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1. General introduction 
Self-assembly of molecules can bring about disorder-to-order transition to give discrete 
structures at different length scales. Supramolecular chemistry, the chemistry of 
noncovalent interactions between molecules and/or ions, is key to advancing the field of 
self-assembly for molecular systems1, 2. Through manipulating the intermolecular non-
covalent interactions between the molecular building blocks (e.g., van der Waals forces, 
hydrogen bonding, electrostatic interactions), supramolecular materials can be programmed 
with novel properties such as multicomponent modularity3-5, semiconductivity,6, 7 and 
evolution-like adaptivity8. These novel properties impart new possibilities to biomedical 
applications such as cardiac tissue engineering9 and self-boosting antitumor nanoreactors10.  
Peptides are frequently used to construct supramolecular materials in which the non-
covalent interactions are moderated through the backbone and side-chain interactions of the 
self-assembling peptides. Specific strategies to design and fabricate supramolecular peptide 
materials at different length scales have been reported, such as zero-dimensional spherical 
assemblies11, one-dimensional peptide nanofibers12, two-dimensional peptide nanosheets13, 
and three-dimensional matrices14. However, many of these reported approaches are system-
specific. Therefore, further understanding of the mechanisms underlying self-assembly is 
needed to devise more general engineering methodologies. 

 
2. Programmable supramolecular peptide materials: from self-assembly to non-

covalent synthesis 
Accumulating evidence shows that supramolecular structures are formed via a multistep 
mechanism rather than a single spontaneous event, which leads to a paradigm shift of our 
engineering approach to devising supramolecular materials with higher molecular 
complexity15-17 (Figure 1). Following the trajectory of multistep covalent synthesis, there is 
an increasing focus on the importance of the intermediate states towards the properties of 
the fabricated materials16. In particular, as the magnitude of non-covalent interactions is 
smaller than their covalent counterparts, there is a larger share of entropy to the 
construction of supramolecular materials15. With this delicate structure-energy balance in 
each intermediate state, many supramolecular material properties are under kinetic rather 
than thermodynamic control17. For example, the polymorphic structures of supramolecular 
peptide fibrils are controlled by their kinetic intermediates18. However, parallel/competing 
non-covalent synthetic pathways are often present in one supramolecular system19. To 
navigate this pathway complexity, there are continuous efforts to decipher the precise 
pathways in each non-covalent synthetic process19-21. Therefore, to fully unleash the 
potential of supramolecular peptide materials, increasing efforts are spent on characterizing 
and optimizing the intermediate states.   
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3. The non-covalent synthetic strategy of supramolecular peptide materials 
The multistep non-covalent synthetic pathway of supramolecular peptide materials is 
amongst the most studied supramolecular systems22-24. To successfully overcome the 
desolvation barrier, peptides undergo liquid-liquid-phase separation as the common first 
step to form dynamic oligomeric particles22, 25, 26. Next, through secondary structure 
induction (e.g., α-helix, β-sheet), higher-order nucleates (e.g., cross-β protofilaments) are 
formed within the oligomeric particles, which can trigger the formation of supramolecular 
materials with increasing structural complexity27. Several researchers explored  molecular28, 

29, physical24, or chemical30 strategies to modulate the intermediate states of peptide 
assembly, thereby influencing the resultant properties of the supramolecular peptide 
materials. For example, Cui et al. studied how the helicity of the peptide nanofibers can be 
modulated through surface electrostatic interactions29. However, the generality of all these 
intermediate engineering approaches lies heavily on understanding the link between the 
modified parameters and the molecular arrangement of the resultant supramolecular 
products. Hence, robust characterization of the supramolecular materials is essential for 
further optimization of the non-covalent synthetic strategy. 

 
4. Characterization of the supramolecular peptide materials 
Given that most supramolecular peptide materials exist in a kinetically trapped rather than 
the thermodynamic state16, an in-depth understanding of the physicochemical properties of 
the supramolecular structures not only can aid our understanding of the structural 

 
Figure 1 demonstrates the versatility of noncovalent synthesis to construct structures with higher molecular 
complexity. For example, we can employ reversible addition−fragmentation chain-transfer (RAFT) 
polymerization with two stages trigger to synthesize a diblock copolymer via covalent synthesis. With 
noncovalent synthesis, we can obtain complex polymeric structures (e.g., alternating nanofiber) through 
modulating the intermediate states.  
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organization but also of the energy constraints these structures are encountering. With the 
advancement in biophysical characterization techniques, we can now resolve the molecular 
organization of structures in dynamic31, 32 and static31, 32 states. For example, using cryo-EM 
tomography analysis, Meijer et al. resolved the double helix nanofiber structures formed by 
supramolecular polymers in water33; while using high-speed atomic force microscopy, 
Sugiyasu et al. captured and manipulated the event of dynamic assembly of supramolecular 
polymers34. Since the functionality of supramolecular materials is closely correlated to the 
systemic energy landscape20, our increased understanding of the structural properties paves 
the way to better manipulate the material properties for functional applications32.  

 
5. From programming material properties to functional system integration 
Successful application of designer supramolecular peptide materials requires not only 
tailored properties but also good compatibility with the application sites. For 
supramolecular peptide materials targeting biological applications, effective integration into 
the biological system is an essential prerequisite to delivering the overarching functionality. 
Currently, two major system integration approaches are being pursued ---1) reconciling the 
fabricated supramolecular materials with the biological systems35, 36; or 2) incorporating the 
supramolecular materials as modalities in the biological systems37-39. As an example of the 
first approach, Meijer et al. investigate the use of dynamic covalent chemistry to anchor 
supramolecular nanofibers to human erythrocytes35, which can serve as a potential means 
for targeted tumor delivery40.  Regarding the second approach, Kataoka et al. explore the 
use of electrostatic association of supramolecular peptide materials to transiently modify 
the liver sinusoidal wall, which enhances the longevity of gene delivery vectors39. These 
system integration strategies unleash a new facet of the application potential of the 
supramolecular peptide materials.  
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6. Immunological applications of the supramolecular peptide materials 
Being proteinaceous material, supramolecular peptide materials offer an inherent advantage 
towards immunological application. By incorporating functional vaccine epitopes into the 
peptide sequences, upon uptake by antigen-presenting cells (APCs, e.g., dendritic cells and 
macrophages), the supramolecular peptide materials can activate APCs and promote the 
presentation of vaccine epitopes in the major histocompatibility complex (MHC)41-44. 
Presentation of vaccine epitopes bound to MHC class I generally propagate CD8+ T cell 
response, while MHC class II epitope presentation propagates CD4+ T cell response. 
Furthermore, the type of co-receptors and cytokines released from the APCs play a 
significant role in determining the state of the immune response (tolerance versus 
autoimmunity, Figure 2)---expression of co-stimulatory receptors and production of pro-
inflammatory cytokines will lead to an autoimmune response. In contrast, the absence of 
co-stimulatory receptors and the production of immunosuppressive cytokines will lead to 
tolerogenic response45. Accordingly, the two major approaches of functional system 
integration have been explored for the immunological application of supramolecular 
peptide materials. Below are two exemplary strategies. 

  
Use of supramolecular peptide nanofibers for immunomodulation. Thanks to their 
excellent biocompatibility46, 47, high thermostability48, and multicomponent modularity49, 
supramolecular peptide nanofibers are extensively studied for engineering 
immunomodulation50-52. The structural dimension of nanofibers (high aspect ratio) governs 
higher uptake by phagocytic cells (e.g., APCs) than non-phagocytic cells53, which serve as 
a means to augment vaccine epitope delivery to the target immune cells. To elicit a 
desirable immune response upon in vivo application, it is paramount for the peptide 

 
Figure 2 Diagram shows the critical parameters governing the induction of autoimmune or tolerance 
response. Adapted from Voelcker et al45. 
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nanofibers to reach the secondary lymphoid organs, such as draining lymph nodes and 
spleen. In this regard, Collier et al. showed that peptide nanofibers can successfully reach 
the draining lymph nodes and elicit systemic immune response upon parenteral 
administration54. Moreover, the magnitude of the immune response can be modulated by its 
physicochemical properties (such as charge54) and/or composition (such as the ratio of 
different vaccine epitopes presenting in the same nanofiber3, 49, 55).   

 
Use of peptide-drug/albumin supramolecular complexes for lymphatic delivery. Being 
the most abundant plasma protein in the body, albumin plays a crucial role in regulating the 
oncotic pressure in the body through its movement between blood circulation and 
lymphatic system---albumin leaves the blood through capillaries to reach the interstitial 
fluid, from which it can rejoin the blood circulation via the lymphatic system56. Besides, 
albumin is also a major transporter of endogenous and exogenous molecules57, 58. To exploit 
the biological functionality of albumin, several peptide vaccines have been developed to 
implement the modular integration with albumin59, 60. For example, Chen et al. utilized 
hydrophobic interactions to guide albumin complexation with a peptide-based molecular 
vaccine, which can deliver potent antitumor immune response59. Since the modular 
integration of the molecular peptide vaccine with albumin is a supramolecular 
complexation process (e.g., guided by hydrophobic interaction61), supramolecular 
chemistry can be deployed for encoding this assembly process.  

 
 
 
 
 
 

 
Figure 3 Summary of the work in this doctoral thesis 
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7. Aim of this thesis 
The overarching aims of this doctoral thesis are 1) to gain a better understanding of the 
mechanisms underlying peptide self-assembly to form hierarchical supramolecular 
structures and 2) to apply this knowledge to fabricate and characterize supramolecular 
peptide materials as vaccines to modulate the immune response in inflammatory or 
autoimmune diseases. Two approaches will be followed for this, which include the use of 
(i) supramolecular nanofibers and (ii) molecular peptide vaccine/albumin supramolecular 
complexes (Figure 3). The research reported in this thesis contributed as part of the 
NANOMED network, a consortium aiming to train a new generation of multi-disciplinary 
nanotechnology experts capable of supporting and managing the effective translation of 
molecular innovations into clinically applicable therapeutic solutions. Financial support 
was provided by European Union's Horizon 2020 research and innovation program Marie 
Sklodowska-Curie Innovative Training Networks (ITN) under grant No. 676137. 

 
8. Outline 
Chapter 2:  Programming supramolecular peptide materials by modulating the intermediate 
steps in the complex assembly pathway: implications for biomedical applications 
This chapter provides a general overview of the strategies to better control the 
supramolecular material properties by modulating the intermediate steps in the self-
assembly pathway. This engineering approach is exemplified in the fabrication of the β-
sheet based zero-/one-dimensional nanostructures. In addition, examples of biomedical 
applications using these steered peptide assemblies in drug delivery and tissue engineering 
are provided. 

 
Chapter 3: Control over the fibrillization yield by varying the oligomeric nucleation 
propensities of self-assembling peptides 
An extensive study of the multistep process of peptide self-assembly was presented, which 
offers fundamental insights into the design of supramolecular biomaterials in this study. 
This is done by integrating an array of experimental techniques (cryo-MAS solid-state 
NMR, TEM, AFM, FCS) with computational approaches. Findings in this chapter guide the 
molecular design of peptides in Chapter 5 to guide higher yield of the supramolecular 
nanofiber.   

 
Chapter 4: The hierarchical structure of peptide nanofibers formed by self-assembly of a 
surfactant-like peptide under physiological conditions 
In this chapter, the supramolecular organization of the nanofibers forms by self-assembly of 
a designer surfactant-like peptide (SLP 1) studied in chapter 3 was characterized using 
cryo-EM analysis.  

 
Chapter 5: Tuning surface charges on supramolecular nanofibers for induction of antigen-
specific immunotolerance 
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This study investigates supramolecular peptide nanofibers as scaffolds for the co-delivery 
of immunosuppressive drugs and peptide epitopes. Besides peptide and drug concentration, 
the overall charge of the peptide assemblies is the subject of investigation in this chapter.  

 
Chapter 6: Attenuating albumin-hitchhiking by linker charges of dexamethasone-antigen 
conjugate for tolerogenic immunotherapy 
Here we optimize the exploration of dexamethasone-antigen conjugates for tolerogenic 
immunotherapy by attenuating the supramolecular complexation propensities with albumin. 
We explore the use of complementary electrostatic and hydrophobic interactions to enhance 
the dexamethasone-antigen conjugate/albumin complexation.  
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Abstract 

 

Self-assembling peptides form a prominent class of supramolecular materials with, in 

general, good biocompatibility. To afford better control over the material properties, 

tremendous progress has been made in studying the supramolecular organization of the 

peptide assemblies. This knowledge has helped us understand the correlation between the 

molecular structure of the peptide building blocks and the properties of the supramolecular 

products. However, peptide self-assembly consists of a complex pathway rather than a 

spontaneous thermodynamic process. This implies that the assembly pathway critically 

governs the outcome of the self-assembly. Here, we are going to discuss how peptide self-

assembly can be modulated at the intermediate steps in the self-assembly pathway. The 

focus will be to demonstrate this engineering approach on the example of 0D/1D 

nanostructure selectivity over the β-sheet assembly pathway.  In addition, we provide 

examples of biomedical applications of such steered peptide assemblies in the field of drug 

delivery and tissue engineering 
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1. Introduction 

Supramolecular materials with biomimetic properties are fabricated by manipulating non-

covalent interactions such as hydrogen-bonding, van der Waal's forces, and electrostatic 

interactions. Self-assembling peptides form a prominent class of supramolecular materials 

that have, in general good biological compatibility. Self-assembling peptides can form 

supramolecular structures at different length scales, such as zero-dimensional (0D) micelles 

or vesicles and one-dimensional (1D) nanofibers or nanotubes, through a combination of 

side-chain and backbone interactions. The formation of secondary structure in peptides (α-

helix or β-sheet) is a common molecular transition that drives controlled peptide 

supramolecular assembly, with cross-β1 and coiled-coil structures2 as two notable examples 

of the resulting molecular arrangement. These supramolecular assemblies have been 

explored for different biomedical applications, including the formation of discrete 

nanoparticles for drug delivery 3-9 and scaffolds for regenerative medicine and tissue 

engineering 10-13. 

 

There is currently a good number of experimental accounts investigating the 

supramolecular organization of the final structure of peptide assemblies, which has offered 

us atomic insights into the peptide interaction within these supramolecular structures1, 11, 14, 

15. However, for supramolecular peptide structure, rather than a spontaneous 

thermodynamic process, their assembly pathway is signified by its high complexity, along 

which metastable intermediates are formed before eventual conversion to the more 

thermodynamically stable end products16, 17. This implies that the outcome of the peptide 

assembly process is critically governed by the self-assembly pathway that is being followed 

and thus can be influenced by directly modulating these intermediate steps18-20. Indeed, this 

explains why, though cross-β fibers are generally the most thermodynamically stable 

structural organization in physiological condition21, we can still access a variety of peptide 

assemblies with alternative structural ordering, such as coiled-coil nanofibers14. 

 

Currently, several excellent reviews have discussed the biomedical applications of self-

assembling peptide nanomaterials 22-24. However, comparatively few have discussed the 

biomedical implications in light of the complex assembly pathway. Here, on the example of 

β-sheet peptide assemblies, we will demonstrate how manipulating the complex peptide 

self-assembly pathway can afford better control over the structures and properties of the 

resulting materials. Since the kinetic pathway of β-sheet assembly is highly complexed25, to 

stay focused on the objective of this review, we have chosen to exemplify this engineering 

approach with the 0D/1D nanostructure selectivity over the β-sheet assembly pathway 

(Figure 1), as nanostructures at these length scales are widely used in biomedical 

application26. Subsequently, we will discuss the common approaches used to modulate the 

self-assembly pathway. Finally, we will highlight the possibilities and considerations for 

the biomedical application of peptide nanostructures in light of the pathway complexity. 
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2. Parallel and competing kinetic pathways of 0D and 1D nanostructures formation 

Liquid-liquid phase separation as the common first step before pathway divergence. 

Unlike supramolecular structures composed of low molecular weight polymers, peptides 

possess a relatively significant desolvation barrier in water, making it energetically 

improbable to assemble into ordered structures spontaneously. To overcome the desolvation 

barrier, liquid-liquid phase separation (LLPS) is a common first step in peptide self-

assembly17, 27, 28 (Figure 2a, b). The LLPS process is entropically driven, in which the 

entropic gain is rooted in the increase in peptide conformational freedom and the gain of 

water entropy through peptide desolvation 27. The LLPS process will lead to the formation 

of peptide-rich droplets, or oligomeric particles, which create an alternative environment 

for peptide arrangement into more ordered assemblies28-30. Recent work by Michaels et al. 

has outlined the probabilistic nature for the assemblies to progress through different stages 

of the assembly pathway29. Section 3 will describe the common strategies to direct the 

assembly process towards a particular kinetic pathway.  

 

 

Figure 1 Schematic representation of the complex pathway of β-sheet peptide self-assembly that direct formation of 0D nanostructures (e.g., 

micelle, nanovesicle) and 1D nanostructures (nanofiber, nanotube). LLPS: Liquid-liquid phase separation; 0D: zero-dimensional; 1D: one 

dimensional 
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Figure 2 The self-assembly mechanisms of peptide structures a) Difference in supramolecular fibrillization 

between small-molecule supramolecular polymers (traditional nucleation-elongation) and self-assembling peptides 

(LLPS mediated nucleation-elongation). Adapted by permission from Wiley Publishers Ltd: Angewandte Chemie 

ref. 27 copyright (2019); b)  The bottom-up self-assembly mechanism of peptide nanovesicles. It shows that both 

nanovesicle and nanofiber pathways undergo LLPS as the first step before diverting to their respective pathway. 

Adapted by permission from American Chemical Society: JACS., ref.31 copyright (2015); c) Hierarchical self-

assembly of peptide nanofibers. Supramolecular structures with ascending structural sophistication are shown 

from left to right. Adapted by permission from future medicine Ltd: Nanomedicine, ref.22 copyright (2013); d) 

Hierarchical self-assembly of peptide nanotubes. The self-assembly mechanisms deviate from that of nanofibers at 

the protofibril stage to form helical ribbon intermediates. Permission from Wiley Publishers Ltd: Angewandte 

Chemie ref32 copyright (2011)  

 

0D nanostructure pathway selection if no cross-β nucleates are formed. Cross-β 

nucleation is the critical event that decides the bifurcation between the 0D and 1D 

nanostructure assembly pathways. If no cross-β nucleate is formed, the oligomeric particles 

will transform into 0D nanostructures (e.g., micelles 6, 33, 34 and nanovesicles 31, 35). Our 

group has previously integrated state-of-the-art experimental techniques with large- and 

multi-scale molecular dynamic (MD) simulation to elucidate the self-assembly pathway of 

an amphiphilic peptide (SA2: Ac-AAVVLLLWEE-COOH) that will form nanovesicles 

when dispersed in aqueous media31. In good agreement with recent in-situ studies on 

amphiphilic self-assembly36, we have detected that the oligomeric particles condensed via 

LLPS adopt a micellar arrangement. The micellar oligomers will then grow by monomer 

addition and evolve into elongated micelles, followed by the formation of interdigitated 

bilayers and disks, and eventually into water-filled hemispheres31 (Figure 2b). Interestingly, 

structural analysis of these 0D nanostructures revealed that, although they are not following 

templated elongation with cross-β nucleates, the orthogonal β-sheet pattern (inter-strand 

distance at ~4.7Å, inter-sheet distance at ~10 Å) could still be observed 6, 31. This implies 



Chapter 2 

28 

 

that cross-β interactions also contributed to the structural organization in these assemblies 

but with lower periodicity than the 1D nanostructures. 

 

 

Hierarchical pathway for 1D nanostructure formation 

1D nanostructure pathway selection through the formation of cross-β nucleates. The 

formation of cross-β nucleates in the oligomeric particles can trigger the hierarchical 

assembly of cross-β fibers (Figure 2a). As described earlier, the cross-β structures are 

signified by orthogonal β-sheet interactions, characterized by a distinctive X-ray diffraction 

pattern with reflection at ~4.7Å that represent the inter-β-strand repeats and a perpendicular 

reflection at ~10 Å that represent the inter-β-sheet repeats1. Formation of cross-β nucleates 

within the oligomeric particles is an enthalpy-driven process---the entropic penalty 

(increased molecular order) is compensated by the enthalpic gain of the cooperative non-

covalent interactions (hydrogen-bonding, van der Waal's forces, electrostatic interactions)27. 

The nucleates are formed when a critical number of cross-β arranged peptides are 

reached28. After reaching that threshold, replication of the cross-β molecular ordering 

thereafter will become energetically favorable 37. The propensity of cross-β nucleation is 

influenced by the sequence length, β-sheet propensities, side-chain molecular compatibility 

of the peptide, and the size of the oligomeric particles formed 28, 38, 39. 

 

Protofilaments formation via a nucleation-elongation mechanism. Through a 

nucleation-elongation mechanism, the replication of cross-β molecular order will yield 

protofilaments, or β-sheet ribbon, as the primary units leading to the build-up of the 

hierarchical 1D nanostructures40. As the lowest level structure in the assembly hierarchy, 

the protofilaments adopt an elementary supramolecular organization with a single cross-β 

interface 1. Previous studies reveal that the prime hindrance in the elongation process is 

desolvating the peptide monomers41. Therefore, the sequence length and residual 

hydrophobicity of the peptides are significant factors influencing the propensity of the 

elongation mechanism 41. 

 

1D nanofiber pathway selection via protofilament association. After protofilaments 

have been formed, the next step in the hierarchical pathway is the association of 

protofilaments into protofibrils40. In the hierarchical 1D nanostructures, the assembly of 

protofilaments is driven by a side-chain interface with higher association force; a side-chain 

interface drives the assembly of secondary units (protofibril) with weaker association force, 

which drives the lateral association of protofilaments. The final structure (nanofiber) is 

formed via the edge-to-edge β-strand interaction, which drives the longitudinal association 

of protofibrils 40 (Figure 2c). Notably, due to the chemical anisotropy between side-chain 

(mostly van der Waal's forces) and backbone interactions (hydrogen bonding), all these 

filament structures are twisted42, 43. The structural twisting can halt the unlimited growth of 

the fibrous structures in lateral and longitudinal directions40, 43. Previous studies have 

revealed that the assembled nanofibers are mainly kinetically trapped species, which shows 

the fiber morphology is under kinetic control, i.e., the energy barrier for each step 
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determines the resultant fibre morphology 44. This explains why the chirality of natural L-

amino acids should give left-handed twisted nanofiber; the hierarchical process can 

counteract the twist-handedness to generate right-handed twisted fibers 45.   

 

1D nanotube pathway selection via formation helical ribbon intermediate. The 1D 

nanotube pathway deviates from the protofibril step in the 1D nanofiber pathway. Rather 

than undergoing longitudinal association, the protofibrils are transformed to helical ribbon 

intermediates; the closure of these helical ribbons will give 1D nanotubes 32, 46-48 (Figure 

2d). The closure mechanism of the helical ribbon is a relatively slow process, which 

generally takes weeks to conclude 32, 46-48. Furthermore, the nanotube's diameter is 

determined by the magnitude of the lateral interactions in the helical ribbon, which is 

influenced by the side-chain interface association forces 46. Besides, 1D nanofibers are 

often detected alongside the nanotube structures within one supramolecular system32, 46.   

 

3. Common strategies to modulate peptide assembly pathways 

Internal factors 

Hydrophobic-hydrophilic residue arrangement. A common approach to modulate the 

self-assembly pathway is to program the arrangement of hydrophobic/hydrophilic amino 

acids in the peptide sequence 35, 46, 49. Previous studies reveal that an increase in the 

hydrophobic to hydrophilic ratio (i.e., increase in hydrophobicity) favors the kinetic 

selection of 1D nanostructures over 0D nanostructures35. This can be partly explained by 

the fact that more hydrophobic peptides generally form larger-sized oligomeric particles, 

which in turn increases the chance of cross-β nucleation28. Furthermore, the nanotube 

pathway is favored by increasing the repulsive forces between the protofibrils in the 

longitudinal direction. This can be achieved by placing mutually repulsive residues at both 

ends of the β-strand46 or by end-capping the peptide to prevent electrostatic attraction 

between the amino- and carboxy-terminal32. Besides, most of the reported 0D nanovesicle 

forming peptides adopt a surfactant-like sequence arrangement, in which the hydrophobic 

and hydrophilic amino acids are arranged in two modular compartments 31, 49. The modular 

hydrophobic-hydrophilic pattern can likely facilitate the micelle to nanovesicle transition 36. 

 

Molecular geometry and β-sheet propensities. Altering the molecular geometry of 

peptides is another approach to moderate the assembly pathway. For example, the 

molecular geometry can be adjusted by engineering the conformational (β-sheet) 

propensities of the peptide sequence 50 and the molecular volume of the side-chain groups51, 

52. Increasing the β-sheet propensities of peptides can increase the probability of cross-β 

nucleation, thereby favoring kinetic selection of the 1D pathway38. The β-sheet propensities 

can be increased by instigating molecular frustration in peptide sequences (i.e., patterning 

peptide sequences with alternating hydrophobic and hydrophilic residues)  50, 53, 54 or 

incorporation of β-branched amino acids 55, 56 and lowering the content of β-sheet disrupting 

residues, e.g., proline57. Besides, the steric compatibility between the side chain interface in 

the β-strand can also influence the propensity of cross-β nucleation 39, 51, 52. 
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Complimentary directional non-covalent interactions. The backbone-backbone 

hydrogen bonding interactions confer the directionality of cross-β structures. The 

directionality can complement other directional non-covalent interactions such as π-π-

stacking54, 58 and electrostatic attraction in the side-chain interfaces 54, 59-62. For example, 

Shao et al. has demonstrated how the side chain charge complementary interaction can 

direct precise ABAB molecular pattern in the resultant cross-β nanofibers62. Implementing 

these complementary interactions can therefore favor the formation of 1D nanostructures. 

 

External factors  

Solvent composition. The assembly pathway can also be extrinsically modulated through 

varying the solvent composition, such as the solvent polarity and pH. For zwitterionic 

peptides, adjusting the pH from 7.4 can increase the mutual electrostatic repulsive force 

between oligomeric particles. Increasing the mutual repulsive forces can stabilize 

oligomeric particles at a smaller size range, which lowers the probability of cross-β 

nucleation28. However, if cross-β nucleates are formed, changing the pH value can 

potentially alter the sequence alignment in the cross-β structures. For example, for the 

peptide containing charged residues, changes in pH can potentially alter the electrostatic 

interactions between the side chains, thereby moderating the sequence alignment 59. Such 

changes in sequence alignment can potentially facilitate nanotube formation by inducing 

repulsive longitudinal forces between protofibrils59, 63. Concerning organic solvents, the 

addition of dimethyl sulfoxide (DMSO)64, hexafluoro-2-propanol (HFIP)6, and acetonitrile 

(MeCN)65 can favor the formation of 0D nanostructures through disrupting interpeptide 

hydrogen bonding networks, thereby lowering the chance of cross-β nucleation. Besides, 

since the gain of water entropy through peptide desolvation is a significant driver of 

LLPS27, the rate of initial peptide solvation (e.g., rate of water addition) can serve as a 

potential moderator of the LLPS process.  

 

Concentration. Regarding the LLPS of peptides, the condensation process is 

concentration-dependent38, 66. Furthermore, like other supramolecular systems, 

concentration-dependent phase transition behavior is observed in self-assembling peptides 
40, 48. Higher concentrations generally favor the formation of higher-order supramolecular 

structures. For example, Aggeli et al. have demonstrated that by increasing the 

concentration of the P-11 peptide, 1D nanostructures with the increasing sophistication of 

structural ordering are detected (from protofilament, through protofibril to fiber)40; Prassl et 

al. have also demonstrated that a superstructure of nanofibers can be induced by increasing 

the peptide concentration48. 

 

Temperature & external fields. The effect of temperature is more complex. On one end, 

LLPS can only take place when the solution temperature drops below a certain threshold66. 

However, further reduction in temperature can freeze the molecular conformation in the 

oligomeric phase 38. On the other hand, high temperatures in general disfavor the 

condensation process 38, but if cross-β nucleates are formed, the increase in molecular 

motion can, in return, speed up the supramolecular polymerization process. Besides, by 
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varying the temperature (4-37˚C), the kinetic pathways of nanofiber formation can be 

varied, leading to the formation of nanofibers with different morphology using the same 

peptide as building block 67, 68. Regarding external fields, such as electromagnetic fields or 

ultrasound, the influence of thermal effects can be referred to in the above discussion on 

temperature. Regarding the nonthermal effects of the external fields, previous studies 

showed that the application of electromagnetic fields can alter the β-sheet propensities69, 70, 

the aggregation propensities71 of the peptide. In addition, the application of external fields 

can also promote directionality in a molecular arrangement through peptide dipole 

alignment72. These changes can influence the likelihood of 1D nanofiber formation.  

 

 

Figure 3 Biomedical application of kinetic control over self-assembling peptides a) Selective uptake of 0D 

peptide nanostructures to professional antigen-presenting cells (e.g., macrophage and dendritic cells). Adapted by 

permission from American Chemical Society: ACS Nano, ref. 6 copyright (2014); b) Engagement of autophagy 

mechanism of 1D peptide nanofiber upon uptake by professional antigen-presenting cells. Adapted by permission 

from American Chemical Society: ACS Omega, ref. 83 copyright (2017); c) Effect of nanofiber chirality on stem 

cell spreading and differentiation. Left-handed twisted nanofiber has a better ability to induce osteogenesis than 

right-handed twisted nanofiber. Adapted by permission from American Chemical Society: ACS Applied Materials 

& Interfaces, ref. 87 copyright (2019); d) Effect of nanofiber helicity on mechanotransduction of stem cell. The 

untwisted/cylindrical peptide nanofiber incurs higher stem cell osteogenic potential through the activation of 

nuclear YAP, while the twisted nanofiber caused YAP confinement in the cytosol. Adapted by permission from 

American Chemical Society: Biomacromolecules, ref. 10 copyright (2017)
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4. Implications for biomedical applications 

Engineer nanostructures for therapeutic delivery. Both 0D and 1D β-sheet assemblies 

have been extensively explored for drug delivery applications thanks to their good 

biocompatibility and comparatively stable structural order (cross-β). Strategies to 

incorporate therapeutics into the peptide nanostructures using physical encapsulation6, 52, 73, 

74 or chemical ligation approaches4, 7, 75, 76 have been extensively explored. Seminal work in 

drug targeting has revealed that 0D and 1D therapeutic carriers have distinctive 

biodistribution profiles 26, 77. Concerning peptide assemblies, Yang et al. has reported that 

1D peptide nanofibers exhibit short circulating time upon intravenous injection78, while 

Tanisaka et al. has reported a 0D peptide nanovesicle that displays a comparatively long 

circulation profile79.  Hence, the peptide-based therapeutic carriers' biodistribution profile 

can potentially be adjusted by altering the morphology of peptide assemblies. Regarding 

targeting at the cell level, both 0D 4, 6, and 1D80 peptide nanostructures are preferentially 

taken up by antigen presentation cells (macrophages, dendritic cells, Figure 3a-b). Taking 

advantage of the immune cell targetability, these peptide nanostructures have been 

extensively explored as a delivery carrier for vaccine epitopes 4, 76, 80 or 

immunomodulators7, 74. Furthermore, the capability to trigger membrane translocation or 

endosome disruption is instrumental for transporting the therapeutic cargo into the cytosol 

for further processing and loading of the peptide epitopes into the MHC molecules. In this 

regard, β-sheet peptide assemblies have demonstrated good cell-membrane permeability, 

which can trigger endosomal escape, but the underlying mechanisms of endosomal escape 

remain unresolved49, 81. Once the peptide assemblies reach the cytosol, their cellular fate is 

highly dependent on their supramolecular organization---the less ordered structure (e.g., 

dynamic oligomers) will be directed to the ubiquitin-proteasome pathway. In contrast, the 

more ordered cross-β structures (e.g., 0D nanovesicle, 1D nanofiber) will be directed to the 

autophagy degradation pathway 82-84 (Figure 3b). In particular, since autophagy is an 

important cellular regulator of immune responsiveness85, the autophagy-engagement 

capability of these cross-β structures can be utilized in the development of onco-86 or 

immuno-therapies 76, 83, 84.  

 

Altering cell behavior by changing the morphology of 1D nanofibers. The self-

assembly pathway control approach can also be employed to optimize nanofiber 

applications in tissue engineering. Peptide nanofibers are an established building block of 

natural extracellular matrix (ECM)-mimicking matrix scaffolds that support three-

dimensional tissue cultures of primary or stem cells 22. These artificial viscoelastic fibrous 

mesh networks can be composed through non-specific inter-nanofiber interactions24 or 

specific nanofiber crosslinking 13. Like fibrillar proteins present in the natural ECM, 

chirality87-89 (Figure 3c) and helicity10 (Figure 3d) of the peptide nanofibers are critical 

modulators of cell behavior, such as adhesion, spreading, and proliferation. The chirality 

(right or left-handed twist) of the nanofiber is generally altered by switching the chirality of 

the amino acids (D-vs L-amino acid) in the peptide88, 90, while the helicity (pitch and twist) 

are commonly altered by switching to different sequence 10. However, altering the 

molecular chirality of amino acids can also change the cellular behavior88. The pathway 

control approach can be a more subtle alternative to adjust the chirality and helicity of the 
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nanofibers. Besides, natural ECM transmits biological signals through cell-binding sites or 

functional motifs to trigger cell growth and differentiation. Taking advantage of the 

modularity of peptide nanofibers62, multiple functional motifs can be co-incorporated into 

such nanofibers91. The fiber morphology can alter the spatial arrangement of the functional 

motifs, directly affecting their avidity and exposure to the targeted cell receptors92. By 

optimizing the nanofiber morphology via pathway control, we can directly modulate the 

interaction of functional motifs with target cells93. 

 

Co-existence of supramolecular products. One complication caused by self-assembling 

pathway complexity is the co-existence of assembled products within one supramolecular 

system94. For example, Liberta et al. demonstrated the prevalent co-existence of 

polymorphic peptide nanofibers and oligomers within one supramolecular system45. This 

system heterogeneity can alter the functional profiles of the peptide assemblies, e.g., the 

drug-release profile will change if different 0D and 1D nanostructures co-exist. 

Alternatively, mixtures of polymorphic peptide nanofibers for 3D scaffolds for tissue 

engineering may cause differences in cell behavior. The composition of the supramolecular 

products must therefore be carefully characterized to give more predictable and repeatable 

results. 

 

5. Conclusion and Outlook 

Self-assembling peptides form a prominent class of biomaterial for biomedical applications 

such as drug delivery and tissue engineering. Several studies have explored the molecular 

organization of the final supramolecular peptide assemblies to fully unleash the biomedical 

application potential of self-assembling peptides. This understanding of the molecular 

interaction at the atomic level within the assemblies has tremendously facilitated the search 

for a correlation between the primary peptide sequence and the supramolecular 

nanostructures. As a result, a few programmable peptide supramolecular systems have been 

developed and applied biomedically. Successful as it is, though, most of these engineering 

approaches require significant molecular changes.  

Increasing evidence suggests that peptide nanostructures are constructed through a 

multistep mechanism. This means that their assembly pathway critically influences the 

outcome of the self-assembly process. Without significant changes in the peptide sequence, 

nanostructures of distinctive properties can be fabricated by influencing the assembly 

pathway. In this review, on the example of β-sheet assemblies, we have highlighted the 

strategies to derive 0D and 1D nanostructures through pathway selection. We have also 

discussed how this subtle engineering approach can benefit applications of self-assembling 

peptides for drug delivery and tissue engineering. 

To further the applicability of the pathway control approach, there are a few challenges 

present ahead. First, the self-assembly process, in general, does not achieve full completion 

due to the activation energy barrier, which can lead to the co-existence of side-products 

alongside the main products. To avoid that such side-products complicating the 

functionality of the peptide nanostructures, robust purification methods should be explored 

to select the desired products. Alternatively, the intrinsic system heterogeneity can also be 

explored as extra functionality. By deciphering the supramolecular products' ratio, we can 
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collectively employ the assemblies to devise synergistic applications. For instance, in tissue 

engineering applications, the formation of 1D nanostructures can serve as infrastructural 

scaffolds, while the co-existence of 0D nanostructures can serve as delivery systems for 

growth factors. 

At last, recent studies have explored the possibility of bridging dynamic covalent 

interactions to the non-covalent interactions in the build-up of 1D peptide nanostructures95, 

96.  For example, the reversible disulfide exchange reaction has been explored as a 

complementary driver for the self-assembly of 1D peptide nanostructures95. These 

complementary covalent and non-covalent interactions can be explored as a stabilization 

strategy to generate biomaterials with enhanced longevity in the often complex biological 

environment. 
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Summary of key references 

Key references published within the period of review are highlighted as: * of special 

interest; ** of outstanding interest 
27** This work shows the generality of LLPS in the formation of cross-β peptide 

nanofibers. Furthermore, it has outlined the thermodynamics underpinning the LLPS and 

cross-β nucleation process. 
29** This work outlines an experiment-complying theoretical model that describes the 

dynamics between different populations of assemblies present in a supramolecular peptide 

system (monomer, oligomer, nanofiber). It also highlights the probabilistic nature for 

peptide assemblies to progress through each stage of the self-assembly pathway. 
30* This work outlines the heterogenic and dynamic nature of oligomers present in peptide 

supramolecular systems by fitting experimental data of several unrelated amyloidogenic 

systems to their newly derived mechanistic models.  
36** Through in-situ monitoring of the amphiphilic assembly of a 0D nanovesicle, this 

work shows that LLPS act as the precursory step for the eventual vesicle formation. 

Furthermore, it demonstrates that the properties of the phase-separated droplets are vital in 

defining the properties of vesicles being formed. 
45** This work shows for the first time that right-handed nanofibers can be formed with L-

amino acid constituting amyloid peptides. The cryo-EM structures reconstructed have 

described the hierarchical organization of the right-handed nanofibers. 
50* This work demonstrates the capability of the multidomain peptide to drive 1D 

nanofibers assembly with neutrally charged flanking residues. It shows the versatility of 

multidomain peptides that can suit well for different biomedical applications.  
62* This work shows that complementary charge interaction between peptide side chains 

can generate a precise supramolecular pattern in the 1D nanofiber being formed. It 

demonstrates the potential of controlling the multicomponent properties in the 1D 

nanofibers by encoding charge complimentary side-chain interaction in the peptide 

sequences. 
74* This work shows that hydrogels composed of 1D peptide nanofibers exhibit a more 

extended-release profile of cyclic dinucleotides than conventional hydrogels. This peptide 

hydrogel can potentially serve as a therapeutic platform to enhance the efficacy of cyclic 

dinucleotides immunotherapies. 
80* This work shows that, next to CD4+ T cell responses, peptide nanofibers can also elicit 

CD8+ T cell responses upon intranasal administration. It demonstrates the versatility of 

peptide nanofibers in enhancing the vaccination immune response.   
81* This work shows that peptide assemblies can disrupt the endosomal-lysosomal pathway 

and release the peptide into the cytosol. This functionality can be potentially exploited for 

drug delivery applications. 
84* This work shows that engagement with autophagy mechanisms is critical in inducing an 

effective immune response upon peptide nanofiber vaccination.  
87** This work describes the critical role of chirality at the molecular and supramolecular 

level of the constituent parts of hydrogel towards cellular behavior. This highlights the 
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potential drawback of tuning peptide nanofibers' helicity by switching between L- and -D 

amino acids. 
93* This work describes how glycan-modified peptide nanofiber is responsive to the 

crowded environment that causes fibrous bundling. Such emergent function can help devise 

a fibrillar network with more specific biological recognizability. 
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Abstract 

 

Self-assembling peptides are an exemplary class of supramolecular biomaterials of broad 

biomedical utility. Mechanistic studies on the peptide self-assembly demonstrated the 

importance of the oligomeric intermediates towards the properties of the supramolecular 

biomaterials being formed. In this study, we demonstrate how the overall yield of the 

supramolecular assemblies is moderated through subtle molecular changes in the peptide 

monomers. This strategy is exemplified with a set of surfactant-like peptides (SLPs) with 

different β-sheet propensities and charged residues flanking the aggregation domains. By 

integrating different techniques, we show that these molecular changes can alter both the 

nucleation propensity of the oligomeric intermediates and the thermodynamic stability of 

the fibril structures. We demonstrate that the amount of assembled nanofibers are critically 

defined by the oligomeric nucleation propensities. Our findings offer guidance on designing 

self-assembling peptides for different biomedical applications, as well as insights into the 

role of protein gatekeeper sequences in preventing amyloidosis 
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1. Introduction 

Self-assembling peptides, a prominent class of supramolecular polymers, can form well-

ordered nanostructures via non-covalent interactions (i.e., van der Waal's forces, 

electrostatic forces, hydrogen bonding), the main modulators for material tailoring1. Due to 

the dynamic and reversible nature of their interactions, self-assembling peptides offer novel 

functional properties for practical exploitation, e.g., multicomponent modularity2-4, 

semiconductivity,5, 6, and evolution-like adaptivity7. 

In search for the link between the peptide monomers and the final assembly states, a 

number of previous reports on self-assembling peptides have studied the effect of changing 

the molecular properties of peptide monomers (e.g., sequences' residues or 

stereochemistry8, 9) towards the final assembled products. Many studies have treated the 

peptide self-assembly as a spontaneous thermodynamic process10. Therefore, the linear 

correlation between the properties of peptide monomers and the final assembled structures 

is often described in these studies. However, increasing evidence shows that to overcome 

the huge desolvation barrier, rather than a spontaneous thermodynamic process, 

supramolecular assembly of amphiphilic peptides proceed via a multistep11 pathway, along 

which metastable oligomeric states are first formed before conversion to supramolecular 

nanofibers (Figure 1a)12-18. This implies that the state of the intermediates in the assembly 

pathway also exerts critical influence over the outcome of the peptide self-assembly 19, 20. 

For example, the polymorphic form of the assembled peptide fibrils is influenced by the 

properties of the oligomeric intermediates21. However, despite progress in the mechanistic 

understanding, the inter-relationship between the molecular properties of the peptide 

monomers, the oligomeric intermediates, and the overall yield of the supramolecular 

assembly process remains largely elusive22. 

Here, we used surfactant-like peptides (SLPs) to show that the yield of peptide fibrillization 

is controlled by the properties of the oligomeric intermediates, which can be moderated by 

subtle molecular variations in the peptide sequences. SLPs consist of two modular subunits 

(Figure 1b): hydrophobic tails that interact via van der Waals' forces (side chain) and 

hydrogen bonds (backbone), as well as hydrophilic headgroups that confer mutually 

repulsive electrostatic interactions and determine the overall charges of the peptides23. The 

modularity of SLPs allows us to single out one molecular property and study its effect in 

the downstream self-assembly pathway. We composed a set of cognate SLPs with small 

molecular variations (Figure 1b). Using combined experimental techniques and molecular 

dynamics (MD) simulations, we demonstrate that these molecular parameters (i.e., β-sheet 

propensities and charged residues flanking the aggregation domains) can modulate the 

nucleation propensity oligomeric intermediates and the thermodynamic stability of the fibril 

structures. We demonstrate that the amount of peptide nanofibers being formed are 

critically defined by the oligomeric nucleation propensities. Altogether, our results offer a 

general molecular approach to moderate the properties of peptide assemblies for a variety 

of biomedical applications.  
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2. Results and Discussion 

Molecular design of surfactant-like peptides. First, we designed a set of four cognate 

SLPs with different conformational propensities and headgroup charges in order to probe 

the effect of these molecular differences on the assembly pathway. We chose branched-

chain amino acids (valine, leucine, isoleucine) as the major building blocks for the 

hydrophobic tail subunit, which are residues that often confer structural stability in 

proteins24. To limit the amount of molecular variability, we used Leu/Ile residue isomerism 

as the strategy for specific β-sheet propensity variation25. Ile has a higher β-sheet propensity 

compared to Leu, but substitution does not change the overall side-chain molecular volume 

and hydrophobicity. Since the sequence order can also influence the overall β-sheet 

propensity26, we employed the position scoring matrix WALTZ27 to guide sequence design. 

The length of the tail group was chosen as N-terminal acetylated 7-mer peptide. An extra 

amino acid and an N-terminal acetyl cap were added to the 6-mer peptide sequence to 

minimize the influence of flanking effects by the charged residues28. The WALTZ database 

suggests that position 5 is a highly selective position for isoleucine, but not leucine, to drive 

cross-β structures formation. We also placed threonine between two aliphatic amino acid 

trimers to create two β-sheet faces of different hydrophobicity. This allowed the assignment 

of the anisotropic side-chain interface that fits the statistical mechanical fibril assembly 

model (Figure S5)29, 30. The statistical thermodynamics algorithm TANGO was used to 

determine the residual aggregation propensities along the whole sequence (Table S1)31. 

 

Figure 1. Modularly engineered surfactant-like peptides (SLPs). a) Schematic representation of the two-step 

nucleation mechanism of peptide self-assembly, in which peptides first assemble into oligomeric particles through 

condensation; nucleates are then formed within the oligomeric particles. b) Primary sequence and chemical 

structures of the studied SLPs. Hydrophobic tails and anionic headgroups are colored in grey and red, respectively. 

The mutated amino acids are highlighted by an asterisk for Ile and a triangle for Leu.  
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Moreover, the number of charges in SLP was adjusted by altering the number of glutamic 

acid residues in the headgroup (Figure 1b).  

 

 

 

Headgroup charges regulate the size distribution of the oligomeric particles. To study 

the effect of headgroup charges towards the size of the metastable oligomeric particles, we 

employed multiscale MD simulations to confirm the structural arrangement of the 

oligomeric particles (see Materials and Method). The final trajectory atomistic simulations 

suggested that the SLP oligomeric particles adopt a micellar arrangement with surface-

exposed headgroups and buried tail groups (Figures 2a and S1-2). Next, given that higher 

surface electrostatic repulsive forces can impose higher repulsive forces between the 

oligomeric particles, thereby lowering their coalescence tendency32, we speculated that the 

size of the micellar oligomer with three glutamic acid residues in the headgroup (SLP3-4) 

 

Figure 2. Effect of headgroup charge on SLP oligomerization. a) Illustration of the LLPS mechanism for SLPs. 

Micellar arrangement of the oligomers is caused by the amphiphilic nature of SLP59. Representative structures for 

monomer and micellar oligomers derived from MD simulations are shown below. b) Normalized autocorrelation 

curves of SLP1-4 determined by Fluorescence Correlation Spectroscopy (FCS) as performed for Cy5-labelled 

SLPs (black, red, blue, and green crosses). FCS data shows that the assemblies of SLP1-2 are globally larger than 

of SLP3-4. The measurement concentration was 4mM of SLPs in PBS (pH7.4), of which 1 out of 4000 peptides 

was labeled with Cy5. The FCS autocorrelation curves were fitted with the Maximum Entropy Method (MEM) for 

higher resolution analysis on size distribution, indicated by the solid lines. c) The size distribution of SLPs 

obtained from MEM analysis of the FCS measurements. The dashed line at D=150µm2/s indicates the cut-off size 

between monomeric (D>150) and oligomer (D<150) populations. SLP1-2 with two glutamic acid residues in the 

headgroup formed oligomers with ~10 times slower diffusivity than SLP3-4 with three glutamates in the 

headgroup. 
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should be smaller than that with two glutamic acids (SLP1-2).  To validate this hypothesis, 

we performed fluorescence correlation spectroscopy (FCS) measurements to study the 

diffusion properties of SLPs in the early phase of self-assembly. FCS was chosen to inspect 

the early assembly phase, as it gives high-resolution measurement for the small-sized 

oligomeric particles in solution state33. By comparing the autocorrelation graphs of SLP1-4 

(Figure 2b), we could confirm that the size of oligomers decreases with the number of 

negative charges in the peptide headgroup, i.e., SLPs with two negative charges (SLP1-2) 

form larger oligomers than SLPs those with three negative charges (SLP3-4). To explore 

these size differences in more detail, we fitted the FCS data with a higher-order fitting 

model. The maximum entropy method (MEM) was chosen to account for the polydispersity 

of the oligomers. Each condensed fraction was treated as one quasi-continuous distribution, 

so as to provide widest data-complying size distribution (least chance of 

overinterpretation)34. We succeeded in resolving the monomeric peptides and oligomers for 

SLP1-3 (Figure 2c), whereas, due to their close size range, monomers and oligomers were 

represented as one continuous distribution for SLP4 (Figure 2c). In the MEM analysis, the 

diffusion coefficients of the SLP1-2 oligomers were ~10 fold smaller than for SLP3-4, 

clearly showing a correlation between headgroup charge and the size of oligomers, i.e., 

oligomers with two glutamates in the headgroup are considerably larger than those with 

three glutamates. Knowing that nucleation events only happen in a minority of the oligomer 

populations14, 35. Therefore, although this analysis does not allow us to distinguish between 

larger oligomers and the early nucleated structures (particularly the 0.1-1µm2/s SLP1 

population in Figure 2c), as they fall in the same size range, we were able to validate our 

hypothesis that headgroup charges determine the size distribution of the oligomeric 

particles.  
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Mesoscale structure of SLP assemblies characterized by microscopy. Next, we 

investigated the downstream effect of the differences in the size of oligomeric particles and 

β-sheet propensities on the supramolecular self-assembly. One of the pivotal events in 

defining supramolecular self-assembly is whether nucleation has taken place or not. This 

can be identified by the mesoscale structures of the assemblies after a certain time of 

incubation, e.g., the formation of 1D nanostructures is indicative for nucleation has taken 

place. We used negative-staining Transmission Electron Microscopy (TEM) and Atomic 

Force Microscopy (AFM) to compare SLPs that were assembled under the same 

preparation protocol (4mM, pH 7.4 in PBS for 3 days). We could indeed detect markedly 

different mesoscale structures in these SLP systems (Figure 3a; Figure S1). While SLP1-3 

formed 1D nanofibers (~10nm in diameter, >1000nm long), we observed polydisperse 0D 

 

Figure 3. Microscopy images of SLP assemblies and solid-state NMR-derived population profiles. a) 

Negative staining TEM (left panel) and AFM images (right panel) showing the assembled structures of SLP1-4. 

1D nanofibers are formed with SLP1-3, indicating nucleation events have taken place. Only 0D nanostructures are 

observed in SLP4, indicating no nucleation event has taken place. b) Population profiling of SLP assemblies by 

solid-state NMR spectroscopy. The dipolar cross‐polarization (CP) spectra report on rigid 1D nanofibers, and the 

scalar INEPT spectra report on mobile species (micellar oligomers and monomeric SLP). The dipolar spectra were 

normalized (scaling factors of 10 and 25 for SLP2 and SLP3, respectively), while the intensity in scalar spectra 

directly reflects on the mobile population in the system. The spectra were measured at 500 MHz (1H-frequency), 

10 kHz magic angle spinning (MAS), and 280 K sample temperature. 
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nanostructures for SLP4 (diameter of 10-60nm). Based on these mesoscale evidences, we 

can deduce that nucleation occurred in SLP1-3, however not in SLP4.  

 

Determination of population size of fibril and non-fibril assemblies by solid-state 

NMR spectroscopy. As a next step, we hypothesized that higher-resolution methods might 

disclose further differences in the properties of the SLP assemblies. To examine our 

hypothesis, we profiled the SLP1-4 assemblies using solid-state NMR (ssNMR) 

spectroscopy. Using the same conditions (4mM, pH 7.4 in PBS for 3 days), we acquired so-

called dipolar cross‐polarization (CP) ssNMR spectra and so-called scalar INEPT ssNMR 

spectra on isotopically (13C, 15N) labeled SLP assemblies (see Materials and Methods), 

which enables to quantify rigid and mobile populations of peptide assemblies in the 

systems36 (Figure 3b). While dipolar signals report on immobilized peptides in 1D 

assemblies, scalar spectra report on peptides with fast pico-to-nanosecond dynamics, which 

can either be monomeric peptides or micellar oligomers17, 32. We specifically labeled 

residues in the hydrophobic tail (Val1-2 and Leu6-7) responsible for the self-assembly. In 

line with the mesoscale differences observed by microscopy (Figure 3a), ssNMR showed 

stark differences in the population profiles of SLP1-3 and SLP4 (Figure 3b). SLP1-3 

showed sizeable dipolar signals, indicating that a considerable number of peptides formed 

immobile assemblies, whereas dipolar signals were absent for SLP4, in line with the 

absence of 1D nanofibers for SLP4. A closer inspection into the population profiles of 

SLP1-3 revealed a noticeable difference in the dipolar and scalar signals between SLP1-3. 

The intensity of the dipolar spectra correlates with the amount of rigid cross-β structure 

present in the system. We observe that the intensities of the dipolar signal of SLP1 are 

larger than SLP2 (normalization scaling factor of 10, Figure 3b) and SLP3 (normalization 

scaling factor of 25, Figure 3b), which indicate that the relative fibrillization yield of 

SLP1>SLP2>SLP3. Besides, the scalar signals were higher for SLP2-3 than SLP1, which 

means that SLP2-3 has more mobile peptides than SLP1.  

Furthermore, ssNMR signals are sensitive reporters of the peptide conformation in the 

assemblies28, 36. We assigned 15N and 13C signals and amino protons in the assembled SLP1 

system using 2D 13C-13C PARIS37, 2D CαN, and 1H-detected 2D Cα(N)H experiments in 

combination with peptides in which only residues Val2 and Leu6 were isotope-labeled. 

These assignments unambiguously show that assembled peptides adopt β-strand 

configuration while the mobile population in the system is unstructured (Figure 4c).  
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Reconstruction of fibril models. Next, we sought to elucidate how these molecular 

variations can affect the thermodynamic properties of the fibril assemblies. Inspired by a 

previous computational approach38, we built models of the SLP fibrils and validated them 

with the help of X-Ray Diffraction (XRD) and ssNMR spectroscopy. SLP1-3 fibers exhibit 

typical cross-β X-ray diffraction (XRD) pattern, showing reflections at ~4.7 and 9-11 Å 

 

Figure 4. Structure determination of the basic building blocks of the SLP fibers. a) Superposition of 2D 

ssNMR PARIS 13C-13C spectra of 13C,15N-(Val1, Val2, Leu6, Leu7)-labelled SLP1 acquired with 50 (gray) and 

700 ms (magenta) magnetization transfer. Intra- and intermolecular correlations are labeled in black and blue, 

respectively. The spectrum with 700 ms magnetization transfer time was acquired with a CPMAS CryoProbe 

(Bruker Biospin). b) Interresidual magnetization transfer from Val1/Val2 to Leu6/Leu7 observed in the 2D 13C-13C 

ssNMR spectrum relates to intermolecular contacts between antiparallel β-strands. Distances are Cα–Cα spacings. 

c) SSNMR CαCβ secondary chemical shifts show that the hydrophobic tails adopt a β-strand conformation in the 

SLP1 nanofiber, similar for SLP2 and SLP3 fibers60. d) SSNMR structure of the SLP1 dimer in the 1D nanofiber. 

A superposition of the three best structures is shown (backbone RMSD of 1.11 Å). Oxygen-atoms of the anionic 

C-termini are highlighted as red spheres.  
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(Figure 5c). Since XRD (sharp reflection at 4.7 Å in XRD) and ssNMR show that SLP1-3 

share the same interstrand features (Figure 3b), we used SLP1 to represent elucidating the 

inter-β-strand configuration. We acquired a 2D 13C-13C PARIS ssNMR spectrum with a 

long magnetization transfer time of 700 ms that probes distances between 13C nuclei with a 

threshold of ~8 Å. Given that the Cαi-Cαi+5 distance within the same β-strand is 15-18 Å 

and hence markedly beyond the ssNMR distance threshold, our labeling scheme can 

conclusively distinguish parallel or antiparallel alignment of β-strands (Figure 4b). 

However, measuring intermolecular contacts between the peptides in our dilute 

experimental concentration (4 mM) is a serious sensitivity challenge, and increasing the 

sample concentration was not possible because it could alter the kinetic pathway of fibril 

assembly. To this end, we used a CPMAS CryoProbe prototype (BioSolids CryoProbeTM, 

Bruker Biospin)39 that markedly enhanced spectral NMR sensitivity. With this advanced 

experimental setup, we were able to observe a large number (>50) of intermolecular 

peptide-peptide contacts and could unambiguously establish an antiparallel alignment of β-

strand in the fibers (Figure 4a,b). Interestingly, while Leu6 showed intermolecular NMR 

correlations with all aliphatic carbons of Val1 and Val2, some intermolecular correlations 

were absent for Leu7. This suggests that the β-strand tails form interdigitated antiparallel 

arrangements from which the charged headgroups stick out in order to minimize 

electrostatic repulsion.28 The antiparallel, interdigitated dimer configuration was confirmed 

by NMR structure determination (Figure 4d), for which we used NMR distance restraints 

and dihedral restraints40. The antiparallel alignment was also in line with 15N R1rho 

measurements that probe the slow microsecond dynamics of the assembly (Figure S4). 

While the β-strand residues Val1-Leu7 are generally highly rigid, residue Leu7 showed 

modestly enhanced dynamics, in line with the charge-flanking residue effect observed in 

antiparallel β-sheet arrangement previously28.   

Next, we built structural models of the SLP fibrils. Therefore, based on the established 

interstrand configuration, we arranged side chain faces of different hydrophobicity 

following the blueprint outlined from previous statistical mechanical model29, 30 (Figure S5) 

and built MD fibril models composed of 36 peptides for each of SLP1-3 (Figure 5a, S6). 

Each fibril model was simulated for 100ns. Fibrils remained stably associated over the 

entire trajectory. In agreement with previous reports, a left-handed twist was observed for 

all three fibril models due to the chirality of the constituting L-amino acids (Figure 5b, 

S6)29, 30. The RDF of the inter-backbone distances were calculated from the fibril model and 

cross-validated with XRD results. The RDF and XRD results are in mutual agreement, 

showing a signal peak at ~4.7 and 9-11 Å (Figure 5c, 5d). The good match between several 

experimental results and our MD model strongly corroborates the validity of our fibril 

models.  
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Thermodynamic stability assessment by steered MD simulations. As a next step, we 

evaluated the thermodynamic stability of the fibril models using Steered MD (SMD) 

simulations. Analogously, we also determined the thermodynamic stability of the oligomer 

structures. In these pulling simulations, an external mechanical force is applied to one SLP, 

which is then dragged from an aggregate core. With this approach, we derived a potential of 

mean force (PMF) profile, which is a good representation of the dissociation energy (fibril: 

∆Gd, oligomer: ∆Gd') 49. Since the choice of the pull-out SLP within the molecular model 

determines the resultant PMF profiles, we chose one random-coil forming SLP and one β-

sheet SLP (Figure 6a, S7). Each pull-out SLP was dragged along the x-direction (the 

reaction coordinate r) for 90 Å, while the application of a harmonic force constrained the 

other 35 SLPs. These results show that it takes ~3 fold more energy to pull one SLP out 

from the fibril structure than from the oligomer structure (Figure 6a, S8). This means that 

fibril structures are much more stable configurations than the oligomer. For the fibril 

models, the increased headgroup charge in SLP3 caused a reduction in ∆Gd and less fibril 

stability compared to SLP1,2. For the oligomer models, however, the charge differences in 

the peptide headgroups did not cause large differences in the ∆Gd '. Since the magnitude of 

 

Figure 5. Fibril models derived from MD simulations. a) Representative atomistic manually built model of the 

starting fibril configuration with antiparallel SLPs. SLPs within a β-sheet is 5Å apart, and 10Å is the orthogonal 

distance between SLPs. b) Representative final configuration of the equilibrated molecular models after 100 ns of 

MD simulation. The chirality of the L-amino acids leads to a left-handed twist, as is observed in the SLP models. 

c) XRD pattern of the SLP1-3 fibrils. The reflection at ~4.7 and 9-11 Å represent the signatory of the cross-β 

diffraction pattern. d) Radial Distribution Function (RDF) of the backbone-backbone distance calculated from the 

final MD configuration of SLP fibrils. In agreement with XRD, RDF also shows peaks at ~4.7 Å and 9-11 Å, 

demonstrating a good match between MD fibril models and experimental data. 
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the dissociation energy is an indicator for the thermodynamic stability of the 

supramolecular assemblies, these results suggested that an increasing number of charges in 

the headgroup caused more perturbations to the more ordered fibril structures than to the 

less ordered oligomer. We suspected that these differences were due to structural elasticity. 

The structural strain caused by increased electrostatic repulsion forces would be more 

detrimental to brittle rigid structures (fibrils) than flexible ones (oligomers). Such 

differences in structural elasticity are well supported by the strongly deviating sizes of the 

rigid and mobile equilibrium populations that we observed for SLP1-3 and SLP4 with the 

ssNMR experiments described above.  

 

The yield of nanofibers is moderated by the nucleation propensity in the oligomeric 

intermediates. After characterizing the properties of SLP at the oligomer and fibril states, 

we sought to search for the underpinning reason behind the differences in yield of peptide 

nanofibers between SLP1-4. It was suggested that the final yield of the peptide nanofibers 

is determined by their structural stability10. However, with the high thermodynamic stability 

of the peptide nanofibers, the amount of monomeric peptide dissociation from fibrils is 

typically negligible41. Indeed, we have observed that SLP1 and SLP2, although their fibril 

exhibits similar thermodynamic stability, they show markedly different amounts of fibril 

and non-fibril assemblies. We, therefore, rationalize the difference in yields of nanofibers 

between SLP1-4 is instead influenced by the properties of the oligomer intermediates. Due 

to the heterogenic nature of the oligomeric species, it was reported that nucleation only 

happens in a minority of the oligomers14. Furthermore, the nucleation probability is 

correlated with the size of the oligomers, in which the chance of nucleation increases with 

the oligomer size17, 35. Indeed, we observed that SLP1-2, which forms larger-sized 

oligomers than SLP3-4, also gives higher nanofibers yields (Figure 3b). Besides, the 

nucleation probability is also influenced by the conformation propensity of the SLPs, which 

more β-sheet prone SLPs have a higher chance of forming cross-β nucleates. Therefore, for 

the SLPs that bear the same headgroup charges, we consistently observed a higher yield of 

nanofibers for those with more β-sheet prone tail groups, i.e., SLP1>2 and SLP3>4 (Figure 

3b).  

Our findings advance our fundamental understanding of the molecular design principles of 

SLPs (and self-assembling peptides in general) to tailor their properties for various 

applications (Figure S9). For applications requiring that SLPs stay in dynamic form, e.g., 

the solubilization of membrane proteins, one should upper the charges and lower the β-

sheet propensities of SLPs to prevent fibrillization we demonstrate it for SLP4. In contrast, 

for applications requiring the fibril infrastructure, e.g., therapeutic scaffolds2-4, one should 

engineer the SLP with higher β-sheet propensities and lower charges to maximize the yield 

of fibril structures (like SLP1). In addition, for applications that use 1D nanofibers as a 

reservoir for hydrophobic drug release42, the micellar oligomer co-present in the system can 

affect the overall drug release profile. At last, with respect to protein aggregation, previous 

genome-wide sequence analysis revealed that in close proximity to the aggregation-prone 

β-strand regions in proteins, charged "gatekeeper" residues often prevent the β-strand 

sequences from aggregating43. Our current study implies that, besides preventing 
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aggregation, the charged protein gatekeeper sequences can also lower the chance of 

amyloid nucleation by lowering the oligomers' size. 

 

 

 

3. Conclusion  

The data presented here demonstrated, for the first time, the molecular strategy to modulate 

the yield of the supramolecular polymerization process. The effect of the molecular changes 

 

Figure 6. Control over the fibrillization yield by varying the oligomeric nucleation propensities of 

surfactant-like peptides. a) Potential of mean force (PMF) profiles of fibril (left) and oligomer (right) models 

along the reaction coordinate r derived from Steered MD (SMD) simulations provide information on the 

thermodynamic stability of fibril and oligomer structures. Increasing the number of charges of the headgroups 

reduced the fibrils' structural stability; however, not in the oligomers. A representative SMD trajectory is shown 

under each graph, during which a SLP monomer is dragged from the core of the oligomer and fibril model for 90Å 

along with r.  b) Graphical representation of the proposed mechanism leading to the different yields of nanofibers 

between SLP 1-4. The size distribution of the oligomeric intermediates is controlled by the number of headgroup 

charges, in which the less charged SLPs form a bigger sized oligomer (2 on the left) and the more charged SLPs 

form smaller sized oligomers (2 on the right). Between the SLPs with the same charges, the fibrillization 

propensity is modulated by the β-sheet propensities of the tail group, with the SLP of higher β-sheet propensities 

giving higher yields of fibrils, i.e., SLP1>2 and SLP3>4. 
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on the size distribution of the oligomeric particles and the thermodynamic stability of the 

fibrils are also evaluated, which helps define the mechanism leading to the differential 

polymerization yield. Thereby, our study enhances our understanding of the important role 

of oligomeric intermediates in defining the outcome of self-assembly systems and advances 

the rational design principles of self-assembling peptides that give different supramolecular 

properties for a wide latitude of applications2-4, 42, 44. Moreover, our findings suggest that 

charged protein gatekeeper sequences43 can prevent amyloidosis by lowering the size of the 

oligomeric particles. This knowledge will be instrumental in the design of strategies to 

prevent amyloidosis.  

 

4. Methods 

Materials. Preloaded Fmoc-Glu(Otbu)-Wang resin was purchased from Novabiochem 

GmbH (Hohenbrunn, Germany), 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU) and 9-fluorenylmethyloxycarbonyl (Fmoc)-protected amino 

acids, and trifluoroacetic acid (TFA) were purchased from Iris Biotech (Marktredwitz, 

Germany). Peptide grade N-methyl-2-pyrrolidone (NMP), dichloromethane (DCM), 

piperidine, N,N-diisopropylethylamine (DIPEA), and HPLC grade acetonitrile were 

purchased from Biosolve BV (Valkenswaard, Netherlands). 1-hydroxy-benzotriazole 

hydrate (HOBt), triisopropylsilane (TIPS), BioUltra grade ammonium bicarbonate, and 

sodium bicarbonate were purchased from Sigma-aldrich Chemie BV (Zwijndrecht, 

Netherlands). 13C,15N-labelled Fmoc-amino acids were purchased from Cortec-net (Les 

Ulis, France). 

 

Bioinformatic analysis. To predict the aggregation and fibrillization propensity of the 

designer SLPs, statistical thermodynamics algorithm, TANGO31, and position scoring 

matrices WALTZ27 were used to calculate the respective scores (available at 

http://tango.crg.es/tango.jsp and http://waltz.switchlab.org/). 

 

Solid-phase peptide synthesis and characterization. The SLP was synthesized using a 

standard Fmoc solid phase peptide synthesis using a Symphony peptide synthesizer 

(Protein Technologies, US). NMP was used as the coupling and washing solvent for the 

whole synthesis process. For each coupling step, Fmoc-amino acids were activated by 4eq 

HBTU/HOBt and 8eq DIPEA to react with the free N-terminal amino acids in the resin for 

one hour. After each coupling step, the Fmoc group was removed by four-fold treatment of 

20% piperidine for ten minutes. TFA/water/TIPS (95/2.5/2.5) was used to simultaneously 

cleave the peptide off the resin and remove the side chain protecting groups. Peptides were 

purified by Prep-HPLC using Reprosil-Pur C18 column (10 μm, 250 × 22 mm) eluted with 

water-acetonitrile gradient 5% to 80% acetonitrile (10mM ammonium bicarbonate) in 40 

minutes at flow-rate of 15.0 ml/min with UV detection at 220 nm. Purity was confirmed to 

be >90% by analytical RP-HPLC using Waters XBridge C18 column (5µm, 4.6 x 150mm) 

eluted with water-acetonitrile gradient 10% to 80% ACN (10mM ammonium bicarbonate) 

in 20 minutes at a flow rate of 1.0 ml/min and UV detection at 220 nm. Mass spectrometry 

(MS) analysis was performed using ESI-LC/MS instrument (Note S1-8). 

http://tango.crg.es/tango.jsp
http://waltz.switchlab.org/
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Peptides for Cy5 modification were synthesized as described above with the addition of one 

lysine to the C-terminus. Peptides were then dissolved in 0.1M sodium bicarbonate solution 

(pH 8.3), and Cy5 NHS ester (10 eq in 1/10 volume of DMF) was added and incubated 

overnight. Cy5 conjugated peptides were purified by Prep-HPLC. Mass spectrometry (MS) 

analysis was performed using the ESI-MS instrument (Note S9-12).  

 

Sample preparation. Peptide assemblies were prepared by dissolving peptide powders in 

nine volumes of 10mM sodium hydroxide in a 1.5ml Eppendorf tube. One volume of 

phosphate-buffered saline (10X) was added to make a sample of pH7.4±0.2 and a final 

concentration of 4mM. The solution was vortexed for 5 seconds and incubated statically for 

three days at room temperature before proceeding for measurements. 

 

X-ray diffraction (XRD). XRD measurements were carried out on a Bruker-AXS D8 

Advance powder X-ray diffractometer in Bragg–Brentano mode equipped with an 

automatic divergence slit (0.6 mm 0.3 °) and a PSD Våntec-1 detector. The radiation used 

was Co-Kα1,2, λ = 1.79026 Å, operated at 30 kV, 45 mA. 

 

Negative-staining TEM. Samples prepared at 4 mM were diluted ten-fold with 1× PBS. 

Formvar/carbon-coated 400 mesh copper grid (Polysciences Inc.) was placed on top a 

droplet of 20 μL of diluted samples. After 2 min incubation, the grid was washed three 

times with 0.2 μm filtered mili-Q water and blotted dry with filter paper. Negative staining 

was performed for 1 min with 2% w/v uranyl acetate in water. The staining solution was 

blotted off with filter paper. Samples were imaged on a Tecnai 20 transmission electron 

microscope (FEI, Eindhoven, the Netherlands) equipped with a 4 K square pixel Eagle 

CCD camera (FEI, Eindhoven, the Netherlands) operated at 200 kV accelerating voltage. 

 

Atomic force microscopy (AFM) imaging. AFM micrographs were recorded using a 

Bruker MultiMode 8 (ScanAsyst Air silicon nitride probes, spring constant 0.4 N/m, 

nominal tip radius 2 nm) and post-processed by a plane subtraction and line alignment. 

Three different spots (one in the main text, two in Figure S3) were measured on the sample 

to confirm uniformity and get a comprehensive view of the sample's features. 

 

Fluorescence Correlation Spectroscopy. Fluorescence time traces were obtained by 

focusing a 640 nm laser line through a water immersion objective lens (60x Plan Apo VC, 

N.A. 1.2, Nikon, Japan) at ~50 µm above the bottom of the glass-bottom 96-well plate 

(Grainer Bio-one, Frickenhausen, Germany). The measurement concentration was 1µM 

Cy5-SLP in 4mM of unlabeled SLPs, PBS (pH7.4). After 5 minutes of preparatory work, 

50 µl of the sample was measured with a confocal microscope (Nikon C1). A photon-

counting instrument (PicoHarp 300, PicoQuant) was used to record time traces by binning 

the photon counts in intervals of 600 s. Autocorrelation curves were fitted by using Quickfit 

3.045 using three-dimensional diffusion with a triplet as described below: 
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where 𝜏 represents lag time, 𝜏𝐷𝑖 is the diffusion time of the sample component, and γ is the 

aspect ratio of the focal volume (~6 for the common confocal microscope), N is the number 

of discretization steps to sample the maximum entropy distribution (MEM), 𝛼𝑖 is the 

relative amplitude of the component. The MEM methodology works towards the 

maximization of Shannon-Jaynes entropy (S), which is defined as 

𝑆 = −∑𝜌𝑗 ln 𝜌𝑗

𝑁

𝑗=1

 

where 𝜌𝑗 represents the probability of detecting a component in the confocal volume. 

𝜌𝑗 =
𝛼𝑗𝜏𝐷𝑗

∑ 𝛼𝑖𝜏𝐷𝑖

𝑁

𝑖=1

 

The diffusion coefficient D is derived from: 

𝐷 =
𝑤𝑥𝑦
2

4𝜏𝐷
 

where wxy is the lateral radius of the focal volume. wxy was calibrated with a solution of 

Alexa-647 (D=330 μm2/s at 25 °C), giving wxy~300 nm. 

 

Solid-state NMR Spectroscopy. 1D cross-polarization46 and scalar47 ssNMR experiments 

to probe rigid and mobile populations, respectively, were acquired at 11.7 T magnetic field 

(500 MHz (1H-frequency) with 10 kHz magic angle spinning (MAS) and 280 K sample 

temperature. 2D 13C-13C and 2D CαN for peptide assignments were also performed at 

similar conditions37. 2D Ca(N)H experiments for 15NT1rho relaxation studies were 

performed at 950 MHz magnetic field strength with 60 kHz . 13C was detected in the 

indirect dimension because of spectral overlap in the 15N dimension. The 2D 13C-13C 

PARIS37 experiment with the CPMAS CryoProbe39 to measure intermolecular peptide 

contacts was performed at 600 MHz and 12 kHz MAS using 700 ms magnetization transfer 

and a 1H recoupling amplitude of 6 kHz. 

 

NMR structure determination. An NMR structure of the SLP1 dimer was obtained using 

HADDOCK version 2.448 using default parameters. In total, we used six NMR chemical 

shift-derived40 dihedral angle restraints and sixty intermolecular NMR distance restraints. 

The resulting dimer structure was very well-defined and scored all within the same cluster. 

 

MD simulations 

Coarse-grained (CG) MD simulations were performed with the Martini force field version 

2.249 and GROMACS 5.0.450. 36 SLPs were randomly immersed into a box with water 

beads to which 140 mM of NaCl was added (including neutralizing counterions). The 

systems were energy minimized and simulated for 3µs (150,000,000 steps of 25fs) using 
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standard settings for nonbonded interactions in an NPT ensemble with periodic boundary 

conditions. Simulated systems were weakly coupled to a pressure bath at 1 bar (τp = 3 ps) 

and coupled to a heat bath of 300 K temperature (τT = 1.0 ps) using Berendsen algorithm51. 

Since Ile and Leu share the same CG beads in the Martini force field, SLP1-2 and SLP3-4 

share the same CG models. The secondary structure of the SLPs was assigned as a random 

coil with the martinize.py script. Random coil secondary structures were used in CGMD 

simulations to represent the initial steps of self-assembly. Polar P4 backbone beads were 

used to represent the N-terminal acetylate group. The final trajectories were transformed52 

to the atomistic coordinates and subject to the atomistic simulation. 

Atomistic MD simulations were performed with the g53a6 force field53 in GROMACS 

5.0.450. The fibril and oligomer models were first immersed into a box of a simple point 

charge (SPC) water54 to which 140 mM of NaCl (including neutralizing counterions). The 

systems were energy minimized, then equilibrated for 100 ps in NVT ensemble at 300 K 

using V-rescale thermostat55. After that, 100 ps of NPT equilibration were performed at 1.0 

bar using Parrinello–Rahman barostat56. Finally, the systems were simulated for 100 ns 

without restraints. The trajectories are available as Supplementary Data 1. 

 

Steered MD simulation. Steered MD simulations were performed with the g53a6 force 

field53 in GROMACS 4.5.550. The equilibrated (100ns) structures from the atomistic MD 

simulation were transferred to larger rectangular boxes of SPC water, to which 140 mM of 

NaCl was added (including neutralizing counterions). The systems were energy minimized, 

then briefly equilibrated for 100ps in NVT ensemble at 300 K, followed by 100 ps in an 

NPT ensemble at 1.0 bar. After that, 200 ps of NVE ensemble was performed with position 

restrained peptides to optimize the charged side-chain orientations. Following the NVE 

equilibration, 1 SLP was pulled-out from the core of each structures along x-coordinate 

using a force constant of 1000 kJ mol-1nm2 and pull-rate of 0.01 nm ps-1. The other 35 SLPs 

were constrained by applying a harmonic force along the x-direction. The measurements of 

force and displacement of individual trajectories were saved every 10 fs. From these 

recorded trajectories, we derived the potential of mean force (PMF) profiles using 

Jarzisky's equality57, 58. The trajectories are available in Supplementary Data 1. 

 

5. Data availability 

The MD trajectories used in this study are available as Supplementary Data 1. Other related 

data that support the findings of this study are available from the corresponding authors 

upon reasonable request. 

 

6. Code availability 

WALTZ and TANGO are freely accessible for academic and non-profit users at 

http://tango.crg.es/tango.jsp and http://waltz.switchlab.org/. QuickFit 3.0 is freely 

accessible for academic and non-profit users at https://github.com/jkriege2/QuickFit3. 
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Table S1: TANGO and WALTZ scoring 

To predict the aggregation and fibrillization propensity of the designer SLPs, the statistical 

thermodynamics algorithm TANGO and the position scoring matrices WALTZ were used 

to calculate the respective scores (available at http://tango.crg.es/tango.jsp and 

http://waltz.switchlab.org/). 

 

A) SLP1: Ac-VVVTILLEE-COOH 

Sequence Ac V V V T I L L E E 

TANGO 0.00 96.23 98.61 98.89 98.69 98.69 74.31 27.73 0.00 0.00 

WALTZ / 97.66 97.66 97.66 97.66 97.66 97.66 97.66 / / 

 

 

B) SLP3: Ac-VVVTLLLEE-COOH 

Sequence Ac V V V T L L L E E 

TANGO 0.00 94.98 97,33 97.41 97.41 97.41 73.34 27.36 0.00 0.00 

WALTZ / 86.29 86.29 86.29 86.29 86.29 86.29 86.29 / / 

 

C) SLP2: Ac-VVVTILLEEE-COOH 

Sequence Ac V V V T I L L E E E 

TANGO 0.00 96.34 99.03 99.17 99.17 99.17 83.80 54.44 0.00 0.00 0.00 

WALTZ / 97.66 97.66 97.66 97.66 97.66 97.66 97.66 / / / 

 

 

D) SLP4: Ac-VVVTLLLEEE-COOH 

Sequence Ac V V V T L L L E E E 

TANGO 0.00 95.55 98.21 98.36 98.36 98.36 83.11 53.99 0.00 0.00 0.00 

WALTZ / 86.29 86.29 86.29 86.29 86.29 86.29 86.29 / / / 

 

 

 

 

 

 

 

http://tango.crg.es/tango.jsp
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Figure S1. Fine-grained micellar oligomers MD models. Final trajectory of 100ns AAMD simulation after back 

transformation1 from CGMD simulation.  
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Figure S2. Radial Distribution function (RDF) between Center of Mass (CoM) of tail/headgroup of SLP 

oligomers and water. RDF functions of CoM of tail/headgroup and water is plotted for the final trajectory of fine-

grained MD structures reported in Figure S1. It confirms the micellar arrangement in oligomers---tail clusters were 

desolvated, headgroups remained solvated. 
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Figure S3. Atomic force microscopy (AFM) imaging. Freshly cleaved mica wafer was incubated for 5 min with 

5 times diluted poly-L-lysine solution (150-300 kDa, 0.1%, Sigma-Aldrich, St. Louis, MO) and subsequently 

washed three times with MQ water. 4mM of peptide solution were diluted tenfold with PBS and a drop (50 μL) of 

the solution was deposited on the coated mica and incubated for 5 minutes. The mica was washed three times with 

500 μL of dH2O to remove salts and dried under a stream of nitrogen. AFM micrographs were recorded using a 

Bruker MultiMode 8 (ScanAsyst Air silicon nitride probes, spring constant 0.4 N/m, nominal tip radius 2 nm) and 

post-processed by a plane subtraction and line alignment. Three different spots were measured on the sample to 

confirm uniformity and get a comprehensive view of the sample’s features.  
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Figure S4. Site-resolved 15N R1rho ssNMR dynamics of the SLP1 fibril. Site-resolved 15N R1rho ssNMR 

dynamics of assembled SLP1 acquired at 60 kHz MAS and 950 MHz magnetic field (22.3 T 1H frequency). While 

the very slow relaxation shows that the β-structured residues are tightly assembled, the enhanced dynamics of 

Leu7 is in line with an interdigitated alignment in which the anionic C-terminus protrudes from the assembly. 

Spectra were measured with 2D 13C(15N)1H experiments. The detour via the 13C-dimension was necessary due to 

spectral overlap of NH correlations. 
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Figure S5 Side chain interface assignment. Molecular representation of two chemically anisotropic inter-side 

chain interfaces assigned for SLP1-3. Averaged hydrophobicity per amino acid and hydrophobicity per single 

cross-sectional face were calculated as the averaged value of free energies (ΔG, kcal/mol) for transferring specific 

amino acid from water to n-octanol (woct)2. 
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Figure S6 Final (100ns) configuration of the equilibrated fibril molecular models. The chirality of the L-

amino acids leads to left-handed twist observed in the SLP models. 
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Figure S7 Final trajectory snapshot of Steered MD simulation for SLP fibril structures. One β-sheet SLP 

was dragged from the core of the fibril models along the reaction coordinate r for 90Å. 
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Figure S8 Final trajectory snapshot of Steered MD simulation for SLP oligomeric structures. One random-

coiled SLP was dragged from the core of the oligomer models along the reaction coordinate r for 90Å. 
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Figure S9 Cell viability of exposing SLP assemblies at biological relevant concentration. A431 cells (5000 

cells/well) were exposed to SLP assemblies at a range of concentration (0.3125-20 µM) or phosphate buffered 

saline (1X, control) for 24 hours. The cell viability was then assessed with an MTS assay (absorbance at 490nm 

after 2 hours incubation). Results indicates that the working concentration for SLP 1-4 assemblies are 

recommended to be ≤0.625µM. Values representative as average of a triplicate (mean ± SEM). 
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Supplementary Note 1-12: HPLC-MS traces of synthesized SLPs 

Note S1. SLP1: Ac-VVVTILLEE-COOH  

Analytical RP-HPLC  

 

MS 

 

Note S2. SLP2: Ac-VVVTLLLEE-COOH  

Analytical RP-HPLC 

 

MS 
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Note S3. SLP3: Ac-VVVTILLEEE-COOH  

 

Analytical RP-HPLC  

 

MS 

 

 

Note S4. SLP4: Ac-VVVTLLLEEE-COOH 

Analytical RP-HPLC  

 

MS 

 

 

 

 

 

 

 

 

A
U

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

2.20

2.40

Minutes

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00 25.00

A
U

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

1.80

2.00

2.20

2.40

Minutes

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00 18.00 19.00 20.00 21.00 22.00 23.00 24.00 25.00



Control over the fibrillization yield by varying the oligomeric nucleation propensities 

of self-assembling peptides 

 

81 

 

Note S5. SLP1: Ac-VVVTILLEE-COOH (isotopic 13C, 15N labeling) 

Analytical RP-HPLC  

 

MS 

 

 

 

Note S6. SLP2: Ac-VVVTLLLEE-COOH (isotopic 13C, 15N labeling) 

Analytical RP-HPLC  

 

MS 
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Note S7. SLP3: Ac-VVVTILLEEE-COOH (isotopic 13C, 15N labeling) 

Analytical RP-HPLC  

 

MS 

 

 

 

Note S8. SLP4: Ac-VVVTLLLEEE-COOH (isotopic 13C, 15N labeling) 

Analytical RP-HPLC  

 

MS 
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Note S9. SLP1: Ac-VVVTILLEEK(Cy5)-COOH 

MS 

 

 

 

Note S10. SLP2: Ac-VVVTLLLEEK(Cy5)-COOH 

MS 

 

 

 

Note S11. SLP3: Ac-VVVTILLEEEK(Cy5)-COOH 

 

MS 

 

 

 

Note S12. SLP4: Ac-VVVTLLLEEEK(Cy5)-COOH 

 

MS 
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Abstract  

 

It has been shown in a variety of studies that peptide nanofibers are formed via hierarchical 

supramolecular assembly. The hierarchical organization of peptide nanofibers determines 

fiber morphology, which is critical for their biomedical applicability. In this study, we char-

acterize the supramolecular organization of the nanofibers formed by self-assembly of a de-

signer surfactant-like peptide (SLP 1) using cryo-EM analysis. We observed that SLP1 nan-

ofibers displayed low twisting in physiological buffer (1XPBS, pH7.4, room temperature), 

which hinders the 3D reconstruction of the nanofibers using standard cryo-EM analysis. 

Taking a guide of the 2D class averages, we succeeded in unveiling the protofibril and fi-

brous organization for the SLP1 nanofibers. Furthermore, we highlight the possible cause 

of the low twisting of SLP1 nanofibers in light of the unveiled structural organization. Our 

findings offer guidance on the application of SLP1 nanofibers for tissue engineering and 

drug delivery purposes.   
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1. Introduction  

Peptide nanofibers are formed via hierarchical supramolecular assembly1. The structural or-

ganization of peptides in the nanofibers is driven mainly by side-chain (van der Waals’ 

forces) and backbone (hydrogen bonding) interactions1-3. The formation of peptide second-

ary structures (α-helix, β-sheet) is the first step in directing the structural organization pro-

cess. For peptide nanofibers, cross-β structures are the most prevalent structures, which is 

specified by the orthogonal X-ray diffraction pattern at ~4.7Å (inter-β-strand) and 10Å (in-

ter-β-sheet). To arrive at the final energetically stable (kinetically trapped) fiber structure4, 

peptides assemble via a few metastable kinetic intermediate states rather than following a 

spontaneous thermodynamic process5. Once dissolved in water, peptides are entropically 

driven to form dynamic oligomeric particles, of which the majority of them are dissociated 

back into a monomeric state5. For the fibrilizing peptides, the dehydrated internal environ-

ment of the oligomeric particle cultivates the formation of cross-β nucleates 6. After such 

cross-β nucleates are formed, the fibrous peptide structures are organized in the following 

hierarchical pathway: protofilaments are first assembled through nucleation-elongation of 

the cross-β nucleates; subsequently, protofibrils are formed through the lateral association 

of the protofilaments; the final fibrous structures are formed via the longitudinal association 

of the protofibrils1. 

Peptide nanofibers are used for biomedical applications such as drug delivery and tissue en-

gineering. For example, high aspect ratio nanostructures containing bioactive moieties for 

cell adherence are employed as scaffolds for tissue engineering or delivery systems for anti-

gen epitopes7. The viscoelastic nature of the fibrous network can be chemically attenuated, 

resulting in a mesh that resembles the extracellular matrix (e.g., stiffness of 200–5000Pa re-

sembling the ECM of brain and skin8, 9). Previous studies reveal that bioactive moieties can 

be incorporated into the peptide nanofibers in a modular fashion, bringing better bio-resem-

blance. Moreover, recent studies suggest that the spatial presentation of the bioactive moie-

ties can influence the mechanotransduction of the cell embedded in the scaffold based on 

peptide nanofibers10. This suggests that the alteration in fiber morphology (e.g., helicity), 

which dictates this spatial orientation, can significantly alter the functionality of peptide 

nanofibers.   

With recent developments of cryo-EM analysis, we can now study the polymorphic struc-

tures of peptide nanofiber with close to atomic resolution under near-native conditions. The 

hierarchical structures of several amyloid fibers are successfully characterized using this 

technique11, 12, which offers us great insight into the complexity of the hierarchical process. 

For instance, the twist handedness of peptide nanofibers can be counteracted by the hierar-

chical process to generate nanofiber with a right-handed twist12. Recently, several molecu-

lar approaches have been reported for modulation of the fiber morphology13-15. However, 

the inter-relationship between molecular variations and the resultant supramolecular organi-

zation of the nanofibers at the protofibril and fibrous level remains largely elusive. 16 In the 

present work, we study the hierarchical fibrous structures assemble from a surfactant-like 

peptide (SLP1: Ac-VVVTILLEE-COOH) using cryo-EM analysis. Since the protofilaments 

arrangement of SLP1 has been studied previously17, our focus is on the organization of pro-

tofilaments and fibrous organization in the SLP1 nanofibers.  
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2. Results and Discussion 

Low-twisted nanofiber assembled at physiological buffer. Physiological buffers, such as 

phosphate-buffered saline (PBS), were frequently employed as solutes for biomedical appli-

cations of peptide nanofibers. In agreement with our previous report17, cryo-EM images 

showed that SLP1 assemble into fibrous structures when dispersed in PBS (Figure 1). Inter-

estingly, the SLP1 nanofibers displayed a much lower twist and had a considerably larger 

helical pitch (3200±200 Å, N=50) than the amyloid fibril structures reported in the litera-

ture, which generally have a much smaller helical pitch (<500 Å)11. 

   

 

 

 

 

 

 

 

 

Data Collection 

Ac-VVVTILLEE-COOH 

Magnification x130,000 

Defocus range (µm) -1.0 to -3.0 

Voltage (kV) 300 

Microscope Krios 

Camera K2 Summit 

Frame exposure time (s) 0.15 

# movie frames 38 

Total electron dose (e-/Å-2) 50 

Pixel size (Å) 1.09 

Reconstruction  

Box size (pixel) 260 

Inter-box distance (Å) 26 

# segments extracted 234,613 

# segments after Class2D 230,025 

Resolution (Å) 3.97 
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Figure 1 Representative cryo-EM images of SLP1 nanofibers. The nanofibers displayed low helicity in the 

measurement condition (1XPBS). Two major 2D class averages were obtained from Relion. Each of the 2D clas-

ses displayed the same helical layer line profile, which demonstrates t that they represent different views of the 

same nanofiber. 

 

Cryo-EM image analysis. In a previous report, the supramolecular organization of a syn-

thetic peptide nanofiber RADA-16 was scrutinized using solid-state NMR16. Though this 

study provided the molecular details of the organization of the RADA-16 protofilaments, 

the applied characterization strategy did not offer much structural insight into the protofi-

brils and fibrous organization. To investigate the protofibril/fibrous organization of SLP1 

nanofibers, we proceeded to analyze the cryo-EM images using the statistical framework 

provided by REgularized LIkelihood OptimizatioN (RELION) 3.1. Using the helical recon-

struction function, we dissected the fibrous structures with an overlapping box size of 260 

Å. The 2D classification average showed a clear separation between the β-strand along the 

direction of the fibril axis. Additionally, we observed two major morphological classes 

within the 2D class averages, one class with a width of ~150 Å, another class with a width 

of 80 Å. This disparity in width suggested that they corresponded to different views of the 

fibrous structures: the flat and side view of the fiber. To confirm this, we performed the hel-

ical line profile analysis of these 2D classes. The helical line profile shows that the struc-

tures represented in these two 2D class averages shared the same interstrand distance of 5.0 

Å.  
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Figure 2 3D reconstruction of the SLP1 nanofiber using Relion. No β-strand separation was found in the 

reconstructed fibril models. 

 

Reconstruction of the hierarchical structure of peptide nanofibers. Next, we proceeded 

to perform 3D classification. Using the initi3D function, we generated a plausible starting 

fibril model for further analysis. However, after 2 rounds of 3D classification, we failed to 

observe β-strand separation in the fibril models, which is the benchmark for successful re-

construction (Figure 2). Further analysis suggested that such failure was due to the lack of 

view along with the cross-over pitch in the fibril. This was in good agreement with the 2D 

class averages, which shows only two major 2D classes.  

To overcome this challenge of low helicity of the nanofibers, one common approach is to 

induce more twists through buffer exchange18. However, most fibrous structures existed in 

a kinetically trapped state rather than being in thermodynamic equilibrium4. An abrupt al-

teration of the buffer can trigger changes in the overall architecture of the peptide nano-

fibers, such as different constituents of protofilaments18. The possibility of structural altera-

tion made the buffer exchange approach less suitable for this work. The aim here is to char-

acterize the SLP1 fibrous structure in the application state, i.e., in PBS. Therefore, to derive 

the hierarchical organization of the SLP1 nanofibers, we modeled our molecular placement 

with the help of two major 2D class averages observed. For hierarchical nanostructures, the 

stronger non-covalent interactions dictate the assembly of lower-level structures, while the 

weaker interactions are responsible for the higher level of structural organization1. Con-

cerning SLP1 nanofibers, we dissected the hierarchical molecular interactions in the follow-

ing way: protofilament assembly is driven by the cooperative backbone hydrogen bonding, 

and van der Waals interactions induced by hydrophobic side chain faces (Val1, Val3, Ile5, 

Leu7)1; the protofibrils organization involved the interaction between side-chain faces 

(Val2, Thr4, Leu6)1; finally, the fibrous organization involved the edge-to-edge β-strand in-

teractions. Using this organizational framework, we took a guide on the 2D class averages 
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to reconstruct the molecular model of SLP1 nanofiber. In the flat-view of the 2D class aver-

age, we observed lateral alignment of 12 β-sheets (Figure 1). Knowing that each protofila-

ment consisted of 2 β-sheets, we, therefore, assigned the protofibrils as composed of 6 pro-

tofilaments (Figure 3). Regarding the longitudinal association between the protofibrils, we 

observed two periodic structures in the side view of the 2D class averages (Figure 1). This 

suggests that the nanofiber structures consist of lateral association between two protofibrils 

(Figure 3). It is interesting to note that, though the flanking charged residues (glutamate di-

mers) were mutually repulsive, the longitudinal association could still be observed between 

the SLP1 protofibrils. One plausible explanation is the charge shielding effect caused by 

counterions presented in the buffer, which allows the association of protofibrils to take 

place.  

  

 
Figure 3 Molecular model of an SLP1 nanofiber reconstructed based on the 2D class averages. In the flat 

view 2D class (top), we observed lateral alignment of 12 β-sheets, which is consistent with the association of 6 

protofilaments. In the side view (bottom), we observed alignment of two periodic structures, which accounted for 

an association of 2 protofibrils 

 

Potential biomedical applications of SLP1 nanofibers. Having unveiled the structural de-

tails of the SLP1, we can conjecture the potential fitting biomedical applications for the 

SLP1 nanofibers. First of all, we show that the SLP1 nanofibers have a low helical twist. 

Knowing that the helical twist of nanofibers was responsible for limiting the infinite growth 

of nanofibers both in the lateral and longitudinal direction, the comparatively low twist of 

the SLP1 nanofibers indicated that SLP1 has a low propensity for driving unidirectional 

growth of supramolecular assemblies. This low incentive for unidirectional growth can be 

attributed to the lack of directional non-covalent interactions, such as π-π-stacking19 and 

electrostatic attractions20-22 in the side chain interface (van der Waals forces only). Besides, 

the counterion charge shielding of the mutually repulsive headgroup interactions also 

caused a lower incentive for the infrastructural twisting15, 23. Since nanofibers with low 

twisting can mechanically incur higher stem cell osteogenic potential through the activation 

of nuclear YAP10, SLP1 nanofibers are, therefore, a good candidate for tissue engineering. 

Secondly, for functionalizing SLP1 nanofibers with bioactive moieties that potentially in-

teract with cells, our structural analysis showed that half of the displayed bioactive moieties 
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will likely be buried in the core of the hierarchical fibrous structures. Since effective cell 

activation typically requires a regulated display of multiple bioactive moieties, our struc-

tural analysis can serve as a guide on deciding the optimal ratio of functionalized vs non-

functionalized SLP1 peptides for achieving optimal spacing. Thirdly, our structural analysis 

unveils that a hydrophilic pocket is present between two protofibrils. This hydrophilic chan-

nel can be potentially employed for the deposition of positively charged hydrophilic drugs 

(Figure 4). Lastly, knowing that structural flexibility is one major added value of using soft 

matter over rigid nanomaterials, it would be interesting to study the rigidity of peptide nan-

ofibers with different degree of sophistication of structural ordering and correlate this to 

their bioactivity. 

 

 
Figure 4 Compartments of SLP1 nanofibers for various biomedical applications. The green compartments 

may be used to display bioactive moieties, e.g., for cell adhesion. The red compartments may provide hydrophobic 

drug entrapment in the inter-β sheets. The blue compartment is suitable for potential hydrophilic drug entrapment.  

 

3. Conclusion 

In summary, we report the characterization of the supramolecular organization of a nano-

fiber assembled with a synthetic SLP1 peptide using cryo-EM analysis. Based on the 2D 

class averages derive with Relion analysis, we unveil the protofibril and fibrous organiza-

tion in SLP1 nanofibers. We outline the plausible reasons for the low twisting of SLP1 nan-

ofibers in PBS. Based on the characterized structural properties, we outline the functional 

implications of SLP1 nanofiber towards tissue engineering and drug delivery. Demonstrat-

ing the feasibility of reconstructing low-twisting peptide nanofibers paves the way for fur-

ther structural investigations of other hierarchical nanofiber structures based on synthetic 

peptides. 
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4. Materials and Methods 

Materials. Preloaded Fmoc-Glu(Otbu)-Wang resin was purchased from Novabiochem 

GmbH (Hohenbrunn, Germany), 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hex-

afluorophosphate (HBTU) and 9-fluorenylmethyloxycarbonyl (Fmoc)-protected amino ac-

ids were purchased from Iris Biotech (Marktredwitz, Germany). Peptide grade N-methyl-2-

pyrrolidone (NMP), dichloromethane (DCM), piperidine, N,N-diisopropylethylamine 

(DIPEA), and HPLC grade acetonitrile were purchased from Biosolve BV (Valkenswaard, 

Netherlands). 1-hydroxy-benzotriazole hydrate (HOBt), triisopropylsilane (TIPS), trifluoro-

acetic acid (TFA), BioUltra grade ammonium bicarbonate, and sodium bicarbonate were 

purchased from Sigma-Aldrich Chemie BV (Zwijndrecht, Netherlands) 

 

Peptide synthesis. Peptides were synthesized with standard Fmoc-solid-based chemistry 

and purified by Prep-RP-HPLC. Analytical RP-HPLC-MS was used to determine peptides’ 

purity (>90% purity, Note S1).      

 

Sample preparation. Purified synthetic surfactant-like peptide (>90% purity) was first dis-

solved in 450µl of 10mM sodium hydroxide solution. Subsequently, 50µl of 10X Dul-

becco’s PBS (27mM KCl,  15mM KH2PO4, 1380mM NaCl, 80mM Na2HPO4) was added to 

the solution to make the final concentration of peptide be 4mM (pH 7.2-7.6). The peptide 

solution was incubated for 3 days at 37˚C before proceeding to subsequent measurements. 

 

Cryo-EM grid preparation. A 5 µl drop of the sample was placed on the surface of a 

glow-discharged 300 mesh Quantifoil R2/2 holey carbon grid (Quantifoil Micro Tools 

GmbH, Jena, Germany) for 30s held by the Vitrobot mark IV tweezer (FEI, Eindhoven, the 

Netherlands). Before introducing the sample into the Vitrobot, the environmental chamber 

of the Vitrobot was equilibrated at room temperature (22°C), and humidity was set at 

100%. Samples were blotted for 4s at blot force 6. Grids were then released, plunged into 

liquid ethane at its freezing point, and stored under liquid nitrogen before imaging. 

 

Cryo-EM data collection. Data collection was performed on a Titan Krios (FEI, Eindho-

ven, the Netherlands) transmission electron microscope equipped with a K2-Summit detec-

tor (Gatan) and operated at 300 kV accelerating voltage. Movies were collected using EPU 

(FEI) in superresolution counting mode, at a nominal magnification of 130,000×, corre-

sponding to a pixel size of 1.09Å at the specimen level. Further details were reported in Ta-

ble 1 

Molecular model reconstruction. The acquired super-resolution movie frames were im-

ported to Relion 3.0.324. Drift and beam-induced motion were corrected with MotionCor225. 

Gctf26 was used to estimate the contrast transfer function. Fiber segments were manually 

picked. Segment extraction was performed with an inter-box distance of 26 Å and box size 

of 260 Å. Reference-free 2D classification was performed with 200 Å mask, regularization 

value of T=2. 2D class averages showing helical repeat along the fiber axis were selected 

and used for 3D reconstruction. The initial models were refined with the first round of 3D 

classification with K=1 and T=20. The initial models were low-pass filtered to 20 Å and 
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used as a starting reference. Initial values of twist (-0.193˚) and rise (4.98 Å) were calcu-

lated from the crossover distance and the layer line profiles of the 2D classes. The initial 

helical imposition gave clear β-strand separation. The resulting primary model was classi-

fied in another round of 3D classification with K=3 and T=20. The 3D classes (2 out of 3) 

gave clear β-strand separation were manually selected and used for another round of 3D 

classification with local optimization of helical twist and rise (K=3, T=20).  

2D class averages showing two different views of the nanofiber were used as a reference 

for molecular model building. A helical line profile was performed to confirm that both 

views share the same helicity. 50 EM images were chosen to measure the width and thick-

ness of nanofiber (Table S1). The molecular model was reconstructed by aligning peptide 

monomers with the two different views of the fibrous structure. 
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Note S1 HPLC-MS trace of SLP1 

 

SLP1: Ac-VVVTILLEE-COOH (Theoretical mass=1056.3; mass found [M-H]-=1054.5, 

[M-2H]2-=526.8) 

Purity was confirmed to be >90% by analytical HPLC (Xbridge C18 column, 4.6x150mm, 

5μm) using eluted with water-acetonitrile gradient 5% to 80% ACN (10mM ammonium 

bicarbonate) in 20 minutes at flow rate 1.0 ml/min and UV detection at 220 nm. Mass 

spectrometry (MS) analysis was performed using micrOTOF-Q instrument running at 

negative mode. 
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Table S1 Data table of nanofiber width and thickness measurement 

 

To validate the two major 2D classes averages observed are the representation of the SLP1 

nanofiber in two different views, 50 images were chosen for nanofiber width and thickness 

measurement.  

Image name Width(nm) Thickness(nm) 

Follihole_20191018_1116-98289 13.7668 4.40 

Follihole_20191018_1116-98290 14.1213 5.5150 

 13.0072 4.11322 

Follihole_20191018_1117-98291 12.4851 4.69586 

Follihole_20191018_1121-98294 17.0542 5.72 

 15.3593 5.2681 

Follihole_20191018_1122-98296 15.00352 4.81578 

 14.004 5.93024 

Follihole_20191018_1125-98300 15.9125 4.87463 

Follihole_20191018_1127-98301 14.9135 4.11322 

 11.6991 3.51514 

Follihole_20191018_1134-98312 12.1612 5.26821 

Follihole_20191018_1136-98313 16.226 4.97117 

Follihole_20191018_1145-98325 16.0315 3.72519 

Follihole_20191018_1205-98351 15.0341 5.54937 

Follihole_20191018_1211-98357 14.3417 5.51501 

 15.4149 5.68474 

Follihole_20191018_1214-98362 15.1663 5.93024 

Follihole_20191018_1218-98366 14.6174 6.78257 

Follihole_20191018_1218-98367 11.1415 5.93024 

 19.2285 5.58352 

Follihole_20191018_1224-98375 17.004 5.93024 

Follihole_20191018_1225-98376 14.2018 5.46306 

Follihole_20191018_1227-98379 16.4124 5.32206 

Follihole_20191018_1245-98400 14.1951 6.28808 

Follihole_20191018_1247-98402 13.1452 4.87463 

Follihole_20191018_1259-98417 18.1713 6.05711 

 17.2041 5.68474 

Follihole_20191018_1259-98418 17.6405 5.86578 

 18.385 6.43746 

Follihole_20191018_1302-98421 19.4839 5.84955 

 14.0876 6.05711 

Follihole_20191018_1303-98422 17.6351 5.39302 
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 17.44 4.97117 

Follihole_20191018_1304-98424 15.3593 5.58352 

 16.6937 6.28808 

Follihole_20191018_1312-98433 15.8706 5.46306 

Follihole_20191018_1320-98441 12.3473 5.25014 

 10.7684 4.97117 

 10.786 5.81697 

 16.6024 5.46306 

Follihole_20191018_1328-98449 17.9238 5.93024 

Follihole_20191018_1335-98457 16.3427 4.93278 

 17.0542 6.05711 

Follihole_20191018_1336-98458 17.0263 5.86578 

 13.08 5.32206 

Follihole_20191018_1336-98459 15.7262 5.08459 

Follihole_20191018_1345-98469 12.4699 5.25014 

 16.0315 5.58352 

Follihole_20191018_1346-98472 15.1098 5.68474 
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Abstract 

 

Induction of antigen-specific immune tolerance has emerged as the next frontier in treating 

autoimmune disorders, including allergy and graft-vs-host reactions during transplantation. 

Nanostructures are widely under investigation as a platform for the coordinated delivery of 

critical components, i.e., the antigen epitope and tolerogenic agents, to the target immune 

cells and subsequently induce tolerance. In the present study, the utility of supramolecular 

peptide nanofibers to induce antigen-specific immune tolerance was explored. To study the 

influence of surface charges of the nanofibers towards the extent of the induced immune re-

sponse, the flanking charge residues at both ends of the amphipathic fibrillization peptide 

sequences were varied. Dexamethasone, an immunosuppressive glucocorticoid drug, and 

model ovalbumin epitope were covalently linked at either end of the peptide sequences. It 

was shown that the functional extensions did not alter the structural integrity of the supra-

molecular nanofibers. Furthermore, the surface charges of the nanofibers were modulated 

by the inclusion of charged residues. Dendritic cell culture assays suggested that nanofiber 

of less negative ζ-potential augmented the tolerogenic immune response. Conversely, nano-

fiber of more negative ζ-potential resulted in a more robust tolerogenic response in in vivo 

studies. The discrepancy between the in vitro and in vivo results highlights the potential 

role of scavenger receptor Macrophage Receptor with COllagenous structure (MARCO) in 

mediating the tolerogenic antigen presentation in macrophages, which can serve as a poten-

tial target for future development of tolerogenic immunotherapy.    
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1. Introduction 

Autoimmune disorders (e.g., allergy and graft-vs-host reactions during transplantation) are 

rising in developed and rapidly developing countries1. There is currently no cure for auto-

immune disorders. Standard treatments of autoimmune disorders involve symptom allevia-

tion through pharmacological intervention. However, most immunosuppressive interven-

tions do not have a specific mode of action, which can undesirably lead to systemic immu-

nodeficiency and life-changing side effects. Therefore, to incur higher disease specificity 

towards immunosuppression, antigen-specific immunotolerance has emerged as the next 

frontier in autoimmune disorder treatments2-4.  

The establishment of antigen-specific immune tolerance requires 1) surface presentation of 

disease-specific antigen epitopes on antigen-presenting cells (APCs); and 2) steering APCs 

toward the tolerogenic phenotype, which leads to activation of antigen-specific regulatory T 

(Treg) cells. Nanomaterials are extensively explored as a platform for induction of antigen-

specific immune tolerance, either through delivering antigen to APCs present in natural 

tolerogenic environments (e.g., liver)5, 6, or co-delivery of tolerogenic pharmacological 

agents (e.g., dexamethasone) and antigens to the APCs. In particular, the latter approach 

can steer the recipient APCs toward a tolerogenic phenotype, thereby avoiding the "off-tar-

get" induction of pro-inflammatory response in the former approach7-9 as well as limiting 

the systemic immunodeficient side effects, e.g., cancer promotion10. However, usage of 

conventional nanoparticles still encounters challenges in large-scale production11 and stabil-

ity and transport12, 13.  

Supramolecular peptide materials are extensively explored as immunomodulatory agents14, 

15. They represent promising vaccination agents thanks to their multivalent functionality16, 

17, simple preparation procedure, and high thermal stability18, 19. Upon subcutaneous injec-

tion, these β-sheet rich nanofibers (<10nm in diameter, >200nm in length) can reach the site 

of action (lymphatic system) and elicit potent antigen-specific immune response15, 20. More-

over, unlike conventional vaccine adjuvants (e.g., alum), nanofibers can induce antigen-

specific immune responses without inducing local inflammation21. To decipher the relation-

ship between physicochemical characteristics and the biological response, Collier et al. 

showed that the surface charge of the nanofibers is a pivotal parameter for adjusting their 

immunogenicity15. They showed that reducing the negative charges on the nanofiber sur-

faces can augment the dendritic cells (DCs) uptake, leading to more robust immune re-

sponses. However, they also showed that altering the surface charge of the nanofibers alone 

was insufficient to establish antigen-specific immune tolerance15. Besides, control over 

nanofibers' aspect ratio (diameter and length) is another approach often employed for mod-

ulating the immune response14, 22. Due to the inherent structural helicity, the width of pep-

tide nanofibers is energetically restrained23, 24, with a diameter generally between 3-10nm22, 

25, 26. Regarding the lengthwise control, Collier et al. showed that, in range of 200-1800nm, 

shorter nanofibers can induce a more robust CD8+ T cell response22. However, they also 

showed that length alteration of the nanofibers does not cause significant effect towards 

CD4+ T cell response.      

In this study, we have investigated the effect of surface charge on the supramolecular nano-

fibers towards eliciting antigen-specific immunotolerance. We deployed multidomain pep-

tides (MDPs), a well-studied β-sheet forming sequence (-SLSLSLSLSLSL-) developed by 
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the Hartgerink group, as the fibrillization domain27. Dexamethasone and the model ovalbu-

min (OVA) major histocompatibility complex (MHC) class II peptide epitope (OVA323: 

ISQAVHAAHAEINEAGR) were flanked at two ends of the fibrillization domain, spaced 

with either positively charged lysine (K) dimers or negatively charged glutamate (E) dimers 

(Figure 1a). The physicochemical properties of the supramolecular nanofibers' (morphol-

ogy, ζ-potential, secondary structure) were subsequently characterized. Finally, the pharma-

cological effect caused by the difference in physicochemical properties of nanofibers was 

studied using the bone marrow-derived dendritic cell (BMDC) and OTII adoptive transfer 

mouse model.  

 

 

 

2. Results & Discussion 

Molecular design. To systematically investigate the effect of linker charge groups on the 

formation of supramolecular nanofibers and antigen-specific tolerance induction, we de-

signed a library of MDPs with either K or E flanking residues appended to both ends of the 

fibrillization domain (Figure 1a). Dexamethasone was conjugated to the N-terminus of the 

peptides via a biodegradable succinyl-spacer, which is susceptible to (intracellular) car-

boxylesterase degradation but is otherwise stable under physiological conditions28, 30, 31. 

Since carboxylesterases are ubiquitously expressed in the intracellular compartment32 and 

whole blood33, 34, a short succinyl spacer (~11 Å extended length, Figure 1b) was used to 

 

Figure 1 Summary of peptides in this study and representation of the molecular arrangement in nanofibers. 

a) list of peptides studied in this work. b) Graphical representation of the molecular organization of the 

supramolecular nanofibers. The chemical structure of the multidomain (MDP) fibrillization domain consists of 

alternative arrangements of serine (hydrophilic, in blue) and leucine residues (hydrophobic residue, in magenta). 

This structural chemical anisotropy aids the molecular arrangement of nanofibers into hydrophilic and 

hydrophobic interfaces. Due to the arrangement of the nanofiber in the form of an anisotropic tape, the flanking 

charge groups are exposed at the nanofiber surface. All the surface exposed charged residues are marked with + or 

-.  
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ensure the ester bond was inaccessible to the catalytic binding site of carboxylesterase in 

the nanofiber state, thereby preventing premature release of dexamethasone from the nano-

fiber before taking up by the APCs 35. Once the APCs take up the nanofibers, the fibrous 

structure will be processed through autophagy engagement36, 37, followed by aminopepti-

dase (antigen epitope processing) and carboxylesterase (dexamethasone release) catalyzed 

degradation to exert its antigen-specific tolerogenic effect4, 10(Figure 3a). To evaluate the 

effect of dexamethasone conjugation, two peptides composed of N-acetylated MDPs, Ac-

MDP-K/E-OVA323 were included, for functional comparison with Dex-MDP-K/E-

OVA323.  

 

 

 

Supramolecular assembly & physicochemical characterization. The morphology of the 

supramolecular assemblies was characterized by TEM. TEM images confirm that supramo-

lecular nanofibers were formed from all four MDP-containing peptides (~4nm diameter, 

>500nm long) (Figure 2a). Next, we investigated the mode of fibrillization of these pep-

tides. Previous studies showed that the MDP sequence initiated fibrillization through the β-

sheet formation. Using CD spectrometry, a single negative minimum at 220-230 nm and a 

 

Figure 2 Physicochemical properties of the formed peptide nanofibers. a) Negative-stain TEM images show 

that MDP nanofiber formation is not disturbed by conjugation of dexamethasone and/or OVA323 epitopes. b) CD 

spectra of the peptides studied. All peptides display signature β-sheet patterns (negative minima: 220-230nm; 

positive band: 200-205nm). This shows that the β-sheet is the driving force for the fibrillization process. c) ζ-

potential of the peptide fibers studied. The K-containing nanofibers display a lower ζ-potential (-2 to -4mV); while 

the E-containing nanofibers display a more negative ζ-potential (-20 to -23mV). This shows that variation in 

charge of the flanking aa residues can alter the ζ-potential of the nanofibers. The ζ-potential Data expressed as the 

mean ± standard deviations 
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positive band at 200-205 nm were observed in the different samples (Figure 2b), which sig-

nifies that the β-sheet conformation is the predominant secondary structure in the investi-

gated nanofiber systems15. Regarding the use of 1×PBS as a buffer for ζ-potential measure-

ment, when compared to the lower ionic strength buffers (e.g., 10-25 mM HEPES, pH 7.4), 

its relatively high ionic strength and presence of multivalent ions (e.g., HPO42-) can com-

press the electric double layer on the nanofiber surface, leading to a low ζ-potential value38. 

However, ζ-potential measurements in buffers of lower ionic strength can alter the nano-

fiber polymorph, thereby changing the resultant surface chemistry39. Therefore, 1×PBS was 

used to determine the ζ-potential of the nanofibers. The ζ-potential of the peptide nano-

fibers was influenced by the linker charge groups (Figure 2c). The K-containing nanofibers 

(Dex-/Ac-MDP-K-OVA323) exhibited less negative zeta potential (-2 to -4mV) when com-

pared to the E-containing nanofibers (Dex-/Ac-MDP-E-OVA323, -20 to -23mV). This sig-

nificant difference in ζ-potential can be explained by the inherent chemical anisotropy in 

the fibrillization domain, causing the MDP nanofibers to molecularly arrange in the form of 

an anisotropic tape24 (Figure 1b). Due to the molecular organization of the MDP nanofibers, 

the linker charge groups are exposed at the surface of the nanofibers (highlighted in purple 

in Figure 1b).  
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Dex-MDP-K-OVA323 upregulated in vitro OVA323-specific Treg. To investigate 

whether Dex-MDP-OVA323 nanofibers can induce antigen-specific Tregs in vitro, BMDCs 

were incubated with the nanofibers for 2 days, followed by 3 days of co-culturing with 

CD4+ T cells freshly isolated from the spleens of OTII mice. The level of OVA323-specific 

immune tolerance was probed by the level of the Treg cells. Since parallel activation of im-

munostimulatory effector T cells is undesirable for the potential treatment of autoimmune 

disorders40, the level of antigen-specific Th1 was monitored to validate the balance of the 

immune response. Since many disease-associated antigens are present in the physiological 

 

Figure 3 In vitro tolerogenic effect of the nanofiber treatment. a) Graphical representation of the intracellular 

processing of the dexamethasone-containing nanofibers. The fibrous structure is first processed through autophagy 

engagement. Dexamethasone is then released by carboxylesterase catalyzed hydrolysis, which can upregulate 

regulatory T (Treg) level and lower the T helper 1 (Th1) level; while OVA323 epitope is processed by 

aminopeptidase to elicit antigen-specific response b,c) BMDCs were incubated with 10 μM of peptide nanofiber 

dispersions for 2 days. Subsequently, CD4+ OTII T cells were added and incubated for 3 days. b) The level of 

Treg was analyzed by flow cytometry. Significant Treg expansion was only observed for Dex-MDP-K-OVA323. 

c) The level of Th1 was analyzed by flow cytometry. All the nanofiber treatment groups significantly lowered the 

Th1 level when compared to treatment of the OVA323 epitope. Data were analyzed by one-way ANOVA with 

Dunnett's multiple comparison test (compared to the OVA323 group) and expressed as the mean ± standard 

deviations (n=3); * p<0.05, ** p<0.01, ***p<0.001.  
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environment3, 41, the OVA323 epitope treatment group was used as the control for both the 

in vitro and in vivo studies. It was observed that only the Dex-MDP-K-OVA323 nanofiber 

formulation significantly expanded the Treg level amongst all the treatment groups (Figure 

3b). The differential Treg induction effect between Dex-MDP-K-OVA323 and Ac-MDP-K-

OVA323 showed that dexamethasone functionalization is essential for establishing antigen-

specific immune tolerance. The failure for Ac-MDP-K/E-OVA323 to expand Treg con-

curred with the previous findings that variation in the nanofiber surface charge alone was 

insufficient to establish immune tolerance15. Finally, the differential Treg induction effect 

between Dex-MDP-K-OVA323 and Dex-MDP-E-OVA323 showed that reducing the sur-

face negative charges can potentiate the tolerogenic response, which can be explained by 

the higher uptake of the nanofibers by the DCs due to the lower electrostatic repulsion be-

tween the negatively charged cell surface and nanofibers15. Next, it was observed that all 

treatment groups reduced the Th1 level compared to the OVA323 epitope treatment (Figure 

3c). This observation concurred with the previous observation about the ability of nano-

fibers to serve as a non-inflammatory vaccine adjuvant 21. Taken together, the results show 

that dexamethasone-incorporated nanofibers are capable of inducing antigen-specific im-

mune tolerance without parallel pro-inflammatory immune activation. The extent of im-

mune tolerance is increased by lowering the negative ζ-potential of the peptide nanofibers, 

which likely results in a better uptake by DCs.  
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Dex-MDP-E-OVA323 nanofiber upregulated in vivo OVA323-specific Treg. To ex-

plore immune tolerance induction of the nanofibers in vivo, the OTII adoptive transfer 

mouse model was used to probe the OVA323-specific response (Figure 4a). We focused on 

the spleen as an indicator for induction of systemic immunotolerance as it is the largest sec-

ondary lymphoid organ in the body and an often-employed candidate for assaying the sys-

temic immunotolerance42, 43. It was found that both Dex-MDP-K/E-OVA323 and Ac-MDP-

K/E-OVA323 did not significantly affect the Treg level in the overall T cell population 

(Figure 4b). Since free dexamethasone can upregulate Treg in a non-antigen specific way44, 

45,  the lack of effect in the overall Treg level shows that the amount of dexamethasone 

prematurely released from the nanofibers was insignificant. Furthermore, though certain 

fluctuations in the Treg level in the OVA323-specific T cell subpopulation were observed, 

they failed to yield statistical differences compared to the control group (Figure 4c). How-

ever, through normalizing the OVA-specific Treg level with the intrinsic Treg expression in 

Ly5.1 mice (CD4+CD45.2+/CD4+), it was observed that Tregs were significantly upregu-

lated only in the Dex-MDP-E-OVA323 treated group but not in other treatment groups 

 

Figure 4 In vivo tolerogenic effect of peptide nanofibers carrying dexamethasone and OVA323 epitopes. a) 

Outline of the OTII adoptive transfer model. On day 0, 5.5×105 CD4+CD45.2+ OTII T cells were adoptively 

transferred into C57BL/6-Ly5.1 mice via i.v. injection. On day 1, dispersions of nanofibers (200 nmol in total 

100μl) were administered via s.c. injection at both flanks. Mice were sacrificed on day 8. The spleens of the mice 

were harvested for flow cytometry analysis. b) Percentage of Treg in all CD4+ T cells. No statistical difference is 

detected between groups. c) Percentage of Treg in OTII CD4+ T cells. No statistical significance between the 

nanofiber treatment groups and the control group was observed. d) Normalized Treg expression 

(CD4+CD45.2+/CD4+). Significant expansion of Treg was observed only for the Dex-MDP-E-OVA323 treatment 

group. Data were analyzed by one-way ANOVA with Dunnett's multiple comparison test (compared to the 

OVA323 group) and expressed as the mean ± standard deviation (n=5); * p<0.05. 
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(Figure 4d). In agreement with the in vitro study, the tolerogenic response was only ob-

served with nanofibers with conjugated dexamethasone. Furthermore, the in vivo results 

suggest that nanofiber with more negative ζ-potential elicits a more robust tolerogenic re-

sponse, which contradicts the in vitro findings. We conjectured that the discrepancy be-

tween the in vitro and in vivo results is due to the macrophage uptake mediated by the class 

A scavenger receptor (specifically the Macrophage Receptor with COllagenous structure 

(MARCO)). This MARCO scavenger receptor plays an important role in host defense 

against pathogens through taking up polyanionic nanostructures by marcophaes46-48. Be-

sides, the MARCO-mediated uptake of antigen-containing nanoparticles also regulates the 

tolerogenic response in macrophages49, 50. As a result, though DCs uptake of Dex-MDP-E-

OVA323 is hindered by higher mutual electrostatic repulsion15 (as observed in the BMDC 

assay), the overall level of nanofiber uptake by APCs was compensated by the enhanced 

MARCO-mediated uptake by macrophages. Taken together, Dex-MDP-E-OVA323 can ex-

ert a higher OVA323-specific tolerogenic response than Dex-MDP-K-OVA323 in in vivo 

studies (Figure 4d).  

 

3. Conclusion 

In summary, the application of dexamethasone-incorporated peptide nanofibers for the in-

duction of antigen-specific immune tolerance was explored. It was shown that the supramo-

lecular organization of the nanofibers remained unaltered amid functional extension. Fur-

ther, the incorporation of anionic or cationic amino acid residues at each end of the fibrilli-

zation domain was shown to be an effective approach in changing the ζ-potential of the 

nanofibers. The extent of the tolerogenic response was found to be influenced by the ζ-po-

tential of the nanofibers. Nanofibers with less negative ζ-potential gave a more robust toler-

ogenic response in the BMDC model, while a more potent tolerogenic response was ob-

served for nanofibers with more negative ζ-potential in the OTII adoptive transfer model. 

We conjectured that the discrepancy between these two models could be due to the scaven-

ger receptor MARCO, which can mediate tolerogenic antigen presentation in macrophages. 

This can serve as a potential target for the future development of tolerogenic immunother-

apy.     

 

4. Methods 

Synthesis and preparation of the supramolecular peptide nanofibers. Peptides (Figure 

1a) were synthesized in-house with standard Fmoc solid-phase chemistry using a Liberty 

blue peptide synthesizer (CEM Corporation, US). Pre-loaded Fmoc-Arg(Pbf)-Wang resin 

(Novabiochem, Germany) was used as the starting material. For each coupling cycle, 5eq 

Fmoc-protected amino acids (Novabiochem, Germany) were activated with 5eq of Oxyma 

pure and N,N'-Diisopropylcarbodiimide (Biosolve BV, Netherlands) to react with the free 

N-terminal amino acids in the resin for 1 minute at 90˚C. After each coupling step, the 

Fmoc group was removed by treatment with 20% piperidine for 1 minute at 90˚C. Dexame-

thasone succinate was synthesized as described before (Figure 5a)28 and conjugated to the 

free N-terminal of the protected peptide on the resin using the same coupling condition as 
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with other Fmoc-amino acids (Figure 5b). A cleavage cocktail, trifluoroacetic acid/wa-

ter/triisopropylsilane (95/2.5/2.5), was used to simultaneously cleave the peptide off the 

resin and remove the side chain protecting groups. Crude products were purified by prepar-

ative reverse-phase HPLC using Reprosil-Pur C18 column (10 μm, 250 × 22 mm) eluted 

with water-acetonitrile (MeCN) gradient 5% to 80% MeCN (0.1% formic acid for K-con-

taining peptides, 10mM ammonium bicarbonate for E-containing peptides) in 35 minutes at 

a flowrate of 15.0ml/min with UV detection at 220 nm. Purity was confirmed to be >90% 

by analytical HPLC-MS using Waters XBridge C18 column (5µm, 4.6×150 mm) eluted 

with water-MeCN gradient 5 to 80% MeCN (0.1% formic acid for K-containing peptides, 

10mM ammonium bicarbonate for E-containing peptides) in 20 minutes at a flow rate 1.0 

ml/min and UV detection at 220 and 280 nm. MS analysis was performed using a Bruker 

microTOF-Q instrument (Note S1-5). 

The nanofibers were prepared by dissolving peptides in sterile ultrapure water at a con-

centration of 8 mM. After overnight incubation at 4˚C, the peptide solution was diluted to 2 

mM in 1× Dulbecco's phosphate-buffered saline (1×PBS, 2.7mM KCl,  1.5mM KH2PO4, 

138mM NaCl, 8mM Na2HPO4) buffer to reach pH value 7.3-7.5 followed by incubation at 

room temperature for 3 hours29.  

 

 

 

 

 

Circular dichroism (CD) & ζ-potential measurement. The dispersions of nanofibers (2 

mM in 1× PBS) were diluted to 0.2 mM with 1×PBS buffer for both CD and ζ -potential 

measurement.  Far-UV CD spectra were recorded on a double beam DSM 1000 CD spec-

trometer (Online Instrument Systems, USA) from 260 to 180 nm in a quartz cuvette with 

0.1 cm path length. Three accumulations were averaged for each sample, and the spectra 

were expressed in molar ellipticity (103 deg cm2 dmol-1). ζ-Potential was measured with a 

DTS1070 folded capillary cell on a Malvern Zetasizer Nano-Z (Malvern Instruments, UK). 

 

Figure 5 Chemical synthetic pathway for a) dexamethasone succinate; b) dexamethasone-peptide conjugates.  
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Samples were equilibrated for 3 min at room temperature and measured 3 times, and results 

were shown as averaged. 

 

Negative-staining transmission electron microscopy (TEM). The dispersions of nano-

fiber (2 mM) were diluted five-fold with 1X PBS buffer. Formvar/carbon-coated 400 mesh 

copper grid (Polysciences Inc., US) was placed on top of a droplet of 20 μL of diluted sam-

ples. After 2 min incubation, the grid was washed three times with 0.2 μm filtered milli-Q 

water and blotted dry with filter paper. Negative staining was performed for 1 min with 2% 

w/v uranyl acetate in water. The staining solution was removed by blotting with filter pa-

per. Samples were imaged on a Tecnai 20 microscope equipped with a 4 K square pixel Ea-

gle CCD camera (FEI, the Netherlands). 

 

Mice. Female C57BL/6-Ly5.1 and C57BL/6-Tg(TcraTcrb)425Cbn/Crl (OTII) mice were 

purchased from Charles River, France, and kept under standard conditions at the central an-

imal facility. Mice were provided with water and food ad libitum.  All experiments were 

approved by the Animal Experiment Committee of Utrecht University.  

 

BMDCs. Bone marrow cells were isolated from the tibias and femurs of C57BL/6 mice, 

and a single-cell suspension was obtained using a 70 μm cell strainer (Greiner Bio-One 

B.V., Netherlands). The bone marrow cells were seeded at 9×105 cells per well in a 6 well-

plate and incubated for 7 days in IMDM medium supplemented with 2 mM glutamine, 10% 

FCS, 20 ng/mL GM-CSF, 100 U/mL penicillin/streptomycin, and 50 μM β-mercaptoetha-

nol. The cells were cultured at 37 ֯C. The medium was refreshed every other day. 

 

In vitro OVA-specific tolerogenic assay. BMDCs were incubated with 10 μM of Dex-

MDP-K/E-OVA, Ac-MDP-K/E-OVA nanofiber, or OVA323 epitope for 2 days. Afterward, 

CD4+ T cells were isolated from the spleens of OTII mice using a CD4+T cell isolation kit 

(Miltenyi Biotec B.V., Netherlands). The purified CD4+ T cells were added at a density of 

1×105 cells per well and incubated for 3 days in a complete RPMI 1640 medium (Lonza, 

Switzerland) supplemented with 2 mM glutamine, 10% FCS, 100 U/mL penicillin/strepto-

mycin, and 50 μM β-mercaptoethanol. The cells were stained for viability using ViaKrome 

808 Fixable Viability Dye (Beckman, USA, Cat# C36628). Cells were further stained with 

monoclonal antibodies specific for mouse CD4 (eBioscience, USA, Cat# 11-0042-82), 

CD25 (BD, USA, Cat# 553866), Foxp3 (eBioscience, USA, Cat# 45-5773-82) and T-bet 

(eBioscience, USA, Catalog # 17-5825-82). The proportion of Treg (CD25+Foxp3+) and 

T-helper 1 (T-bet+) cells in the live CD4+ T cell population was analyzed by flow cytome-

try using a Gallios flow cytometer (Beckman Coulter, USA) and FlowJo 7.6.5. 

 

In vivo induction of OVA-specific immunotolerance. On day 0, a total of 5.5×105 

CD45.2+CD4+ OTII T cells were adoptively transferred into each CD45.1+ Ly5.1 mouse 

via tail-vein injection. On day 1, the peptide fibers (2 mM) dispersions were subcutaneously 

injected into both right and left flanks (50 μl each). Mice were sacrificed on day 8, and the 

spleens were harvested for flow cytometry analysis. The proportion of CD25+Foxp3+ Treg 
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in the CD4+ and CD45.2+CD4+ T cell population was analyzed by flow cytometry using a 

Gallios flow cytometer (Beckman Coulter, USA) and FlowJo 7.6.5. 

 

Statistical analysis. Statistical analysis was performed in GraphPad Prism v.9.1.1 using 

one-way ANOVA with Dunnett's multiple comparison test. Data are presented as average± 

standard deviations unless otherwise indicated. Significant statistical difference is annotated 

as * p<0.05, ** p<0.01, ***p<0.001. 
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Supplementary Note 1-5: HPLC-MS traces of the synthesized peptide constructs 

S1: DEX-MDP-K-OVA (Theoretical mass=3962.6 Da; [M+2H]2+=1982.3, 

[M+3H]3+=1321.9, [M+4H]4+=991.6, [M+5H]5+=793.5) 

Analytical HPLC 

220nm 

 

280nm 

 

MS 

 

S2: DEX-MDP-E-OVA (Theoretical mass=3966.4 Da; [M+H]2+=1984.2, 

[M+3H]3+=1323.1) 

Analytical HPLC 

220nm 

 

280nm 
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MS 

 

S3: Ac-MDP-K-OVA (Theoretical mass=3530.1 Da; [M+3H]3+=1177.7, [M+4H]4+=883.5, 

[M+5H]5+=707.0, [M+6H]6+=589.4) 

Analytical HPLC 

220nm 

 

MS 

 

S4: Ac-MDP-E-OVA (Theoretical mass=3533.9 Da; [M+2H]2+=1768.0, 

[M+3H]3+=1179.0) 

Analytical HPLC 

 

MS 
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S5: OVA323 ((Theoretical mass=1773.9 Da; [M+2H]2+=888.0) 

Analytical HPLC 

220nm 

 

MS 
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Abstract 

 

The therapeutic potential of antigen-specific regulatory T (Treg) cells has been extensively 

explored and has led to the development of several tolerogenic vaccines. Dexamethasone-

antigen conjugates represent a prominent class of tolerogenic vaccines that enable coordi-

nated delivery of antigen and immunosuppressive drug dexamethasone to target immune 

cells. However, with their relatively small size (<5 nm), these immunoconjugates can, upon 

subcutaneous administration, bypass lymphatic transport through direct blood capillaries 

drainage and rapidly excreted by the kidney. Albumin association is a proven strategy to 

overcome this setback and increase the circulation times of small molecule-peptide conju-

gates. Herein, inspired by the peptide-protein complexation mechanism, the use of comple-

mentary hydrophobic-electrostatic interactions to enhance the association propensities be-

tween albumin and the dexamethasone-antigen conjugates was explored. By varying the 

charged residues in the spacer of the dexamethasone-antigen conjugates, the association 

propensities between albumin and the immunoconjugates were successfully modulated. 

Furthermore, through evaluating the electrostatic surface potential of albumin and the im-

munoconjugates, the albumin binding moiety of Dex-K4-OVA323 was shown to exhibit 

higher electrostatic complementarity to albumin than that of Dex-E4-OVA323 (K: lysine, 

E: glutamate). The OTII (C57BL/6-Tg(TcraTcrb)425Cbn/Crl) adoptive transfer model 

showed that Dex-K4-OVA323 can selectively upregulate OVA323-specific Treg, while no 

significant effect was observed for Dex-E4-OVA323. Our findings offer a molecular guide 

to augment the immune response of the immunoconjugates for potential application in 

tolerogenic immunotherapy.   
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1. Introduction  

The therapeutic potential of antigen-specific regulatory T cells (Treg, Foxp3+CD4+CD25+) 

in mitigating autoimmune disorders has been extensively explored1-3. The antigen-specific 

Treg plays a crucial role in alleviating and remodeling pathological autoimmunity by re-

sponding to disease-associated antigens, e.g., atherosclerosis4, 5 and Type I Diabetes2, 6. 

Tolerogenic vaccines are under development for de novo induction of antigen-specific 

Treg, which generally requires coordinated delivery of disease-associated antigen and toler-

ogenic adjuvants (e.g., dexamethasone, an immunosuppressive drug) to the antigen-present-

ing cells7-10. In particular, antigen-adjuvant conjugates are a convenient and effective ap-

proach to enable coordinated cargo delivery to the target immune cells, thereby avoiding 

the side effects experienced by their stochastic distribution in the body, e.g., off-target im-

mune activation, nonspecific immunosuppression8. However, the relatively small size of the 

immunoconjugate monomers (< 5 nm) makes them, upon subcutaneous administration, sus-

ceptible to bypassing lymphatic transport through direct blood capillaries drainage11, 12 and 

subsequent rapid renal clearance13, 14. Since the lymphatic systems are the primary site for 

cultivating the antigen-specific Treg, consideration needs to be taken to optimize the lym-

phatic retention of the immunoconjugates. 

Albumin is the most abundant plasma protein present in different body compartments (e.g., 

lymphatic, interstitial fluid, blood). It plays a key role in regulating the colloid osmotic 

pressure in the body through its movement between blood circulation and the lymphatic 

system---albumin leaves the blood through capillaries end to reach the interstitial fluid, 

from which it rejoins the blood circulation via the lymphatic system15. Besides, albumin 

also plays a significant role in transporting endogenous and exogenous molecules via tran-

sient association16, 17. In fact, albumin is one of the essential carrier proteins for small-mole-

cule drugs to prolong their physiological half-life18. Through exploiting this transport 

mechanism, in several studies, molecular constructs were designed to enhance their lym-

phatic retention19-22 (Figure 1a). For example, Chen et al. designed a molecular vaccine that 

formed an in-situ supramolecular complex with albumin upon subcutaneous injection, 

which led to enhanced lymphatic accumulation and elicitation of robust antigen-specific 

immune responses23. Therefore, the albumin-association approach has good scrutinization 

potential for augmenting the immunoactivity of the immunoconjugates.  

Dexamethasone, a tolerogenic glucocorticoid, is transported primarily via albumin upon 

systemic administration24, 25. It has been shown that the hydrophobic cavities residing in the 

subdomain IIA and IIIA of this protein are the binding sites for dexamethasone26, 27, with a 

more specific binding area recently identified between subdomain IIA and IIB28. Hydro-

phobic interactions are dominant for the dexamethasone-albumin association, in which the 

only residing tryptophan (Trp214) in subdomain IIB acts as the moderator for the molecular 

binding of dexamethasone28. Furthermore, albumin displays a negative surface electrostatic 

potential at physiological conditions16. Consequently, it interacts with several cationic com-

pounds through electrostatic interaction at physiological conditions29, 30. To bridge these 

two modes of albumin interactions, Brandsdal et al. demonstrated that complementary hy-

drophobic-electrostatic interactions can enhance the association between small molecule-

peptide conjugates and albumin30. Electrostatic interactions are influenced by 1) enthalpy of 

associative charging; and 2) entropy of counterions release31, 32. In particular, electrostatic 
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interactions between peptide sequences with low charge density (<6 charged residues) are 

driven by the association enthalpy31. However, the association enthalpy is weaker when the 

oppositely charged residues are further apart33, 34. Drawing analogy to peptide-protein com-

plexation mechanism33, through driving primary association, hydrophobic interactions can 

facilitate secondary electrostatic interactions by shortening the distance between small mol-

ecule-peptide conjugates and albumin. Therefore, this complementary mode of hydropho-

bic-electrostatic interactions can be explored as a general approach to aid the association 

between albumin and the dexamethasone-antigen conjugates.   

In the present paper, the use of complementary hydrophobic-electrostatic interactions to en-

hance dexamethasone-antigen conjugate-albumin association was explored, and the effect it 

brings towards the induction of antigen-specific Treg was investigated. Dexamethasone and 

a model ovalbumin (OVA) major histocompatibility complex (MHC) class II peptide 

epitope (OVA323: ISQAVHAAHAEINEAGR were conjugated via either cationic lysine 

(K) or anionic glutamate (E) tetramers to give immunoconjugates with oppositely charged 

albumin binding moieties (Figure 1b). The association propensities between immunoconju-

gates and albumin were evaluated through native polyacrylamide gel electrophoresis 

(PAGE) assay and electrostatic surface potential calculation. Finally, the biological effect 

caused by differential albumin association was evaluated with the tolerogenic response in 

OT-II adoptive mice model.  

 

 

 

 

Figure 1 Working mechanism and molecular details of the dexamethasone-antigen conjugates used in this 

study a) Illustration of the proposed working mechanism of albumin binding. Upon administration to the 

subcutaneous tissue, the dexamethasone-antigen conjugates bind to albumin. Consequently, the supramolecular 

complexes are drained into the lymphatic system, thereby enhancing the accumulation of immunoconjugates to the 

secondary lymphoid organs. b) Chemical structures of the dexamethasone-antigen conjugates studied in this work. 

Dexamethasone was conjugated to the peptide sequences via a biodegradable succinyl linker. The N-terminus of 

the OVA323 epitope sequence was extended with four charged residues (K:+ve or E:-ve). The closely spaced 

dexamethasone and the charged residue tetramers constitute an albumin binding moiety. 
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2. Results and Discussion  

Molecular design. To study the effect of albumin-immunoconjugate electrostatic comple-

mentarity towards the induction of antigen-specific Treg, dexamethasone-antigen conju-

gates were designed and synthesized with differently charged residues in between the linker 

and the peptide epitope (K or E tetramers, Figure 1b). Since albumin possesses a negative 

surface electrostatic potential under physiological conditions16, the charge variation can 

cover the range of electrostatic interactions from attractive to repulsive. K and E were cho-

sen as the cationic and anionic counterparts, as they have comparable molecular weights 

(K:146.2 Da, E:147.1 Da). The charged tetramer was appended to the N-terminus of the 

OVA323 epitope. Further, dexamethasone was conjugated to the N-terminus of the K/E4-

OVA323 sequence via a biodegradable succinyl-spacer, which is prone to carboxylesterase 

cleavage but is otherwise physiologically stable8, 35. Dexamethasone and the charged te-

tramers were placed in conjunction to foster the complementary hydrophobic-electrostatic 

interactions between immunoconjugates and albumin, thereby carving an albumin binding 

moiety (Figure 1b).  

 

 

De novo prediction of the molecular conformation of the peptide conjugates. To predict 

the molecular conformation of the immunoconjugates, a de novo structure prediction soft-

ware program, PEP-FOLD336, 37, was used to derive the most probable molecular confor-

mations of the peptide sequences. Since a small molecule N-terminal modifications gener-

ally have limited influence over the final secondary structure of a short peptide sequence38, 

 

Figure 2 Molecular conformation of the dexamethasone-antigen conjugates a) The best models of the 

immunoconjugate secondary structures predicted by PEP-FOLD336, 37. Both immunoconjugates adapt an α-helical 

structure throughout the sequences. The monomeric size of these conjugates is susceptible for rapid renal 

clearance upon parenteral administration (<5nm)13. b) The structural alphabet prediction profile derived by PEP-

FOLD3. The residual secondary structure probabilities are colored in red (α-helix), blue (random coil), green (β-

sheet). The output sequence in the profile is of the 3 residues subtracted from the input sequences. 
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the K/E4-OVA323 sequences were used for the de novo prediction.  The best models de-

rived from free modeling parameters of K4-OVA323 and E4-OVA323 showed that they 

both adopt α-helical structure throughout the sequence (Figure 2a). Furthermore, the struc-

tural alphabet prediction profile, based on 27 variations of peptide backbone confor-

mation39, offered a colorimetric representation of the residual conformation probabilities 

(Figure 2b). By classifying the 27 conformational variabilities into 3 significant categories 

of secondary structures (red: α-helix, blue: random coil, green: β-sheet, Figure 2b), ob-

served that α-helix prone residues (probability >0.5) were distributed throughout the output 

sequences (3 residues deducted from the input sequences). This demonstrates that K/E4-

OVA323 peptides adopt an α-helical structure along the whole sequences. Next, we per-

formed atomic coordinate parameterization with the dexamethasone succinate molecule us-

ing the LigParGen program40. The parameterized dexamethasone succinate was added to 

the N-terminal of the K/E4-OVA323 atomic model as an artificial amino acid (Figure 2a). 

Measurement of the monomeric size of the immunoconjugates (each ~1.5×3.5 nm) showed 

that both Dex-K/E4-OVA323 fell into the molecular size range that, upon subcutaneous ad-

ministration, can bypass lymphatic transport through direct blood capillary drainage11, 12 

and subsequent rapid renal clearance13. Therefore, a strategy is needed to enhance the reten-

tion of immunoconjugates in the lymphatic system, which is the major site for antigen-spe-

cific Treg induction. 

 

Supramolecular complexation between immunoconjugates and albumin. To decipher 

the plausible mechanism for enhancing the lymphatic retention of immunoconjugates, a na-

tive PAGE gel assay was performed to study the macromolecular complexes (>55kDa) 

form between immunoconjugates and biofluids. The supramolecular complexes were pre-

pared by incubating 20μM immunoconjugates with the biofluids at 37˚C for one hour. 40% 

mouse plasma in phosphate-buffered saline (PBS) was used to emulate the biofluid of sub-

cutaneous tissue41. Besides, knowing that albumin is a major carrier protein for small mole-

cule drugs18, the HSA/immunoconjugate, and MSA/immunoconjugate complexes were pre-

pared for molecular size comparison with the plasma/immunoconjugate complexes. To aid 

the recognition of immunoconjugates in the macromolecular complexes, the immunoconju-

gates were Cy5-labeled for fluorescence detection (Dex-K/E4-K(Cy5)OVA323). The fluores-

cent band of plasma/Dex-K4-K(Cy5)OVA323 complexes exhibited higher fluorescence in-

tensity than the plasma/Dex-E4-K(Cy5)OVA323 complexes (Figure 3a). This shows that the 

cationic tetramer (K4) enhances the complexation propensities with plasma proteins when 

compared to the anionic tetramer (E4). Furthermore, it was observed that the fluorescent 

band of HSA/Dex-K4-K(Cy5)OVA323 and MSA/Dex-K4-K(Cy5)OVA323 complexes dis-

played similar size distribution with the plasma/Dex-K4-K(Cy5)OVA323 complexes (fluo-

rescence bands at ~100kDa and >100kDa, Figure 3a). This suggests that albumin is a prob-

able complexation partner with Dex-K4-OVA323 in the subcutaneous tissue. Interestingly, 

the size of supramolecular complexes formed between Dex-K4-K(Cy5)OVA323 and 

plasma/albumin were situated in the dimeric region (band at ~100 kDa), which postulated 

its potential albumin dimerization properties caused by its cationic charges42.  
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The electrostatic surface potential of the albumin binding sites and immunoconju-

gates. Having demonstrated that the immunoconjugates bind to albumin, the connection be-

tween electrostatic complementarity and the albumin-conjugate association was then inves-

tigated. The electrostatic surface potential map of the albumin (PDB ID: 1UOR) and the 

Figure 3 Native PAGE gel assay of supramolecular complexes and the electrostatic surface potential of 

albumin (PDB ID: 1UOR) and dexamethasone-antigen conjugates. a) Association of fluorescently-labeled 

immunoconjugates with plasma proteins/albumin as assessed by native PAGE electrophoresis. The 

immunoconjugates were labeled with Cy5 to aid the recognition of immunoconjugates in the macromolecular-sized 

complexes. The protein in the system was visualized with Coomassie blue staining in the left, while the fluorescent 

signal was shown in the right. b) Albumin displays a predominantly negative surface potential. The electrostatic 

properties of the possible dexamethasone binding sites are circled in black (subdomain IIA, IIB, and IIIA). Both 
subdomain IIA and IIA display negatively charged surface properties, while subdomain IIIA has a balanced surface 

feature. c) Variation in the charged residues tetramer in the dexamethasone-antigen conjugates can successfully alter 

the electrostatic surface potential of the albumin binding moiety. The electrostatic surface potential is calculated 
using the APBS (Adaptive Poisson–Boltzmann Solver) software43. Potential isocontours are shown at -5 kT/e (red) 

and +5kT/e (blue). Structural representations were prepared with Visual molecular dynamics (VMD) software55. 
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dexamethasone-antigen conjugates were calculated using the Adaptive Poisson-Boltzmann 

Solver (APBS) program43. The albumin model examined herein should be of good general-

ity, as albumin shares high sequence homology across different species26, 28, especially do-

main II/III between humans and mice (Figure S2a-b)44. In agreement with the literature16, it 

is found that albumin displays a dominant-negative electrostatic surface potential (Figure 

3b, S2c). Further, we observed that an area of positive electrostatic surface potential was 

centered around the core of the protein. The presence of oppositely charged area in the 

same protein can be partly explained by the evolutionary preservation of polar residues in 

the protein core, which plays a significant role in maintaining the overall protein folding 

(e.g., formation of salt-bridge)33, 45. Next, we assayed the electrostatic surface potential of 

the possible dexamethasone binding sites in the albumin. The mode of interaction of dexa-

methasone with albumin is via multisite association46, with one specific dexamethasone-

binding site recently identified28. Therefore, we chose all plausible binding areas in the al-

bumin for the electrostatic surface potential evaluation (subdomain IIA, IIB, IIIA)26-28. The 

electrostatic surface potential evaluation shows that both subdomain IIA and IIB display 

negative electrostatic surface potential (Figure 3b, S2c). Subdomain IIIA displays more bal-

anced electrostatic surface potential (Figure 3b, S2c), which likely fosters higher binding 

capacity for hydrophobic drug molecules, e.g., digoxin, ibuprofen26. Finally, to assess the 

qualitative electrostatic complementarity between albumin and the immunoconjugates, we 

evaluated the electrostatic surface potential of Dex-K/E4-OVA323 (Figure 3c). It is shown 

that the charged linker residues alter the electrostatic surface potential of the albumin-bind-

ing moieties in the immunoconjugates. Therefore, the chosen peptide conjugates should 

represent good opposite models to study the effect of electrostatic complementarity be-

tween the dexamethasone-antigen conjugates and different binding sites in the albumin (Ta-

ble 1).      

 

 

 

 

Dex-K4-OVA323 specifically expands the OVA323-specific Treg population. To ex-

plore the effect of albumin-immunoconjugate electrostatic complementarity towards the 

systemic tolerogenic response, the OVA323-specific response induced by the immunocon-

jugates in mice was evaluated. The OTII adoptive transfer model for the evaluation (Figure 

4a) was used, in which each C57BL/6-Ly5.1 mouse received an injection of OTII CD4+ T 

cells one day before the administration of the immunoconjugates. The mice were vac-

cinated subcutaneously with Dex-K/E4-OVA323, the OVA323 epitope, or 1×PBS (control) 

on day 0. Since carboxylesterase is not present in subcutaneous tissue47, 48, this tissue offers 

an inert environment for the immunoconjugates to preserve their molecular integrity before 
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association with albumin. Subsequently, the mice were sacrificed on day 7, and the spleno-

cytes were analyzed by flow cytometry. Spleen was chosen for analysis because it is the 

largest secondary lymphoid organ in the body and was used for assaying the induction of 

systemic antigen-specific immunotolerance3, 49. The splenic T cell analysis (CD4+) showed 

that administration of Dex-K/E4-OVA323 did not cause a significant effect on the overall 

population of the Treg cells (CD25+Foxp3+) in the Ly5.1 mouse (Figure 4b). Since free 

dexamethasone can expand the overall Treg population in a non-antigen specific manner50, 

51, the lack of overall Treg effect by Dex-K/E4-OVA323 treatment shows that the amount 

of dexamethasone released from the immunoconjugates in the physiological environment 

was minuscule. However, within the subpopulation of OVA323-specific T cells 

(CD4+CD45.2+), a significant expansion of Treg cells in the mice treated with Dex-K4-

OVA323 compared to the PBS control group was observed, but not for those treated with 

Dex-E4-OVA323 or OVA323 epitope alone (Figure 4c). These results concur with the pre-

vious findings that, despite disease-associated antigens are endogenously expressed in the 

body52, tolerogenic adjuvants are required to trigger tolerogenic antigen presentation7-10. 

Furthermore, the obtained results demonstrate that the systemic tolerogenic antigen presen-

tation level is attenuated by the charged linker residues in the immunoconjugates. In partic-

ular, the differential response between Dex-K4-OVA323 and Dex-E4-OVA323 postulates 

the correlation between the albumin-immunoconjugate electrostatic complementarity and 

the level of antigen-specific Treg induction. Further studies are planned to substantiate the 

claim of this work, including molecular dynamics simulation (elucidate the molecular asso-

ciation mechanism), cell uptake (explore cellular transportability of albumin23, 53), and bio-

distribution studies. 
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3. Conclusion  

In summary, we have studied the connection between localized charge group variation 

within dexamethasone-antigen conjugates and the induction level of antigen-specific Treg. 

We show that the monomeric immunoconjugates because of their small size (~1.5×3.5 nm), 

are susceptible to rapid renal clearance upon subcutaneous administration. Employing gel 

electrophoresis of supramolecular complexes, we show that immunoconjugates/plasma pro-

tein complexes are formed in the emulated biofluid of subcutaneous tissue, with albumin as 

a probable complexation partner. By evaluating the electrostatic surface potential of both 

albumin and the dexamethasone-antigen conjugates, we show that the charge variation in 

the spacer of the immunoconjugates yields binding moieties with binding moieties different 

electrostatic complementarity to the albumin. Furthermore, we demonstrate that immuno-

conjugates with higher electrostatic complementarity with albumin (Dex-K4-OVA323) in-

duced significantly higher levels of OVA323-specific Treg, while no significant effect was 

 

Figure 4 The Dex-K4-OVA323 conjugates specifically upregulate the OVA323-specific Treg level. a) The 

CD45.1+ C57BL/6-Ly5.1 mice receive an adoptive transfer of OTII CD45.2+CD4+ T cells on day -1. The Ly5.1 

mice are treated with phosphate-buffered saline (PBS, control), 200μg of dexamethasone-antigen conjugates, or 

OVA323 epitope via subcutaneous injection to both flanks (50μl each). The mice are sacrificed on day 7, and the 

spleen is harvested for flow cytometry analysis. b) Percentage of Treg (CD25+Foxp3+) in all CD4+ T cells. No 

statistical difference is observed between the control and the immunoconjugate or epitope treatment groups. c) 

Percentage of Treg in OTII CD45.2+ T cells. Significant expansion of Treg is observed in Dex-K4-OVA323 only. 

It shows that higher electrostatic complementarity between albumin and immunoconjugates can augment the 

tolerogenic response. Besides, it shows that antigen epitope alone is insufficient to establish a tolerogenic 

response. Data were analyzed by one-way ANOVA with Dunnett’s multiple comparison test (compared to the 

control group) and expressed as the mean ± standard deviations (n=5); ** p<0.01. 
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observed for the immunoconjugates with lower electrostatic complementarity (Dex-E4-

OVA323) or the antigen epitope alone (OVA323). These results postulate the correlation 

between albumin-immunoconjugate electrostatic complementarity and the level of antigen-

specific Treg induction. Further experimental data are required to unveil the mechanistic 

link between albumin association and the enhanced tolerogenic response. Our finding offers 

a simple chemical approach to augment the immune response of the immunoconjugates for 

potential application in tolerogenic immunotherapy.       

 

4. Materials and Methods  

 

Synthesis of dexamethasone-antigen conjugates. The peptides were synthesized with 

standard Fmoc solid-phase chemistry using a Liberty blue peptide synthesizer (CEM corpo-

ration). In brief, for each coupling cycle, 5eq Fmoc-protected amino acids were activated 

with 5eq of Oxyma pure and N,N'-Diisopropylcarbodiimide to react with the free N-termi-

nal exposed on resin for 1 minute at 90˚C. After each amino acid coupling, the Fmoc group 

was deprotected by treatment with 20% piperidine for 1 minute at 90˚C. The dexame-

thasone succinate derivate was prepared as described previously35. This compound was 

subsequently coupled to the side chain protected sequence on resin using the same solid 

phase chemistry as other Fmoc-amino acids. The dexamethasone-antigen conjugate was 

cleaved with cocktail trifluoroacetic acid/water/triisopropylsilane (95/2.5/2.5) for 2 hours at 

room temperature and purified by preparative reverse-phase HPLC using a Reprosil-Pur 

120 C18-AQ column (10um, 250 × 25mm). The purity of the immunoconjugates was con-

firmed to be >90% by analytical HPLC using a Waters XBridge C18 column (5µm, 4.6 × 

150mm), and Mass Spectrometry (MS) analysis was performed using a Bruker microTOF-

Q instrument (Note S1-2). 

 

LigParGen parameterization. The chemical structure of dexamethasone succinate was 

downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/) and optimized with Avo-

gadro software. The MOL file of the structurally optimized dexamethasone succinate was 

uploaded to the LigParGen web server for atomic coordinate parametrization40. The param-

eterized dexamethasone succinate was used as an artificial amino acid for further analysis. 

 

PEP-FOLD3 secondary structure prediction. The ab initio secondary structure predic-

tion of the charge group flanked OVA323 sequences was performed using the PEP-

FOLD3.0 server36, 37. Standard free modeling parameters were chosen for the sequence 

modeling. The best models (PDB files) were chosen for further analysis. The structural al-

phabet prediction profile was generated for representing the conformation propensities per 

residue in the output sequences (3 residues subtracted from the input sequences). 

 

Gel electrophoresis of supramolecular complexes. In vitro supramolecular complexation 

was performed by incubating 20 μM immunoconjugates with biofluids, including 40% 

plasma, 8 mg/ml HSA or 8mg/ml MSA (Sigma Aldrich) in 1×PBS (2.7mM KCl, 1.5mM 

https://pubchem.ncbi.nlm.nih.gov/
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KH2PO4, 138mM NaCl, 8mM Na2HPO4), at 37˚C for one hour. Subsequently, the macro-

molecular complexation products were analyzed using NativePAGE™ 4-16% Bis-Tris gel 

(Thermo Fisher) running with 1× Tris-acetate-EDTA buffer (Figure S1). The dexame-

thasone-antigen conjugates were Cy5-labeled via the addition of Fmoc-Lys(Cy5)-OH (AAT 

Bioquest) to the N-terminal of OVA323 sequence during the solid phase synthesis (i.e., 

Dex-K/E4-K(Cy5)OVA323, Note S3-4). Thereby, the distribution of the immunoconjugates 

in the macromolecular complexes (>55 kDa) can be identified by fluorescence signal 

(ex700/em750 nm) detected by ChemiDoc Imaging System (Bio-Rad Laboratories). Fur-

thermore, the protein in the gel was visualized with Coomassie blue staining.     

 

Electrostatic surface potential analysis. The electrostatic surface potential of the human 

serum albumin and dexamethasone-antigen conjugates were calculated using the APBS 

(Adaptive Poisson–Boltzmann Solver) software43. In brief, the PDB files of human serum 

albumin (PDB ID: 1UOR) and the dexamethasone-antigen conjugates were converted to 

PQR files using PDB2PQR54. Subsequently, the PQR files were analyzed by APBS with 

default charges and atomic radii to generate the surface potential map. Structural represen-

tations were prepared with Visual molecular dynamics (VMD, version 1.9.3)55. 

 

Mice. All animal work was conducted under the approved protocol from the Animal Exper-

iment Committee of Utrecht University. Female C57BL/6-Ly5.1 and C57BL/6-

Tg(TcraTcrb)425Cbn/Crl (OTII) mice (8 weeks) were purchased from Charles River and 

kept under standard conditions at the animal facility.  

 

Antibodies for flow cytometry analysis. The monoclonal antibodies for mouse CD4 (eBi-

oscience, Cat# 11-0042-82), CD25 (BD, Cat# 553866), CD45.2 (eBioscience, Cat# 45-

0454-82), Foxp3 (eBioscience, Cat# 45-5773-82) were used according to the manufac-

turer’s instruction, including antibody dilution. Flow cytometry was performed on a Gallios 

flow cytometer (Beckman Coulter). Data were analyzed using FlowJo 7.6.5. 

 

OTII adoptive transfer model for tolerogenic assay. On day -1, OTII mice were sacri-

ficed. CD4+ T cells were isolated from the spleen of OTII mice using a CD4+ T-cell mag-

netic bead isolation kit (Miltenyi Biotec). A total of 5.5×105 CD45.2+CD4+ OT-II T cells 

were adoptively transferred into each CD45.1+ Ly5.1 mouse via tail-vein injection. On day 

0, samples (200 μg) were subcutaneously injected to both right and left flank of the Ly5.1 

mouse (50 μl each in 1× PBS). Mice were sacrificed on day 7. The spleens of the different 

mice were isolated, and the splenocytes were analyzed by flow cytometry. 

 

Statistical analysis. Statistical analysis was performed in GraphPad Prism v.9.1.1 using 

one-way ANOVA with Dunnett’s multiple comparison test. Data were presented as aver-

age± standard deviations unless otherwise indicated. Significant statistical difference was 

annotated as ** p<0.01. 
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Figure S1 Protein ladder alignment in fluorescence channel of native PAGE gel of immunoconjugates-

biofluid complexes a) The full native PAGE gel of the supramolecular complexes formed between 

immunoconjugates and biofluids. The protein ladder (55, 70kDa) in the fluorescence channel was assigned by 

exaggerating the exposure time (20s), followed by alignment to the less exposed image (5s). b) The whole native 

PAGE gel with Coomassie blue staining, which visualized the protein present in the system.  
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Figure S2 RoseTTAFold1 model and electrostatic surface potential analysis of mouse serum albumin 

(MSA). a) The RoseTTAFold model (<2Å error) of MSA (26-608) with a global distance test (GDT) score of 0.9. 

b) Plot of per-residue error estimates for the selected MSA model (1-608). It shows that residue 26-608 has <2Å  

per-residue error. c) The electrostatic surface potential of the selected MSA model calculated using the APBS 

(Adaptive Poisson–Boltzmann Solver) software2. Potential isocontours are shown at -5 kT/e (red) and +5kT/e 

(blue). Structural representations were prepared with Visual molecular dynamics (VMD) software3. 
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Supplementary Note 1-2: HPLC-MS traces of Dexamethasone-antigen conjugates 

Note S1: DEX-K4-OVA (Theoretical mass=2761.1 Da; [M+2H]2+=1381.6, 

[M+3H]3+=921.4, [M+4H]4+=691.3) 

Analytical HPLC (5% to 100% acetonitrile in 20 min, 0.1% formic acid) 
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Note S2: Dex-E4-OVA (Theoretical mass=2764.9 Da; [M+2H]2+=1383.5, 

[M+3H]3+=922.6) 

Analytical HPLC (5% to 80% acetonitrile in 20 min, 10mM ammonium bicarbonate) 
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Supplementary Note 3-4: MALDI-TOG/TOF MS traces of Cy5 labeled 

Dexamethasone-antigen conjugates  

Note S3: Dex-K4-K(Cy5)ISQAVHAAHAEINEAGR (Theoretical [M+Na]+:3536.1) 

MALDI-TOF/TOF (Bruker ultrafleXtreme, α‑Cyano‑4‑hydroxycinnamic acid matrix) 
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Note S4: Dex-E4-K(Cy5)ISQAVHAAHAEINEAGR (Theoretical [M+Na]+:3539.9) 

MALDI-TOF/TOF (Bruker ultrafleXtreme, α‑Cyano‑4‑hydroxycinnamic acid matrix) 

 

 

 

 

1. Baek, M.;  DiMaio, F.;  Anishchenko, I.;  Dauparas, J.;  Ovchinnikov, S.;  Lee, G. 

R.;  Wang, J.;  Cong, Q.;  Kinch, L. N.;  Schaeffer, R. D.;  Millán, C.;  Park, H.;  Adams, 

C.;  Glassman, C. R.;  DeGiovanni, A.;  Pereira, J. H.;  Rodrigues, A. V.;  van Dijk, A. A.;  

Ebrecht, A. C.;  Opperman, D. J.;  Sagmeister, T.;  Buhlheller, C.;  Pavkov-Keller, T.;  

Rathinaswamy, M. K.;  Dalwadi, U.;  Yip, C. K.;  Burke, J. E.;  Garcia, K. C.;  Grishin, N. 

V.;  Adams, P. D.;  Read, R. J.; Baker, D., Accurate prediction of protein structures and 

interactions using a three-track neural network. Science 2021, eabj8754. 

2. Baker, N. A.;  Sept, D.;  Joseph, S.;  Holst, M. J.; McCammon, J. A., Electrostatics 

of nanosystems: Application to microtubules and the ribosome. Proceedings of the National 

Academy of Sciences 2001, 98 (18), 10037. 

3. Humphrey, W.;  Dalke, A.; Schulten, K., VMD: Visual molecular dynamics. 

Journal of Molecular Graphics 1996, 14 (1), 33-38. 

 

3236.9

3258.9

3288.1

3325.2

3379.4
3399.5

3439.8

3468.8 3525.2

3540.3

3561.4

3585.53605.5

3629.7

3650.7 3677.0
3699.8

3988.3

3200 3300 3400 3500 3600 3700 3800 3900 m/z
0

500

1000

1500

2000

Intens.

0_I3\1: +MS



 
 

 

Chapter 7 

 

Summary and Perspectives 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



Chapter 7 

150 

 

1. Summary 

This thesis explores the potential immunological applications of supramolecular peptide 

materials using the roadmap for functional supramolecular materials development described 

by Meijer et al. 1. This roadmap can be summarized as 1) optimization of the non-covalent 

synthesis of the materials; 2) in-depth characterization of the material properties; and 3) 

effective integration of materials to the application sites to deliver its overarching 

functionality. Chapter 1 provides a short introduction to the background and 

considerations for developing supramolecular peptide materials targeting immunological 

applications.       

 

Optimization of the non-covalent synthesis of the materials. Since the non-covalent 

synthesis of supramolecular materials consists of multiple steps, the intermediate states play 

a significant role in deciding the outcome of the supramolecular products. The parameters 

for optimizing the non-covalent synthesis of the supramolecular peptide materials are 

discussed in chapter 2. Using the zero-/one-dimensional nanostructure selectivity over the 

β-sheet assembly pathway as an example, we highlighted the internal and external factors 

that can modulate the intermediates and discussed how those factors can influence the 

assembly outcome. In chapter 3, we investigated the molecular parameters governing the 

nucleation propensities of the oligomeric intermediates. Using a cognate set of self-

assembling peptides, we showed that lowering the mutually repulsive electrostatic charges 

between the peptide building blocks and increasing the β-sheet propensities of the peptide 

sequence can increase the nucleation propensities of the oligomeric intermediates. We 

showed that the oligomeric nucleation propensities critically define the fibrillization yield.  

 

In-depth characterization of the material properties. Precise understanding of the 

structural organization of supramolecular products can not only give us better insights into 

their material properties but also provide clues into the energy constraints these structures 

are encountering. In chapter 4, we used cryo-EM analysis to study the supramolecular 

organization of peptide nanofibers formed by supramolecular assembly of surfactant-like 

peptide 1 (SLP1). We observed that SLP1 nanofibers (diameter ~4nm, length >500nm) 

display low twists under physiological conditions. This physicochemical property hinders 

the 3D reconstruction of the structure using a commonly used cryo-EM image processing 

method, REgularised LIkelihood OptimisatioN (RELION)2. Taking a guide from the 2D 

class averages of cryo-EM, we succeed in elucidating the protofibril and fibrous 

organization of the SLP1 nanofibers. Based on the reconstructed structures, we conjectured 

the possible causes of the low twist of SLP1 nanofibers in physiological buffer and outlined 

the functional implications of SLP1 nanofiber towards tissue engineering and drug delivery. 

These insights demonstrate how a high-level understanding of the supramolecular 

organization can aid future molecular design and functional exploitation of supramolecular 

materials.  

 

Effective functional integration of materials to the application sites. To deliver the 

overarching biomedical functionality of the supramolecular materials, the materials must be 

effectively integrated into the application sites. Two main approaches of functional 
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integration of materials are being pursued---1) reconciling the fabricated supramolecular 

materials and the administration sites, or 2) incorporating the supramolecular materials as 

modalities in the application sites. In chapter 5 and 6, we explored the potential 

application of supramolecular peptide materials as tolerogenic vaccines using these two 

respective functional integration approaches. In chapter 5, we deployed nanofibers as 

scaffolds for the co-delivery of antigen epitopes and tolerogenic adjuvants 

(dexamethasone). In agreement with the previous findings3, we showed that the fiber 

scaffold with more negative ζ-potential can enhance macrophage receptor with collagenous 

structure (MARCO)-mediated uptake, thereby leading to a more robust tolerogenic 

response. In chapter 6, inspired by the peptide-protein complexation mechanism, we 

explored the use of complementary hydrophobic-electrostatic interactions to enhance the 

association propensities between albumin and the dexamethasone-antigen conjugates. 

Through varying the electrostatic surface potential of the albumin binding moiety in the 

dexamethasone-antigen conjugate, we discovered that immunoconjugates of higher 

electrostatic complementarity with albumin are prone to a higher in-situ association. We 

found that immunoconjugates with higher albumin association propensity gave more robust 

tolerogenic responses upon in vivo administration.       

 

2. Immediate steps forward 

Cryo-EM characterization of functionalized supramolecular nanofibers. Having 

characterized the hierarchical structure of non-functionalized SLP1 nanofibers in chapter 

4, the next step will be to understand how nanofiber functionalization (e.g., drug 

conjugation) can influence its supramolecular organization. In particular, small molecule 

drugs are generally hydrophobic. As hydrophobic interactions are the primary driver of 

structural ordering in proteinaceous materials4, adding the hydrophobic moieties to 

nanofibers can likely trigger structural organization cascades. For example, dexamethasone 

functionalization of the nanofibers in chapter 5 can likely enhance the sophistication of 

their hierarchical assembly pathway5. Therefore, a high-level understanding of the 

supramolecular organization of the functionalized nanofibers (e.g., the surface exposure of 

drug molecules) is crucial to further their application exploitation. 

 

Explore translatability of dexamethasone-antigen conjugates for autoimmune disease 

treatments. Having shown that dexamethasone-antigen conjugate with high albumin 

association propensities elicits the most robust antigen-specific tolerogenic response among 

all the candidates studied in chapter 5 and 6, the next step will be to explore its clinical 

translatability in autoimmune disease models. Several issues need to be considered for 

effective translation. First, the number of charged residues in the immunoconjugates needs 

to be adjusted according to the physicochemical properties of the disease-associated 

epitopes (e.g., number of anionic residues) to maintain a net positive electrostatic surface 

potential for albumin association. Second, to utilize the ability of the immunoconjugates in 

upregulating splenic regulatory T (Treg) cells, autoimmune diseases with a direct link to 

splenic immunity should be chosen for preliminary investigations. For example, heightened 

proinflammatory antigen-specific activity in the cardiosplenic axis is shown to cause 

pathological cardiac remodelling (e.g., heart failure)6, 7. Therefore, induction of 
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cardioprotective splenic Treg by the immunoconjugates presents a promising strategy in 

alleviating these pathological symptoms8. 

 

Utilize supramolecular properties of dexamethasone-antigen conjugates to assist 

conventional nanomedicine preparation. On top of exploring the translatability in 

autoimmune disease treatment, the supramolecular properties of the dexamethasone-antigen 

conjugates can also be harnessed for assisting conventional nanomedicines preparation. For 

example, electrostatic attractions can increase the encapsulation efficiency of charged 

residues modified antigens into nanogels9. Since many nanomedicines are amphiphilic in 

nature (e.g., lipid nanoparticles), this makes dexamethasone-antigen conjugates a suitable 

interaction partner with them through complimentary hydrophobic-electrostatic 

interactions.  

 

3. Perspective 

Quantifying the system plurality of the supramolecular materials. Due to the inherent 

system plurality, one major challenge in developing functional supramolecular materials is 

consistently manufacturing well-defined structures. Due to the pathway complexity of 

constructing supramolecular materials, different intermediate stages can lead to the 

formation of different supramolecular products10, 11. For example, in chapter 3, we 

observed that the fibrillization process can give rise to a mixture of rigid (nanofiber) and 

mobile (oligomer) structures. Two common strategies to tackle this challenge are 1) 

optimizing the non-covalent synthesis yield or 2) purifying the supramolecular products. 

For example, due to the high thermodynamic stability of peptide nanofibers, the amount of 

peptide dissociates from the nanofibers is, in most cases, minimal12, 13. Therefore, peptide 

nanofibers can be purified from their oligomer counterparts (e.g., prepare liquid crystalline 

filamentous colloids14, 15). However, making more homogenous materials (e.g., pure 

nanofibers with low oligomers content) does not always guarantee better application 

outcomes. The ability to formulate a complex molecular system is one of the unique 

strengths of supramolecular materials1. For example, the co-existence of peptide nanofibers 

and oligomers can act synergistically in tissue engineering applications (e.g., nanofibers 

serve as matrix scaffolds16, 17, oligomers for stabilizing the native folding of the locally 

concentrated growth factors in the matrix18, 19). Therefore, it will be useful to develop tools 

to quantify the system plurality of supramolecular materials. 

   

Bridging the static and dynamic analysis of the supramolecular materials. Thanks to 

the advancement of cryo-EM technology, it is now possible to characterize the molecular 

organization of supramolecular materials in near-atomic resolution. However, cryo-EM 

measurement is performed with samples in near-native but static conditions. As a result, it 

could not capture the dynamic properties of the sample, which is also a critical feature of 

supramolecular materials. For example, structural defects in supramolecular peptide 

nanofibers can instigate heterogeneity in their secondary nucleation kinetics and resultant 

fiber morphology20. Therefore, there are ongoing endeavours to bridge the static and 

dynamic analysis of the supramolecular material properties. For example, Baker et al. 
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utilized the high-level structural details resolved with cryo-EM to engineer the assembly 

and disassembly kinetics of supramolecular peptide filaments21; while Patterson et al. 

elucidated the liquid-liquid phase separation events during the nanovesicles self-assembly 

through bridging the liquid-phase EM (dynamic) with the cryo-EM (static) analysis22.  This 

comprehensive knowledge of supramolecular materials would be paramount to further their 

functional development. 

 

Holistic consideration of molecules surrounding the supramolecular materials.  The 

structural properties of supramolecular materials (e.g., size, morphology, hydrophobicity) 

are crucial parameters in moderating their biocompatibility and functionality23, 24. However, 

the organization of molecules surrounding the supramolecular materials (e.g., water, 

counterions) also play a significant role in determining their biocompatibility and 

functionality25-28. For example, Stupp et al. showed that water ordering on the surface of the 

nanofibers plays an integral part in their structural organization, and liberation of these 

ordered water molecules surrounding the surface of these epitope-functionalized nanofibers 

can provide entropic incentives for the ligand-receptor interactions25. Furthermore, they 

showed that replacing counterions Na+ to Ca2+ on the nanofiber surface can reduce its 

structural fluidity25, which could lower its cytotoxicity29. Therefore, the molecules 

surrounding the supramolecular materials should be holistically considered in their future 

functional development. (e.g., fabricating transient nanofibers with surface retarded 

chaotropic ions) 

 

Development of environment-responsive supramolecular systems for immunological 

applications. The development of synthetic immune niches is considered the next frontier 

in immunotherapy30, 31. The implanted synthetic immune niches can offer a systemic 

environment to continuously modify immune cell functionality by providing a 

biocompatible and resilient scaffold with the spatiotemporal release of immunomodulatory 

factors. Current approaches in constructing synthetic immune niches involve modular 

integration of different functional biomaterials30, 32. However, these biomaterials are often 

independent of each other, making these artificial systems less sustainable if their fabricated 

configuration is perturbed. In contrast, the multiple supramolecular products formed via 

non-covalent synthesis can be interconnected in the form of mutualistic biopolymer 

networks, i.e., each assembly state is in equilibrium with the other13, 33, 34. This makes 

artificial systems constructed with supramolecular materials more adaptive towards 

perturbation. For example, when mechanical stress is applied to the synthetic immune 

niches composed of supramolecular peptide materials (e.g., peptide nanofibers as a matrix 

scaffold, oligomers as native folding stabilizing agents of immunological factors), the 

fractured peptide nanofibers in the system can trigger secondary nucleation events to 

increase the overall nanofibers contents35. As a result, the increased fibrous content can 

enhance the mechanical resilience of synthetic immune niches. The systemic stimuli-

responsiveness of supramolecular materials can potentially enhance the sustainability of 

synthetic immune niches compared with the conventional use of independent biomaterial 

ensembles. 
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4. Conclusion  

In summary, this thesis systematically explores the immunomodulatory potential of 

supramolecular peptide materials. The parameters to optimize the non-covalent synthesis 

process and to govern the hierarchical organization of peptide nanofibers were studied on 

the example of surfactant-like peptides. Using peptide nanofibers as a scaffold, we explored 

the application potential of these ordered materials in inducing antigen-specific tolerance. 

Furthermore, we examined the application potential of dynamic assemblies between 

albumin and dexamethasone-antigen conjugates to enhance the level of tolerogenic 

response induced. Finally, we discussed the perspective on the future development of 

supramolecular materials targeting immunological application. 
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Nederlandse Samenvatting 

Dit proefschrift heeft de mogelijke immunologische toepassingen van supramoleculaire 

peptide materialen onderzocht aan de hand van het stappenplan voor de ontwikkeling van 

functionele supramoleculaire materialen zoals beschreven door Meijer et al.1. Dit 

stappenplan kan worden samengevat als 1) optimalisatie van de niet-covalente synthese van 

de materialen; 2) diepgaande analyse van de materiaaleigenschappen; en 3) effectieve 

integratie van de materialen in verschillende toepassingsgebieden om een gewenste 

functionaliteit, in dit geval optimale immuun stimulatie, te leveren. Hoofdstuk 1 geeft een 

korte inleiding in de ontwikkeling van supramoleculaire peptide materialen voor 

immunologische toepassingen. 

 

1. Optimalisatie van de niet-covalente synthese van de materialen 

Aangezien de niet-covalente synthese van supramoleculaire materialen uit meerdere 

stappen bestaat, spelen de intermediaire toestanden een belangrijke rol bij het bepalen van 

het eindresultaat van het assemblage proces. De parameters voor het optimaliseren van de 

niet-covalente synthese van de supramoleculaire peptide materialen zijn besproken in 

hoofdstuk 2. Met de 0/1-dimensionale nanostructuur selectiviteit boven de β-sheet 

assemblage route als voorbeeld, belichtten we de interne en externe factoren die de 

tussenproducten kunnen beïnvloeden en daarmee dus ook het eindproduct.  In hoofdstuk 3 

hebben we de moleculaire parameters onderzocht die bepalen of oligomere tussenproducten 

via nucleatie verder aggregeren of niet. Met behulp van een set zelf-assemblerende peptiden 

hebben we aangetoond dat het verlagen van de wederzijdse afstotende elektrostatische 

ladingen tussen de peptide bouwstenen en het verhogen van het vermogen om β-sheets te 

vormen de nucleatie van de oligomere tussenproducten kan verhogen. We toonden aan dat 

de mate van oligomere nucleatie bepalend is voor de uiteindelijke opbrengst van de 

gevormde fibrillen. 

 

2. Diepgaande analyse van de materiaaleigenschappen 

Een nauwkeurig begrip van de structurele organisatie van supramoleculaire producten kan 

ons niet alleen een beter inzicht geven in hun materiaaleigenschappen, maar ook 

aanwijzingen geven over de energetische beperkingen die deze structuren ondervinden. In 

hoofdstuk 4 hebben we cryo-EM analyse gebruikt om de supramoleculaire organisatie van 

peptide nanofilamenten te bestuderen die gevormd zijn door supramoleculaire assemblage 

van zeep-achtige peptide 1 (SLP1). We hebben waargenomen dat de SLP1 nanofilamenten 

(diameter ~4nm, lengte >500nm) een lage draaiing vertonen onder fysiologische condities. 

Deze fysisch-chemische eigenschap belemmert de 3D-reconstructie van de structuur met 

behulp van conventionele cryo-EM beeldverwerkingsmethodes. Gebruik makend van de 

2D-klasse gemiddelden van cryo-EM, slaagden we erin om de protofibril en organisatie van 

de SLP1 nanofilamenten op te helderen. Gebaseerd op de gereconstrueerde structuren, doen 

we een uitspraak over de mogelijke oorzaken van de lage twist van SLP1 nanofilamenten in 

fysiologische buffer en schetsen we de functionele implicaties van SLP1 nanofilamenten 

voor tissue engineering en drug delivery. Deze inzichten tonen aan hoe een goed begrip van 
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de supramoleculaire organisatie kan helpen bij het toekomstige moleculaire ontwerp en de 

functionele exploitatie van supramoleculaire materialen. 

 

3. Doeltreffende functionele integratie van materialen voor specifieke toepassingen 

Voor biomedische toepassing van supramoleculaire materialen zullen deze effectief moeten 

worden geïntegreerd met andere materialen. Twee belangrijke benaderingen van 

functionele integratie van materialen worden nagestreefd---1) het verenigen van de 

gefabriceerde supramoleculaire materialen met het bestaande materiaal/weefsel, of 2) het 

incorporeren van de supramoleculaire materialen als modaliteiten op de plek van 

toediening. In hoofdstuk 5 en 6 hebben we de potentiële toepassing van supramoleculaire 

peptide materialen als vaccins onderzocht.  In hoofdstuk 5 hebben we nanofilamenten 

gebruikt als dragersystemen voor antigeen epitopen en immunosuppressiva 

(dexamethason). In overeenstemming met de eerdere bevindingen2, toonden we aan dat de 

nanofilamenten met een meer negatieve ζ-potentiaal beter werden opgenomen door 

immuuncellen door binding aan de MARCO-receptor (macrofaag receptor met collageen 

structuur), wat leidde tot een meer robuuste tolerogene respons. In hoofdstuk 6 

onderzochten we het gebruik van complementaire hydrofobe-elektrostatische interacties om 

de binding tussen albumine en de dexamethason-antigeen conjugaten te verbeteren. Door 

de elektrostatische oppervlaktepotentiaal van het albuminebindende deel in het 

dexamethason-antigeen conjugaat te variëren, ontdekten we dat immunoconjugaten met een 

betere elektrostatische complementariteit met albumine een sterkere binding aan dit eiwit 

lieten zien. Dit leidde vervolgens tot robuustere antigeen-specifieke tolerogene reacties in 

de muis. Dit werk laat zien dat via een rationele benadering peptide-drug conjugaten 

verbeterd kunnen worden om een gewenst immunologisch effect te krijgen en biedt 

mogelijkheden voor de ontwikkeling van nieuwe therapieën voor de behandeling van auto-

immuunziekten.  
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