dependency of cellular 

association of SA2 peptides with COS-7 cells, 

analyzed by flow cytometry. Cells were incubated 

with peptide vesicles over different time periods at 

8.0 µM peptide concentration. The geometrical 

mean of cell-associated fluorescence is plotted 

against incubation time. B. Washing of the cells 

directly after addition of the peptide vesicles 

already revealed a marked shift of the fluorescent 

cell population, as is shown in the grey line. As a 

reference, cells incubated without peptide vesicles 

(black line, empty) and cells incubated with the 

same concentration of peptide vesicles for 2 hours 

(black line, filled).    

 

 

Figure 3 shows that the cellular fluorescence increased upon increased 

incubation time. Addition of the vesicle-forming peptides to cells directly followed 

by extensive washing of the cells to remove unbound vesicle-forming peptides, 

resulted already in an increase in cellular fluorescence. The shift of the cell 

population (Fig. 3B; grey curve) indicated that cellular association of the vesicle-

forming peptides is very rapid, suggesting non-specific adsorption of the vesicle-

forming peptides onto the cell membrane. 

 

 

 

Fluorescence intensityFluorescence intensity

0 5 10 15 20 25 30
0

50

100

150

200

250

Time (h)

G
E

O
 m

e
a

n

A

B

Fluorescence intensityFluorescence intensity

0 5 10 15 20 25 30
0

50

100

150

200

250

Time (h)

G
E

O
 m

e
a

n

A

B



Intracellular delivery 

 

107 

 

 

 

Fluorescence intensity

A B C

Fluorescence intensity Fluorescence intensityFluorescence intensity

A B C

Fluorescence intensity Fluorescence intensity  

 
Figure 4.Figure 4.Figure 4.Figure 4. Cell association of the vesicle-forming SA2C3 peptides after 1 hour incubation 

at 0°C with COS-7 (A), C26 (B) and HUVEC (C) cells. The purple, green and red 

histograms display cell-associated fluorescence observed after incubation with 1.3, 2.9 

and 6.0 µM peptide concentration, respectively. Cells in suspension were washed with 

ice-cold PBS and analyzed by flow cytometry. The blue histogram represents control 

cells, not incubated with fluorescently labeled SA2-peptides. The purple, green and red 

histograms represent cells incubated with increasing concentrations of SA2C3 peptides.  

 
 

 

 
Figure 5.Figure 5.Figure 5.Figure 5. Cellular uptake of the SA2C3 peptides (4.0 µM) after 2 hours incubation of 

peptides with COS-7 at 37°C in serum-free medium. A. Differential interference contrast 

image and confocal fluorescence image with the peptide fluorescence in blue. B. Z-

stacked fluorescence confocal micrograph of two cells stained for the actin cytoskeleton 

(purple) with the peptides labeled in blue.  

A B 
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To confirm cellular binding of the vesicle-forming SA2C3 peptides, incubations 

were performed on ice. All three cell lines showed a significant fluorescent shift of 

the cell population after 1 hour incubation (Fig. 4), as compared to the cells 

without peptide vesicles (blue lines). The fluorescence shift was peptide 

concentration dependent, as increasing concentrations of peptide resulted in an 

increase in cell-associated fluorescence (purple, green and red lines). These 

results show that cell binding of vesicle-forming SA2C3 peptides occurs.  

 

To study the cellular internalization of SA2C3 peptide vesicles, cells were 

analyzed by confocal laser-scanning microscopy (CLSM). Many spots of peptide 

fluorescence (blue) were observed associated with the cells, as is shown in 

Figure 5A. Actin-cytoskeleton stained cells (Fig. 5B) were used to scan the 

confocal plane over the z-axis of the cells, which confirmed the intracellular 

localization of the peptide assemblies. As is also visible from Figure 5B, the 

fluorescence was spread throughout the cell (with the exception of the nucleus). 

The peptide fluorescence was present in a dotted pattern, characteristic for an 

endosomal compartmentalization. The observed fluorescence was not due to the 

presence of traces of free label, as incubations with high concentrations of free 

fluorophore (50 µM) resulted in vague background fluorescence intensity as well 

as the fluorescence uniformly spread throughout the cells. 

 

To investigate whether the internalization of the vesicle-forming SA2C3 peptides 

was receptor-independent as suggested by the cytometry experiments (Fig. 2D), 

transferrin co-localization with the peptides was examined by CLSM. Transferrin 

is rapidly taken up via clathrin-coated pits by receptor-mediated endocytosis 172, 

218, 219. After co-incubation both the fluorescently labeled peptides (blue, Fig. 6) 

and the transferrin (green) were visualized by confocal microscopy. While both 

the peptide vesicles and transferrin could be traced intracellularly, co-localization 

of fluorescence was not observed (Fig. 6B), indicating that clathrin dependent 

internalization was not a major route of uptake. In contrast, when a marker for 

receptor independent endocytosis was used, i.e. fluorescently labeled dextran   

10 000, extensive co-localization with the peptides was found (Fig. 6B). 

Characteristically, pinocytosis (fluid-phase uptake) including macropinocytosis is 

directly proportional to the concentration of the solute the cells are exposed to 172, 
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as was reported before for the peptide vesicles in Figure 2D. Adsorptive 

pinocytosis, due to aspecific association with cells, which was observed for the 

peptides (Fig. 3, Fig. 4) explains the relatively efficient cellular uptake of the 

peptide vesicles, for example when compared to uptake of negatively charged 

liposomes 172, 220. Taken together, the data demonstrate that the SA2C3 peptides 

are internalized via aspecific pinocytotic uptake routes. In contrast, negatively 

charged liposomes were found to enter cells via clathrin coated pits 220. 

 

In figures 2-6 it was demonstrated that vesicle-forming SA2C3 peptides bind to 

and are taken up by different cell types. As the vesicles are stabilized by covalent 

crosslinking it is expected that these peptides are presented to the cells as 

vesicles rather than monomeric peptides and are taken up as such. To prove the 

vesicular nature of the peptides when taken up by cells in culture, an essentially 

water-insoluble zinc-phthalocyanine was entrapped in the peptide vesicles. This 

molecule requires a micellar or vesicular carrier for cellular delivery as the free 

phthalocyanine precipitates in aqueous media. Hydration of a film of only the 

phthalocyanine resulted in a blue precipitate and clear supernatant due to its 

limited aqueous solubility (Fig. 7A). In contrast, when a film composed of the 

phthalocyanine and the self-assembling peptides were hydrated, a clear blue 

dispersion was obtained with the peptide vesicles (Fig. 7A). The size (distribution) 

of the peptide vesicles did not increase by the presence of the phthalocyanine as 

was shown by dynamic light scattering.  
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Figure 6.Figure 6.Figure 6.Figure 6. Route of uptake of the vesicle-forming SA2C3 peptides. A. Co-localization of the 

peptides (blue) with transferrin, a marker for receptor-mediated endocytosis (green) was 

absent in COS-7 cells. B. Co-incubation with dextran 10 000, a marker for fluid-phase 

endocytosis (green) resulted in multiple spots of dotted patterned co-localization (cyan). 

 
 

Figure 7.Figure 7.Figure 7.Figure 7. Entrapment of phthalocyanine in the peptide vesicles and delivery to cells.  

A. Zn-Pt -NH2 was entrapped by hydration of a film of phthalocyanine and peptides in 

PBS. Non-crosslinked as well as disulfide crosslinked peptide vesicles were used to 

entrap the blue colored phthalocyanine, whereas peptides were left out as a control 

(PBS). The pictures show supernatants obtained after hydration of a film of Zn-Pt -NH2 in 

the absence (I) or presence of SA2 (II) or SA2C3 (III) peptides and subsequent removal of 

precipitates by centrifugation B. Cell-associated phthalocyanine fluorescence (red) 2 

hours after incubation with the phthalocyanine peptide vesicles. Results with the 

crosslinked vesicles are shown. As a control the cells were imaged that were incubated 

with free phthalocyanine (C). Micrographs were taken at identical exposure time and light 

intensity. 

B B C 

A 

II I III 
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FigFigFigFigure 8.ure 8.ure 8.ure 8. Co-localization of phthalocyanine with the peptides inside cells. A. Multiphoton 

excitation microscopy was performed on COS-7 cells internalizing the peptide assemblies 

(green) and the phthalocyanine (red). The multiple sites of co-localization of the 

phthalocyanine and the peptides are indicated in yellow. B. Corresponding differential 

interference contrast image. 

 

Quantification of the entrapped phthalocyanine by UV-Vis absorbance 

measurements showed the quantative entrapment of the phthalocyanine. Further, 

UV-Vis spectroscopy analysis revealed absorbance band broadening (data not 

shown), indicative for location of phthalocyanines in hydrophobic domains 221. As 

can be seen in Figure 7A, the phthalocyanine encapsulation in the crosslinked 

peptide vesicles was somewhat lower; approximately 50% of the phthalocyanine 

quantity was encapsulated (1.2 µg per 25 nmol peptide) as compared the non-

crosslinked vesicles (2.2 µg phthalocyanine) at identical peptide quantities. 

Likely, the disulfide bridges in the hydrophobic domain may reduce the space 

available for entrapment of the relatively large phthalocyanine molecules.  

 

It was investigated whether the loading of phthalocyanine in the SA2C3 peptide 

vesicles could result in effective cellular delivery of this poorly water-soluble 

compound. Since the zinc-phthalocyanine is not phototoxic towards cells, 

cytotoxic effects during analysis could be avoided. Utilizing the intrinsic 

fluorescent properties of the phthalocyanine, confocal microscopy revealed 

significant phthalocyanine fluorescence inside the cells when entrapped in the 

both the SA2 and SA2C3 (crosslinked) peptide vesicles, (Fig. 7B). In contrast, 

when the phthalocyanine was incubated with cells without the peptide vesicles as 

a carrier, at identical imaging and light exposure settings no cellular fluorescence 

was observed (Fig. 7C).  
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Subsequently, cellular co-localization of the entrapped phthalocyanine with the 

peptide assemblies was investigated. Multiphoton excitation fluorescence 

microscopy excites the fluorophores in the confocal plane of the excitation light 

beam, thereby enhancing signal-to-background ratio while reducing photo-

damaging effects. As can be seen from Figure 8, both the peptides (green) and 

the phthalocyanine (red) were observed inside the cells and, as is evident from 

the yellow spots in Figure 8, the phthalocyanine clearly co-localized with the 

peptide assemblies. This co-localization demonstrates that peptide vesicles do 

not dissociate prior to cellular internalization as this would lead to loss of 

phthalocyanine fluorescence due to precipitation (see Fig. 7C). The dotted 

pattern of these spots of co-localization confirmed the endocytotic 

compartmentalization, as was observed earlier by the confocal microscopy 

investigations (Fig. 6).  

 

Photodynamic therapy activates photosensitizers (PS) by illumination with visible 

light (670 nm), generating cytotoxic effects 215, 216. In order to investigate these 

therapeutic relevant effects, a phototoxic, axially solketal-substituted silicon 

phthalocyanine 217, 221 was entrapped in the peptide vesicles and the PS-SA2 

peptide dispersions were subsequently incubated with COS-7 cells. As is shown 

in Figure 9, incubation of COS-7 cells with the phthalocyanine-loaded peptide 

vesicles in the dark did not result in any cytotoxicity. Furthermore, incubation with 

different dilutions of free phthalocyanine showed no concentration dependent 

cytotoxic effect (Fig. 9). Importantly, by entrapping the PS inside SA2 peptide 

vesicles, a clear concentration dependent photodynamic effect was observed 

(open blocks). The phototoxic effect was evident already at low phthalocyanine 

concentrations (from 0.7 nM phthalocyanine onwards), resulting in IC50 values of 

about 2.8 nM phthalocyanine. The observed photodynamic effect of this PS using 

peptide vesicles as carriers is comparable to previously reported delivery vehicles 

of this photosensitizer (IC50 3.2 nM, in 10% serum) 217, 221. These polymeric 

micelles were not significantly taken up by cells, and merely exerted their 

therapeutic effect via indirect delivery routes 221. Our data demonstrate that the 

peptide vesicles actively contribute to the delivery of the poorly water-soluble 

photosensitizer inside the cells, establishing efficient photodynamic effects in 

vitro. 
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Figure 9.Figure 9.Figure 9.Figure 9. COS-7 cell viability after 6 hours incubation the SA2 peptide vesicles loaded 

with phthalocyanine and subsequent infrared (670 nm) illumination (open squares). Cell 

viability after incubation with the phthalocyanine loaded oligopeptide vesicles without 

illumination (filled squares) and, as an additional control, dilution series of the 

phthalocyanine without peptide vesicles were incubated with the cells and subsequently 

illuminated (triangles).  

 

Conclusions 

In this study it was demonstrated that oligopeptide vesicles bind to different cell 

lines in vitro resulting in effective cellular internalization. Cellular adsorptive 

pinocytosis routes provide explanation for the efficient process of vesicle 

internalization. The vesicle-forming peptides did not show any cytotoxicity at the 

concentration range tested. Co-entrapment of an otherwise water-insoluble 

phthalocyanine resulted in effective intracellular delivery of this photosensitizer 

with clear co-localization of the PS and peptides inside endocytic compartments, 

which strongly suggests that peptide vesicles do not dissociate prior to 

internalization. Overall, the data demonstrate that the oligopeptide vesicles 

successfully function as a carrier for the cellular delivery of hydrophobic drugs.  
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Materials and Methods 

MaterialsMaterialsMaterialsMaterials    

All chemicals were purchased from Sigma (Zwijndrecht, The Netherlands), unless 

indicated otherwise. 

  
Peptide production Peptide production Peptide production Peptide production     

Peptides were produced using recombinant DNA technology in E. coli as 

previously described (Chapter 2). Briefly, the dsDNA encoding the peptides was 

cloned in frame with a SUMO gene, facilitating expression and purification 65. 

After expression in cells of E. coli BL21(DE3), the peptide attached to the SUMO 

protein was purified using Ni-NTA affinity purification and subsequently cleaved 

off the SUMO protein by incubation with SUMO protease. Purification of the 

peptides from the SUMO and SUMO protease was performed either by a second 

Ni-NTA affinity purification (non-crosslinked) or size exclusion chromatography 

(crosslinked), and peptides were N-terminally acetylated. 

 
Peptide labelingPeptide labelingPeptide labelingPeptide labeling    

The peptides were labeled by covalent coupling of an AlexaFluor 633 C5-

Maleimide fluorophore (Invitrogen, Carlsbad, USA) to the thiols within the 

hydrophobic domain of the SA2C3 peptides. Typically, 150 nmol of peptide was 

reduced (20 mM DTT, 20 mM sodium phosphate, pH 8.0, 1 hour, 45°C). The 

peptides were acid-precipitated by addition of 1.0 M HCl until pH <1.5, 

centrifuged for 10 minutes at 13 000 xg, and the peptide pellet was rehydrated in 

20 mM degassed phosphate buffer, pH 7.0, and argon was applied on top. From 

a freshly prepared stock solution in water, the label was added to a peptide 

sample in a 1:50 (label:peptide) molar ratio. After overnight reaction (4°C, argon) 

the AlexaFluor C5-Maleimide was quenched by addition of DTT to a 20 mM 

concentration and 1 hour incubation at room temperature. Subsequently, the 

peptides were acid-precipitated to remove the DTT and the residual label, and the 

peptide pellet was washed in 10 mM HCl, until no fluorescence could be detected 

in the supernatant (typically after two washing steps). Peptides were rehydrated 

in sterile PBS (164 mM NaCl, 140 mM Na2HPO4, 11 mM NaH2PO4, pH 7.4) and 

exposed to air for 1 hour for intermolecular crosslinking. Efficient labeling was 

verified by fluorescence measurements on the peptide vesicles and GPC analysis 

confirmed minimal amounts of free label (<10%). Dynamic light scattering in DMF 
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was performed to confirm intermolecular crosslinking of the vesicles, which was 

shown to fully disrupt peptide vesicles without intermolecular disulfide crosslinks 

(Chapter 3 of this thesis). 

 
CCCCell culture ell culture ell culture ell culture     

COS-7 and C26 cells were cultured in Dulbecco’s modified Eagle’s medium 

(Gibco, Breda, The Netherlands), supplemented with 10% (v/v) fetal calf serum, 

100 units/ml penicillin, 100 µg/ml streptomycin, 5 mM glucose and 4 mM L-

glutamine. Human umbilical vein endothelial cells (HUVECs) were cultured in 

endothelial cell growth medium-2 (Cambrex, East Rutherford, USA) consisting of 

EBM-2 medium supplemented with an EGM-2 bullet kit (containing growth 

factors, 2% FBS, and antibiotics). Cells were maintained in a water-saturated 

atmosphere containing 5% CO2 at 37°C. 

 
Cell viabilityCell viabilityCell viabilityCell viability    

Cells were incubated for 6 hours with the peptide in serum-free medium at 37°C, 

after which the cells were washed twice in PBS. Serum-containing medium was 

added and next day the cell viability was determined by a colorimetric XTT assay 

(Sigma-Aldrich, St. Louis, USA), according to the manufacturers instructions. 

 
Flow cytometryFlow cytometryFlow cytometryFlow cytometry    

For cellular association studies, cells were detached from the culture flask by 

trypsin/EDTA solution (0.05% (w/v) trypsin and 0.02% (w/v) EDTA in PBS). 1×105 

cells were incubated either for 2 hours at 37°C or for 1 hour on ice (COS-7 and 

C26) or at 4°C (HUVEC) with different concentrations of peptide vesicles. HUVEC 

cells incubated at 37°C were detached after peptide incubation. Cells were 

washed twice by centrifugation (300 ×g, 5 min, 4°C) and addition of 1 ml cold 

PBS. After centrifugation, the cells were resuspended in 400 µl PBS and 

analyzed by flow cytometry using a FACSCalibur (Becton&Dickinson, Mountain 

View, USA). 

 
Confocal laser scanning microscopy Confocal laser scanning microscopy Confocal laser scanning microscopy Confocal laser scanning microscopy     

COS-7 cells were cultured on 16 wells glass slides to 70-80% confluency. Cells 

were washed in PBS, changed to serum-free medium and incubated for 2 hours 

with 4.0 µM of the peptide vesicle. Transferrin Alexafluor 488 (Invitrogen) or 

dextran 10 000 Alexafluor 488 (fixable, Invitrogen) were added 2 hours after 
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addition of the peptide vesicles, and co-incubated with the peptide vesicle for an 

additional 4 hours. Cells were fixed (10 min in 4% (w/v) paraformaldehyde in 

PBS), and mounted in Fluorsave Reagent (Invitrogen). Actin was stained for 20 

minutes with Phalloidin 568 (Invitrogen) after fixing of the cells. Samples were 

examined with a Leica TCS-SP confocal laser scanning microscope equipped 

with a 488 nm Argon, 568 nm Krypton and 647 nm HeNe laser.  

 
Cellular delivery of phthalocyanines and photodynamic effectsCellular delivery of phthalocyanines and photodynamic effectsCellular delivery of phthalocyanines and photodynamic effectsCellular delivery of phthalocyanines and photodynamic effects    

For imaging studies a non-phototoxic zinc phthalocyanine (ZnPcNH2, MW 759) 

kindly provided by prof. dr. Torres (Universidad Autónoma de Madrid, Spain) was 

used. Typically, 25 nmol of the SA2 and reduced SA2C3 peptides was diluted in 

methanol (90% methanol, 10 % water) to which 2.0 µg phthalocyanine was added 

(from a 10 mg/ml THF stock solution, final volume THF < 1%). Solvents were 

gently evaporated and the resulting film was hydrated in 100 µl PBS. For the 

SA2C3 during hydration anearobic conditions were maintained, after which 

crosslinked was achieved by air-exposure for 16 hours. The samples were 

centrifuged (13 000 xg, 10 minutes) twice to remove unencapsulated 

phthalocyanine. 4.0 µM of the peptide vesicles were incubated with COS-7 cells 

for 2 hours in serum-free culture medium. 

 

For photodynamic effects on cells a photoactive axially solketal-substituted silicon 

phthalocyanine was used, synthesized as described before 217. A film of 50 nmol 

of SA2 peptides and 2.0 µg of the phthalocyanine (from a methanol stock 

solution) were hydrated in 100 µl sterile PBS, after which the samples were 

centrifuged twice (13 000 xg, 10 minutes). Dilution series of the peptide vesicles 

entrapping the silicon phthalocyanine were made in PBS and subsequently 

incubated with COS-7 cells in serum free medium for 6 hours. After incubation, 

the cells were washed extensively and illuminated for 10 minutes using a 37°C 

water-thermostated 96 LED lamp device at a 3.5 mW/cm2 light intensity 

(670 ± 10 nm), as described previously by Hofman et al 217. The cells in serum 

containing medium were incubated overnight at 37°C under a 5% CO2 

atmosphere. The cell viability was determined by a XTT assay, as described 

above. For determination of the IC50 value viability of the non-illuminated cells 

incubated with the vesicles entrapping the phthalocyanine were set as 100% and 

quantification of the silicon phthalocyanine entrapped in the non-crosslinked 
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peptide vesicles was performed by UV606 absorbance measurements in 

methanol, using dilution series of silicon phthalocyanine in methanol.  

 
Multiphoton microscopyMultiphoton microscopyMultiphoton microscopyMultiphoton microscopy    

A Radiance 2100MP multiphoton excitation microscope (Bio-Rad, Hemel 

Hempstead, United Kingdom) equipped with a Nikon TE300 inverted microscope 

(Nikon, Tokyo, Japan) was used for imaging. Two hours after incubation of the 

COS-7 cells with the zinc-phtalocyanine entrapped in SA2C3 peptide vesicles 

labelled with AlexaFluor 488, cells were fixed and mounted as described above. 

Excitation of the phtalocyanine and the AlexaFluor 488 was achieved by 

multiphoton excitation at 780 nm using a mode-locked Titanium:Sapphire laser 

(Tsunami; Spectra Physics, San Jose, CA) pumped by a 10-W solid state laser 

(Millennia Xs; Spectra Physics). Samples were viewed using a 40x/1.3 oil 

objective (Nikon, Tokyo, Japan). Images were recorded and analyzed using 

LaserSharp 2000 software (Bio-Rad). 
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1. Summary 

The aim of this thesis was to design amphiphilic peptides that self-assemble into 

supramolecular structures, like nano-sized vesicles that can be of use for drug 

delivery purposes. Detailed analysis of the obtained self-assembled, vesicular 

structures has provided insight into their characteristics. This will guide the design 

of further studies on oligopeptide vesicles.  

 

In order to obtain self-assembling peptides that form nano-sized vesicles, 

amphiphilic oligopeptides were designed and produced by recombinant 

techniques (Chapter 2). The 8 amino acid hydrophobic block exhibits a conical 

shape, in which the amino acid side chains increased in size towards the 

hydrophilic domain. The length of the hydrophilic block was varied, from 25% 

(SA2) to 50% (SA7) mass fraction of the hydrophilic block. As an alternative to 

solid-phase synthesis, these peptides were produced by recombinant techniques. 

By using a small hydrophilic fusion protein the recombinant route of production of 

such amphiphilic peptides is feasible without causing premature degradation 

inside E. coli, as is often the case with recombinant production of small peptides 

lacking tertiary structures. The yield of SA peptides after purification was typically 

6 mg out of 1 liter high density fermentation culture (25 g of bacteria, dry cell 

weight). Electron microscopy, static light scattering and calcein entrapment 

assays showed that both SA2 and SA7 peptides spontaneously assemble into 

nano-sized vesicles (Chapter 2). Thus, within the chosen range self-assembly of 

the oligopeptides into vesicles is insensitive to the hydrophobic:hydrophilic block 

length ratio. The peptide self-assembly into relatively monodisperse vesicles 

takes place spontaneously in aqueous solutions at physiological pH and is 

insensitive to salt concentrations up to physiological values. Moreover, exposure 

to low pH causes aggregation and precipitation of peptides, which was fully 

reversible upon increasing the pH to neutral values. 

 

In order to stabilize these amphiphilic oligopeptide vesicles by crosslinking, either 

two or three cysteines were introduced in the hydrophobic domain of the 

oligopeptides. Dynamic light scattering showed that the introduction of 2 or 3 

cysteines did not affect the self-assembling behavior of the oligopeptides 
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(Chapter 3). The intermolecular crosslinking by disulfide bond formation rendered 

the oligopeptide vesicle stable under disruptive conditions, such as injection into 

dimethylformamide. Due to the enhanced stability of the crosslinked vesicles, 

their size distribution could be more closely examined. Whereas dynamic light 

scattering showed average sizes of the assemblies between 60 and 120 nm in 

radius, atomic force microscopy, negative stain and cryogenic electron 

microscopy all demonstrated a lower average size of 10 to 30 nm. The 

overestimation of average size by dynamic light scattering is explained by the 

much greater contribution of larger particles to the overall light scattering 

compared to smaller particles. The vesicular architecture was further 

demonstrated by both static light scattering, showing an Rg /Rh ratio which is 

typical for vesicles, and encapsulation of the hydrophilic molecule calcein, which 

was released from the peptide vesicles slowly over time. 

 

Insight into the secondary structure of peptides is critical for understanding their 

self-assembling behavior. Circular dichroism and Fourier transform infrared 

spectroscopy showed that, when assembled into vesicles, the oligopeptides 

exhibit the polyproline type II (PPII) conformation as their predominant 

intramolecular organization (Chapter 4). The addition of chaotropic salts like 

guanidinium which is known to stabilize existing PPII conformations did not 

disrupt the peptide self-assembled structure, which further underscores the 

significance of the PPII conformation for oligopeptide assembly. If these SA 

peptides adopt beta-sheets the self-organization of the peptides was disrupted, 

and the peptides aggregated into large structures, and precipitated from the 

solution.  

 

Unlike the alpha-helix and the beta-sheet, the PPII is a flexible conformation that 

leaves the peptide’s backbone hydrogen bond donors and acceptors open for 

intermolecular interaction. The aim of chapter 5 was to investigate the 

intermolecular interactions that stabilize the peptide vesicles. Fluorescence 

analysis using hydrophobic fluorescent probes and the tryptophan in the peptides 

assemblies demonstrated the formation of a hydrophobic domain in the peptide 

vesicles. The polarity of the hydrophobic domain is comparable to that in 

negatively charged phospholipid bilayers. Both experimental data and molecular 
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dynamics simulation demonstrated that intermolecular hydrogen bonds and water 

bridges in the hydrophobic domain additionally stabilize the peptide assemblies. 

The presence of residual water in the hydrophobic compartment is critical for the 

peptide self-organization and dehydration of the assemblies resulted in 

irreversible peptide aggregation.  

 

In Chapter 6 the feasibility to use these peptide vesicles as a drug carrier were 

tested on cells in culture. Cell viability assays showed that both the crosslinked 

and the non-crosslinked oligopeptide vesicles were well-tolerated by cultured 

cells. The negatively charged oligopeptides are internalized by the cells via 

receptor-independent routes, most likely via non-specific adsorptive pinocytosis. 

Besides hydrophilic molecules (Chapter 2 and 3), the oligopeptide vesicles could 

entrap hydrophobic phthalocyanines. As shown by co-localization using 

multiphoton microscopy, the vesicles could co-deliver the phthalocyanines inside 

the cells. Due to the poor aqueous solubility of these compounds, 

photosensitizers require a delivery into cells, and it was demonstrated for the first 

time that peptide vesicles could be used as a delivery system for photosensitizers 

resulting in an active photodynamic effect towards cells in culture 

 

In summary, this thesis demonstrates that amphiphilic oligopeptides can be 

designed to spontaneously self-organize into nano-sized vesicles. The 

predominant (> 90% in number) size of such vesicles is between 20 and 60 nm in 

diameter. The intramolecular organization of these peptides is dominated by the 

flexible PPII conformation, which leaves the hydrogen bond capabilities of the 

peptide backbone open for intermolecular hydrogen bonding. The peptide 

assembly is indeed stabilized by intermolecular hydrogen bonding in the 

hydrophobic domain, in addition to hydrophobic interactions, which is in contrast 

to many other nanovesicles like liposomes and polymersomes whose self-

assembly is solely driven by amphiphilicity. The oligopeptide vesicles can be 

conveniently crosslinked in the hydrophobic domain using cysteines. The peptide 

vesicles hold promise, for example, as a drug carrier to actively deliver drug 

molecules like phthalocyanines into cells. 
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2. Perspectives 

In this thesis we report on the assembly of amphiphilic oligopeptides into vesicles. 

Selection of the proper peptide sequence or additive stabilizing molecules can 

adjust vesicle characteristics. In chapter 3 it is shown that by introducing multiple 

cysteine residues within the hydrophobic domain of the SA peptides, stabilization 

of the peptide vesicles could be obtained by covalently crosslinking of the 

peptides within the vesicle assembly. The insights into the intermolecular 

interactions (Chapter 5) and peptide secondary conformation (Chapter 4) may 

facilitate further optimization of SA peptide design in order to obtain favorable 

characteristics of the peptide assemblies required for a specific application. The 

peptide vesicles like the ones described in this thesis (crosslinked, non-

crosslinked) hold promise for delivery of hydrophobic drug molecules (Chapter 6) 

- other applications, such as delivery of small hydrophilic drugs, might require 

further optimization of the vesicle characteristics. 

 
Optimization of vesicle characteristicsOptimization of vesicle characteristicsOptimization of vesicle characteristicsOptimization of vesicle characteristics    

The successful use of oligopeptide vesicles for the delivery of hydrophilic small 

molecular weight drugs might first require a decrease in the vesicle membrane 

permeability. Different strategies may be opted for to achieve the optimization of 

this particular vesicle characteristic. First, the barrier function of the peptide 

membrane may be enhanced by increasing the hydrophobicity of the peptide 

itself. For example, one or multiple phenylalanines can be introduced in the 

peptide sequence. Different self-assembling peptides containing two 

phenylalanines in the peptide sequence have been shown to pack remarkably 

tight and rigid, most likely due to the π–π stacking of the benzenes 10, 38, 41. 

Incorporation of phenylalanine(s) in the currently described oligopeptides may 

therefore significantly enhance the stability and reduce the permeability of 

oligopeptide vesicles. Given the fact that in the interdigitated membrane the least 

hydrophilic part is in the middle of the peptide (Chapter 5), this location may be 

optimal, and the introduction of a phenylalanine there leaves the conical 

geometry of the peptides unaffected. 

 

Alternatively, for further stabilization SA2 and SA2C2 peptides could be 

derivatized at their N-termini or, in case of SA2C2, by a thiol linkage with benzyl 
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or naphtyl groups. Preliminary data on the behavior of the N-terminal benzylated 

SA2 peptide indeed showed that addition of the benzyl moiety increases the 

apolarity of the hydrophobic peptide domain and lowered the critical aggregation 

concentration. Also, various modifications of the peptides may be feasible using 

natural enzymes. Significant increase of hydrophobicity via palmitoylation or 

myristoylation by amide or thiol linkage is frequently found in nature and could be 

readily applied on the recombinantly produced SA peptides as well 222. 

 

Longer hydrophobic peptide segments could be selected to optimize vesicle 

characteristics, as they may enhance favorable secondary peptide conformations. 

Indeed, it was shown that a 20 leucine hydrophobic block adopts an alpha-helical 

conformation in the peptide vesicle membrane and decreases the permeability of 

small hydrophilic molecules. Longer domains may yield vesicles that are even 

completely impermeable to salt molecules 28, 39.  

 

Importantly, increase in peptide length coincides with increase in vesicle size. 

Amphiphilic polypeptides of 200 amino acids display 1000-fold larger vesicles 

than the oligopeptide vesicles reported in this thesis: about 40 µm in diameter 28. 

As our findings show that small peptides of 10 amino acids form vesicles of 20-60 

nm, variation of the peptide length, may steer the peptide vesicle size. This may 

be subject of future studies.   

 

In the oligopeptide membrane water molecules play an important role by stably 

bridging peptide backbones (Chapter 5), which explains the high degree of 

permeability observed for small hydrophilic molecules like calcein (Chapter 3). In 

order to energetically stabilize the peptide membrane and reduce its permeability, 

an alternative substitute for water may be added to bridge two peptide backbones 

by hydrogen bonding in the hydrophobic domain. In lipid membranes, cholesterol 

enhances the barrier function as it decreases the permeability of the membrane. 

Addition of cholesterol to the amphiphilic oligopeptides may already reduce the 

permeability of the oligopeptide vesicles. In addition, the hydrophobic molecule 

added to the peptide membranes may function as a hydrogen bond donor and 

acceptor, capable of bridging two peptide backbones together. Examples include 
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sterols that, besides their hydroxyl hydrogen bond donor additionally contain an 

amide hydrogen bond acceptor 223.  

 
Secondary conformation and vesicle characteristicsSecondary conformation and vesicle characteristicsSecondary conformation and vesicle characteristicsSecondary conformation and vesicle characteristics    

The secondary peptide conformation plays a major role in establishing the 

desired supramolecular characteristics of peptide assemblies 39. PPII 

conformations (Chapter 4) as well as alpha-helical peptides 39 occur in peptide 

vesicles. The alpha-helix is rod-like and therefore a more rigid conformation as 

compared to the flexible PPII conformation of non-proline containing 

oligopeptides 96. Hydrophobic peptide segments of an alpha-helical conformation 

expose their apolar residues outward with a defined periodicity of 3.6 amino acid 

residues per turn of 360°. By their well defined patterning of intramolecular 

hydrogen bonding, the ability for water molecules to penetrate and interact with 

the peptides backbone may be expected to be reduced significantly. Therefore, 

membrane permeability of self-assembling oligopeptides vesicles may be attuned 

by adopting different degrees of alpha-helical conformations by selecting amino 

acids with a high helical propensity (e.g. alanines) in their hydrophobic block. 

 

Although mainly unexplored so far, also beta-sheeted peptides may be of interest 

for peptide vesicle assembly. As a general consideration, the balance of the 

hydrophobic interactions and the directional hydrogen bonds in the oligopeptides 

are expected to be essential for the vesicular architecture. If no beta-sheet 

breaking amino acids are present (like proline) and the peptide exhibits too much 

hydrophobicity, the strong hydrophobic collapse may force the hydrogen bonds in 

between the peptide backbones to induce beta-sheet formation. Notably, the 

beta-sheet is a cooperative conformation and typically results in strong peptide 

aggregation or fibrilization. 224 

 

Similar to the PPII conformation but unlike the alpha-helix conformation, beta-

sheets allow the formation of intermolecular hydrogen bonding. In contrast to the 

PPII conformation, the beta-sheets form hydrogen bonds in a well-defined 

pattern, thereby stabilizing the assembly more rigidly. A combination of short 

beta-sheet sequences interchanged with proline sequences may be studied as a 

well-defined partial beta-sheet forming peptides that allow vesicle self-assembly 

and prevent fibril formation.  
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Figure 1Figure 1Figure 1Figure 1.... Protection of ß-galactosidase inside SA2 peptide vesicles against trypsin 

digestion. Acid precipitated SA2 peptides (50 µM) were allowed to assemble into vesicles 

by hydrating with a solution of 200 µg/ml of ß-galactosidase. As a control, ß-galactosidase 

was added to already assembled vesicles (solid line). After 24 hours of trypsin cleavage 

(7.5 mg/ml) conversion of fluorescein-di-3-D-Galactopyranoside into fluorescein by ß-

galactosidase was monitored. The amount of entrapped ß-galactosidase was quantified 

using the Fluorescein-di-3-D-Galactopyranoside conversion rate and compared with a 

calibration curve of know amounts of β-galactosidase. 

 
Applications of oligopeptide vesiclesApplications of oligopeptide vesiclesApplications of oligopeptide vesiclesApplications of oligopeptide vesicles    

The oligopeptides vesicles studied in this thesis could entrap hydrophobic 

phthalocyanines (Chapter 6) and larger hydrophilic molecules, like enzymes. For 

example, beta-galactoside can be stably entrapped and shielded from the 

environment over extended periods of time (Figure 1). As the peptide vesicle 

membranes are very permeable for small hydrophilic molecules (see Chapter 3), 

the entrapped enzymes could still convert substrates into product. Therefore, a 

possible application of these oligopeptide vesicles may be to serve as protective 

cages in which enzymes are protected from being degraded or opsonized by 

antibodies after local or systemic administration.  

 

The small size of the oligopeptide vesicles (Chapter 3) renders them promising 

drug carriers for penetration into diseased tissues, like cancer or inflamed tissue. 

Penetration into such tissues is critically affected by particle size, as particles 

larger than 50 nm poorly diffuse into tumors 126, 170. The amphiphilic oligopeptides 

studied in this thesis spontaneously assemble into vesicles of sizes below 40 nm, 

without the need for downsizing by extrusion or sonication (Chapter 2 and 3). 
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However, the small size of vesicles negatively affects the loading capacity for 

drugs into the hydrophilic interior. In order to overcome drug loading problems, 

efficient coupling of drug molecules using small linker systems can be 

investigated, like the recently developed platinum linker system 225. The methione 

residue required for this type of linker system is readily introduced in the peptide 

sequence, for example as a part of its hydrophilic domain. 

 

The vesicle-forming nature of these oligopeptides may also present a platform for 

vaccine development. Multivalent presentation of multiple antigens, or highly 

repetitive patterns of single antigens both are known to significantly enhance 

immune responses 226-228. Oligopeptide vesicles can be used to present antigens, 

either before vesicle assembly by direct extension of the peptide sequence with 

antigenic peptide sequences or after vesicle formation by coupling  antigens for 

example with amines or thiols that constitute the hydrophilic block. 

Immunostimulating molecules can be added as well, e.g. muramyl di- or tripeptide 

derivatives and modified lipopolysaccharides. 

 

In Chapter 2 it is shown that the vesicular architecture is relatively insensitive to 

variations in the length of the hydrophillic domain, which is in contrast to many 

other polymeric vesicles 128. Our findings demonstrate that in peptide vesicles the 

hydrophilic : hydrophobic block length ratio can be varied from 1:4 up to 1:1 138. 

Other reports on polypeptide showed that this hydrophilic : hydrophobic ratio can 

even be further extended up to 3:1 39, 229. As a consequence, the hydrophilic 

domain may be conveniently used to incorporate functional peptide sequences, 

for example cellular targeting sequences. Recently, two independent reports 

demonstrated that  peptide vesicles can be functionalized as they showed that 

vesicle forming peptides, containing membrane translocation (polyarginine) 

sequences in the hydrophilic domain, retain their biofunctionality in assembly and 

indeed rapidly translocated over cellular membranes 51, 142. Moreover, hydrophilic 

peptide sequences may function as stealth coatings of the nano-carriers to 

enhance in vivo circulation kinetics 230-232 and the hydrophobic domain of the 

peptides may be used to incorporate pH-triggered endosomal escape sequences 
126, 233.  

 



Perspectives 

 

129 

In conclusion, this thesis describes the first steps for peptide based, nano-sized 

drug delivery systems with a wide variety of physico-chemical characteristics and 

which may readily incorporate biofunctionalities. Modification of the vesicle 

characteristics is guided by the insights in the intermolecular peptide interactions 

offering rational optimization strategies for further peptide and vesicle membrane 

design.  
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NanodeeltjesNanodeeltjesNanodeeltjesNanodeeltjes    

Nanodeeltjes worden gebruikt voor een breed scala aan toepassingen, van 

textielbescherming tot medische behandelingen. Door hun afmetingen (één 

nanometer is een 1 000 000 ste deel van een millimeter) hebben de deeltjes 

unieke eigenschappen. Zo kunnen ze op plaatsen doordringen die voor 

instrumenten of grotere deeltjes ontoegankelijk zijn. Bijvoorbeeld worden door het 

gebruik van nanodeeltjes medicijnen op de juiste plek van het zieke weefsel of 

kwaadaardige tumorcellen in het lichaam afgegeven (Engelse term: drug 

delivery). Medicijnen die ingesloten zijn in nanodeeltjes (kleiner dan 200 

nanometer) blijven lange tijd in de bloedbaan circuleren, terwijl zij juist het 

tumorweefsel binnendringen. In de tumor komt daarmee naar rato meer medicijn 

terecht met behulp van zo’n nanodeeltje, wat de therapie effectiever maakt. 

 

Het effect van een gecontroleerde afgifte van medicijnen wordt versterkt wanneer 

het nanodeeltje specifiek aan het zieke weefsel of de kwaadaardige tumorcellen 

bindt, terwijl het de gezonde gedeelten van het lichaam onaangetast laat. Via 

deze strategie zouden negatieve bijwerkingen van medicatie kunnen worden 

verminderd of zelfs voorkomen. Het is gemakkelijk voor te stellen dat dit voor 

behandelingen met zware medicatie zoals chemotherapie een enorme winst kan 

opleveren. Tot nog toe is het echter een uitdaging gebleken om nanodeeltjes te 

ontwikkelen die eenvoudig te modificeren zijn om bijvoorbeeld tumorcellen te 

binden of alleen in het zieke weefsel hun inhoud vrij te geven. 

 
Moleculaire zelforganisatieMoleculaire zelforganisatieMoleculaire zelforganisatieMoleculaire zelforganisatie    

Door de kleine dimensies van de nanodeeltjes is het vaak al moeilijk de deeltjes 

zichtbaar te maken en zijn ook veel productiemethoden niet toepasbaar. Daarom 

is één van de meest krachtige strategieën om moleculen direct al zo te ontwerpen 

dat ze spontaan tot een geordende structuur zelforganiseren (Engelse term: self-

assembly). In feite is dit een veelvoorkomend fenomeen dat bijvoorbeeld in het 

menselijk lichaam plaatsvindt. Zo ontstaan virussen door de spontane ordening 

van viruseiwitten en worden de membranen van cellen gevormd door 

zelforganisatie van lipide moleculen. 

 

Door bepaalde eigenschappen van moleculen kunnen dus geordende structuren 

ontstaan. Via deze strategie is het ook mogelijk nieuwe, onnatuurlijke structuren 
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te vormen. Zo is bijvoorbeeld een afbeelding van de wereldkaart te maken op 10 

bij 10 nanometer – door enkele duizenden unieke moleculen te ontwerpen (met 

behulp van wiskundige berekeningen) die vervolgens spontaan zelforganiseren 

tot zo’n gedetailleerde structuur. Omdat er nauwelijks instrumenten zijn die op de 

nanometer precies kunnen werken, is de zelforganisatie van moleculen dus een 

krachtig alternatief. 

 

Een wereldkaart van 100 vierkante nanometer is medisch gezien niet van belang, 

en zal ook niet snel een dagelijkse toepassing vinden. Voor medische en 

farmaceutische doeleinden echter heeft de vorm van een bol al lang op 

belangstelling kunnen rekenen. Een holle bolvormige structuur zou kunnen 

worden gebruikt om medicijnen in te sluiten. Tussen de moleculen die de bol 

vormen passen vaak weer andere medicijnen. Op dit moment worden dit soort 

‘nanobolletjes’ met succes in de kliniek gebruikt, onder meer in de behandeling 

van bepaalde vormen van kanker. Met behulp van deze lipide bolletjes 

(liposomen) worden de zware bijwerkingen van de toegepaste chemotherapie 

verminderd.  

 

Echter, de bolletjes die op dit moment in de kliniek worden gebruikt, laten zich 

niet zo eenvoudig aan tumorcellen binden. Bovendien komt het medicijn niet altijd 

even gemakkelijk uit het bolletje vrij zodra het de tumor heeft bereikt. Daarom zou 

een nieuw type bolletje dat op moleculair niveau gemakkelijker aan te passen is, 

waardevol zijn voor medische doeleinden en andere toepassingen. 

 
Inhoud onderzoekshoofdstukken (hoofdstukken 2Inhoud onderzoekshoofdstukken (hoofdstukken 2Inhoud onderzoekshoofdstukken (hoofdstukken 2Inhoud onderzoekshoofdstukken (hoofdstukken 2----6)6)6)6)    

Zoals gezegd zijn de bolletjes die op dit moment in patiënten worden gebruikt, 

gemaakt van lipiden. Dit zijn lichaamseigen moleculen. Andere nanobolletjes zijn 

gemaakt van polymeren, maar die zijn (nog) niet bij mensen toegepast. 

Verschillende polymeren zijn ook lichaamsvreemd, waardoor ze niet allemaal 

geschikt zijn voor medische toepassingen. Een andere belangrijke bouwsteen in 

het lichaam zijn eiwitten en peptiden. Een eiwit bestaat eigenlijk uit een netjes 

opgevouwen, lange keten van peptiden, en peptiden zijn weer opgebouwd uit 

aminozuren. 
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Dit proefschrift doet verslag van onderzoek of nanobolletjes kunnen worden 

gemaakt van peptiden. Hiervoor zijn korte peptiden ontworpen, van 10-15 

aminozuren op een rij. De aminozuurvolgorde is zo gekozen dat het ene gedeelte 

van het peptide graag in contact staat met water (hydrofiel) en het andere 

gedeelte juist niet van water houdt (hydrofoob). Zodra de peptiden in contact met 

water komen, organiseren zij zich inderdaad spontaan tot een hol bolletje. Dit 

wordt aangetoond in Hoofdstuk 2Hoofdstuk 2Hoofdstuk 2Hoofdstuk 2 van dit proefschrift.  

 

De peptide bolletjes zouden in feite ook weer uit elkaar kunnen vallen, wat niet 

altijd wenselijk is. Daarom laat Hoofdstuk 3Hoofdstuk 3Hoofdstuk 3Hoofdstuk 3 zien dat, door juist een paar 

aminozuren te vervangen door andere aminozuren (cysteines), de bolletjes 

kunnen worden gestabiliseerd door de zeer sterke covalente verbindingen tussen 

de peptiden onderling. Dit zorgt ervoor dat de peptide bolletjes als zodanig niet 

meer gemakkelijk uit elkaar vallen (Tabel 2, Hoofdstuk 3). 

 

De ontworpen peptiden hebben ongeveer dezelfde lengte als lipiden en vormen 

ook bolletjes. Toch zijn de peptide bolletjes uniek als je ze vergelijkt met huidige 

lipide- en ook polymere bolletjes. Om nanobolletjes van lipiden of polymeren te 

maken zijn veelal geavanceerde technieken nodig. Hoofdstuk 2 en 3 laten al zien 

dat de nanodeeltjes spontaan worden gevormd enkel door de peptiden in water te 

brengen. Hoofdstuk 4 en 5 gaan dieper in op de exacte verschillen tussen deze 

peptide bolletjes en de lipide- (en ook de polymere) bolletjes.  

 

Peptiden kunnen als individueel molecuul al een bepaalde mate van ordening 

aannemen. Sommige peptiden bijvoorbeeld vormen een helix (wenteltrap) 

structuur. Deze moleculaire ordening wordt de secondaire structuur van een 

peptide genoemd. Hoofdstuk 4 Hoofdstuk 4 Hoofdstuk 4 Hoofdstuk 4 laat zien dat deze peptiden de polyproline II 

structuur vormen. Deze structuur blijkt essentieel te zijn voor de peptiden om zich 

tot bolletje te organiseren. 

 

Nadat de ordening binnen het molecuul opgehelderd is, wordt in Hoofdstuk 5Hoofdstuk 5Hoofdstuk 5Hoofdstuk 5 de 

precieze ordening van de peptiden onderling bestudeerd. Hiervoor is gebruik 

gemaakt van zowel experimenten als computersimulaties. Op moleculair niveau 

steken twee lagen peptide in elkaar (Figuur 6 C & D, Hoofdstuk 5), zoals twee 
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haarborstels in elkaar worden gedrukt en zodoende blijven kleven. Hoofdstuk 5 

laat verder zien dat de peptiden bij elkaar worden gehouden door hydrofobe 

interacties, terwijl de hydrofiele gedeelten van de peptiden in contact staan met 

het water. Echter, uit het hydrofobe gedeelte blijken niet alle watermoleculen 

verdwenen. De watermoleculen verbinden peptiden aan elkaar door 

waterstofbrugvorming. Ook staan de ruggengraten van peptiden in directe 

verbinding met elkaar door waterstofbrugvorming. Zo laat Hoofdstuk 5 zien dat 

verschillende unieke krachten die niet in lipide bolletjes worden gevonden wel 

een rol spelen in het stabiliseren van de peptiden tot nanobolletjes. 

 

In het laatste onderzoekshoofdstuk, Hoofdstuk 6Hoofdstuk 6Hoofdstuk 6Hoofdstuk 6, is onderzocht of deze peptiden 

ook inderdaad kunnen worden gebruikt om medicijnen aan cellen af te leveren. 

Het laat zien, kort gezegd, dat bepaalde cellen de bolletjes “goed slikken”. 

Doordat de peptide bolletjes dus door de cellen worden opgenomen, kunnen 

tumorcellen worden bestreden met een lichtgevoelig medicijn dat is ingesloten in 

de peptide bolletjes. Deze bevindingen laten zien dat de peptide nanobolletjes 

inderdaad als moleculaire drager en afgiftesysteem van medicijnen kunnen 

functioneren. 

 
ToekomstperspectievenToekomstperspectievenToekomstperspectievenToekomstperspectieven    

Om deze peptide bolletjes tot een medicijndrager te ontwikkelen die geschikt is 

voor gebruik in de kliniek, zijn verdere studies nodig. Zoals genoemd zou 

lichttherapie op tumorcellen een directe toepassing kunnen zijn van de peptide 

nanobolletjes. Dit zou in muizen verder kunnen worden onderzocht. De 

medicijnen die gebruikt zijn in de experimenten in Hoofdstuk 6 zitten tussen de 

peptiden die het bolletje vormen (hydrofobe gedeelte), omdat deze medicijnen 

ook hydrofoob zijn. Veel medicijnen zijn echter relatief kleine en hydrofiele 

moleculen. De bolletjes zullen nog verder moeten worden aangepast om 

hydrofiele medicijnen voor langere tijd in de bolletjes te houden. Dit kan 

bijvoorbeeld door de peptiden langer te maken, zodat de barrière voor hydrofiele 

moleculen groter wordt. Of door andere, meer hydrofobe aminozuren te kiezen in 

de peptiden. Wel moet worden opgelet of de secundaire structuur van de 

peptiden (Hoofdstuk 4) dan niet verandert ten nadele van de moleculaire 

organisatie tot nanobolletjes.  
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Het gebruik van peptiden als de bouwstenen van nanobolletjes levert bovendien 

het voordeel op dat de bouwstenen gemakkelijk uit te breiden zijn met grotere, 

functionele peptiden, of ook met eiwitten. Het is bekend dat bepaalde eiwitten 

tumorcellen kunnen herkennen en binden. Andere peptiden kunnen tegelijkertijd 

helpen om juist in de cellen het medicijn vrij te laten komen. De peptide bolletjes 

die gemaakt zijn in dit onderzoek blijken kleiner dan 60 nanometer in doorsnede 

te zijn (30 nanometer in radius; Figuur 6, Hoofdstuk 3). Dat is kleiner dan de 

huidige (lipide) bolletjes die voornamelijk 80-100 nanometer zijn en dit zou een 

groot voordeel op kunnen leveren. Wetenschappelijke studies laten namelijk zien 

dat juist deeltjes die kleiner zijn dan 80 nanometer gemakkelijk in tumorweefsels 

binnendringen.  

 

In de chemische wetenschap is de laatste jaren gebleken dat controle over het 

zelforganiserend gedrag van moleculen kan leiden tot dat materiaal of 

nanodeeltje dat gewenst is. Met behulp van controle over zulke moleculen 

kunnen “intelligente” eigenschappen aan materialen worden meegegeven. Zoals 

een onlangs gesynthetiseerd rubber materiaal, dat, als het gebroken is, 

simpelweg door de twee einden een tijdje aan elkaar te houden zichzelf herstelt. 

Dit is mogelijk door een nauwgezette selectie in de kenmerken van de gebruikte 

moleculen. Juist aminozuren en de peptide ruggengraat bezitten een brede 

verscheidenheid aan moleculaire eigenschappen. Daarmee zijn peptiden 

uitermate geschikte moleculen om de kenmerken van nanodeeltjes ruimschoots 

te variëren en te optimaliseren. Het uitgangspunt om met peptiden nanobolletjes 

te vormen is in dit proefschrift aan het licht gebracht. Nu wacht de taak om deze 

bolletjes voor de afzonderlijk gewenste toepassingen verder te ontwikkelen. 
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Dankwoord 

Een woord van dank aan het einde van dit proefschrift – omdat je aan het begin 

niet weet hoeveel je geholpen wordt.  

 

Allereerst wil ik jou, Enrico, bedanken voor je betrokkenheid bij het project en je 

vele ideeën die je telkens weer inbracht. Later in het traject, tijdens het schrijven 

van de artikelen, heb ik je positieve insteek waarmee je resultaten bekijkt, erg 

gewaardeerd. Wie weet kom je in de toekomst je eigen schrijfstijl nog tegen! 

 

Wim en Daan, mijn beide promotoren, ik wil jullie hartelijk danken dat ik in jullie 

groep vier jaar onderzoek heb kunnen doen en van jullie ervaring heb kunnen 

leren. Twee van jullie eigenschappen heb ik in het bijzonder gewaardeerd. Ze 

gelden in feite voor jullie beiden maar ik wil het persoonlijk maken. Daan, jouw 

correctheid en werkethos zullen mij altijd bij blijven, mijn dank daarvoor. En Wim, 

je betrokkenheid bij de groep heeft me enorm geïnspireerd. Het doet goed om te 

merken hoezeer jullie, ondanks vele andere taken, je hebben ingezet voor de 

voortgang van mijn project en de onderlinge betrokkenheid binnen de groep. 

 

Ook ben ik veel dank verschuldigd aan Wim “J”. Jammer dat jij (en Marc Sutter) 

richting het Wilde Westen vetrokken, waardoor ik alleen voor die (CD, FTIR & 

fluorescentie) lichtbundels stond. Uiteindelijk heeft jullie (overgedragen) kennis 

tot twee leuke hoofdstukken geleid.  

 

Verder wil ik iedereen bedanken van wie ik heb geleerd hoe je zelfassociërende 

peptiden maakt, analyseert of toe weet te passen. Arjen, in het begin heb je 

geholpen om aan te tonen of mijn recombinant geproduceerde oligopeptiden er 

nu waren – of niet. Achter die joekel van een MALDI-TOF wist je uiteindelijk de 

correcte massa’s naar boven te toveren! Frits, zonder jouw hulp met de 

elektronen microscopie was dit boekje anders van inhoud geweest; dan had ik 

nog steeds niet geweten hoe m‘n peptiden er uit zien – stel je voor... Andrey 

Klymchenko thanks for the nice collaboration and showing us Strasbourg. Ed 

Moret, je hebt de peptiden laten droogzwemmen – hoewel computers er weken 

voor moesten draaien - werd het een erg leuk en nuttig experiment. Marjan, in het 
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bijzonder wil ik jou bedanken voor je hulp met de celstudies. Je leuke, 

doortastende manier van werken was erg stimulerend! Several students have 

been working on the project for half a year or more. Chantal, Cristina, Kees, Evi, 

Pepijn, thanks for your efforts to put the project a little step further. And Cris, in 

particular you and your parents thanks for the enjoyable time in Portugal and the 

beautiful city of Lisboa.  

 

Iedereen die met het onderzoek heeft geholpen, zelfs als het een klein beetje 

was, mijn dank. Soms was er praktische hulp of kwamen er tips, soms ook niet – 

het maakt in feite niet zoveel uit – want iedereen die met het verloop van het 

onderzoek heeft meegeleefd, heeft eraan meegewerkt.  

 

Daarom dank ik ook mijn wederzijdse familie, ouders, opa’s en vrienden voor de 

betrokkenheid. Het was heerlijk om af en toe gewoon mijn verhaal te kunnen 

doen, zonder dat een wetenschappelijke inbreng was vereist. Ook de mede-

biofarmacie-genoten. Het was erg leuk om bij Biofarmacie te zijn, niet alleen 

omdat er interessant onderzoek wordt gedaan (uiteraard dat ook), maar het was 

vooral erg sociaal en gezellig. In het bijzonder ook met mijn lab-genoten op Z611. 

Sophie, Natasa, Marion, later Frank en Niels: het was een leuke tijd en altijd was 

er gezelligheid. Daarbij alle anderen die het Went onveilig maakten – Amir, 

Martin, Roel, Rolf, en ook Holger, Ethlinn, Marcel, Joost, Joris, Sabrina, Ellen, 

Emmy: all - cordially - thanx.  

 

Marion, je begon een maandje later, en eindigde een maandje eerder. Tsja, ik 

kan inderdaad niet ontkennen dat je soms een tikkeltje meer gestructureerd was. 

Maar goed, laat ik zeggen, des te gelukkiger ben ik dat jij, na vier jaar samen 

optrekken, tijdens het afsluitende zweet-uurtje mij bij staat! Aan de andere zijde – 

broer Bas. Na het werk samen drie kwartier tegen een balletje meppen – het doet 

de AIO goed. Nu kom je drie kwartier naast mij zitten, terwijl ik in m’n eentje 

inspanning sta te leveren – dat doet de ambtenaar vast goed. 

 

Zo’ n boekje komt soms met een zucht tot stand. Daarom nog een drievoudig 

dank. Aan hen die, misschien onbewust, mij wezenlijk hebben geholpen – zonder 

wie dit boekje er simpelweg niet was geweest. Mies, jij hielp op de momenten 
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waarop het echt nodig was. Ik weet niet hoe je aan die gave komt. Op het 

moment dat ik anders de deuren van het Went voorgoed achter me dicht had 

getrokken, kwam jij en ging jij de volgende ‘uitdaging’ aan. En je loste het 

probleem, zoals gebruikelijk, rustig op.  

 

Mijn lieve Marlies: dank je voor alles wat je voor me hebt betekend. Jij hebt mij 

altijd geholpen, onafgebroken. Onder meer door er gewoon vertrouwen in te 

hebben dat het goed kwam. En ziehier – daar is ‘tie dan. Voor jou misschien altijd 

vanzelfsprekend geweest – gelukkig heb je gelijk gekregen. Hier hoort ook Joëd 

bij, ons kleine zonnetje dat de vier jaar, van begin tot het einde, heeft geschenen. 

Je kunt het nu nog niet lezen, wist jij veel wat papa deed – je was gewoon altijd 

vrolijk! 

 

Ten derde heb ik dit onderzoek vier jaar gedaan terwijl een ander zonnetje me 

continu heeft beschenen. Het deed me soms goed om naar het hoge gebouw van 

de Uni te kijken en daar het embleem, de zon van de UU te zien. Sol Iustitia 

Illustrae Nos. De zon van de gerechtigheid verlicht ons. Zonder die Zon – die 

Zoon was dit boek er niet geweest. Soli Deo Gloria – alleen God de eer. 
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Farmaceutische Technology aan de Universiteit Utrecht. Dit proefschrift beschrijft 

zijn onderzoek dat gedurende die periode werd verricht. Sinds november 2008 is 
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