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Abstract: 
Peptide-based nanomaterials offer exceptional tunability through sequence control and 

chemical modification. Within the NanoReMedi framework, this work establishes a 

structure–property paradigm wherein the hydrophobic domain—aliphatic lipidation, 

amphiphilic β‑sheet extension, or AIE conjugation—deterministically governs assembly, 

mechanics, and bioactivity across three complementary strategies. 

Strategy I established that stearic acid (C18) conjugation dominates morphological 

outcome, overriding peptide sequence to drive spherical or vesicular architectures. 

Under physiological ionic strength, colloidal stability was dictated by net electrostatic 

charge rather than β‑sheet propensity. Strategy II extended these findings to 

macroscopic hydrogel formation using the GFOGER epitope functionalised with three 

distinct domains: an amphiphilic hexapeptide (FQFQFK), its lipidated analogue, and the 

AIE luminogen TPE. Spectroscopic and rheological studies revealed that lipidation acts 

as a conformational switch, yielding high modulus β‑sheet networks with enhanced early 

adhesion but poor shear recovery. In contrast, AIE conjugation produced softer, 

intrinsically fluorescent matrices, with hydroxyproline content being a critical 

determinant of supramolecular packing density. Strategy III, conducted with the 

University of Pavia, demonstrated that, following covalent immobilisation of bioactive 

peptides onto electrospun PLGA scaffolds via thiol-maleimide chemistry, the peptide 

hydropathy index exerts greater control over surface wettability and endothelial 

selectivity than grafting density. 

Collectively, this thesis establishes a predictive framework for the rational design of 

peptide-decorated biomaterials, balancing mechanical robustness against dynamic 

reversibility. It also demonstrates that subtle sequence modifications—like proline 
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hydroxylation—offer control over supramolecular architecture, providing a molecular 

roadmap for targeted regenerative therapies. 
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In nature, proteins represent some of the most sophisticated functional materials, displaying 

multiscale hierarchical assembly largely through non-covalent interactions (alongside covalent 

crosslinks such as disulfide bonds), making complex structures that act as molecular 

machinery at the cellular and tissue level. Inspired by this, the recent years have seen an 

increase in the design and application of functional materials using short bioactive domains of 

proteins or bioactive peptides, whose properties can be tuned at the molecular level to enhance 

efficiency and the material’s capacity to execute a specific function. 1 2   

1.1. Peptide Self-Assembly 
Molecular self-assembly is an intrinsic process by which molecules spontaneously organise 

into ordered, energetically favourable architectures through the cooperative action of multiple 

weak non-covalent interactions. Unlike covalent bonds, these interactions are inherently 

reversible, enabling assembled structures to dynamically reorganise in response to 

environmental stimuli, conferring both structural coherence and adaptive functionality. 

This bottom-up fabrication strategy has emerged as a powerful tool in the engineering of nano-

biomaterials, offering precise control over the hierarchical organisation of the structure through 

controlling the design rationale of the building blocks. 3,4 Among the diverse range of self-

assembling systems investigated, peptides and peptidomimetics are particularly interesting 

choice as modular building blocks for nano-biomaterials. This interest stems from three key 

attributes of peptide materials: 

• First, peptide-based systems have inherent self-assembly behaviour. This behaviour is 

the foundation of various native structural complexes, making peptide-derived 

nanomaterials, biocompatible and easily integrated with living tissues. 5 
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• Second, peptide sequences can be precisely engineered at the amino acid level to 

incorporate specific biological signals (receptor-binding motifs, extracellular matrix 

ligands, and growth factor–mimetic domains), allowing programmed presentation of 

bioactive cues that regulate cell behaviour. Such tunability is particularly advantageous 

in tissue regeneration, where spatial and biochemical control over cell–material 

interactions is essential. 6–8 

• Third, peptides offer significant advantages in terms of synthetic control and 

reproducibility. They are synthesised using well-established methods - solid-phase 

peptide synthesis (SPPS), liquid-phase chemistry, enzymatic synthesis, or recombinant 

expression- enabling precise regulation over sequence length, composition, and 

chemical modification. Unlike full-length proteins, peptides lack higher-order structural 

heterogeneity, which facilitates high purity and consistent batch-to-batch production. 9 

This molecular precision enables systematic investigation of structure–function relationships 

and rational design optimisation of supramolecular assemblies tailored to specific biomedical 

applications.   

The peptide self-assembly arises from a complex interplay between intrinsic and extrinsic 

factors, which gives rise to a plethora of cooperative non-covalent interactions that form 

thermodynamically favourable structures with free-energy minima. Intrinsic material properties 

reflect the collective contribution of multiple weak non-covalent interactions rather than any 

single dominant force. These properties are often estimated statistically from available peptide 

datasets and interpreted as generalised sequence-dependent trends. Importantly, the position 

of amino acids within a sequence strongly influences structural behaviour. Peptides with 

identical amino acid compositions but different sequence arrangements may exhibit similar 

overall polarity yet display markedly different structural and morphological properties. 
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In addition to intrinsic non-covalent interactions, external stimuli—including pH, temperature, 

ionic strength, solvent polarity, enzymatic activity, and concentration—can introduce kinetic 

control over peptide assembly pathways (Figure 1). Such stimuli may lead to kinetically trapped 

states and metastable morphologies rather than thermodynamically favoured structures. 

Understanding the interplay between sequence design, thermodynamic stability, and kinetic 

regulation is therefore essential for the rational development of stable peptide-based 

nanomaterials. 6 

 

Figure 1 Interplay of intrinsic (thermodynamic) and extrinsic (kinetic) factors affecting 
peptide self‑assembly. Adapted from the reference 10 

1.2. Self-Assembling Peptide Nanomaterials 
Beyond intrinsic and extrinsic variables, the primary sequence design remains the most 

fundamental determinant of the self-assembly pathway. By strategically organising amino 

acids, one can precisely modulate non-covalent interactions to favour specific folding patterns. 

In the presence of external triggers, these designed building blocks undergo hierarchical 

organisation into well-defined secondary structures—such as α-helices, β-sheets, β-turns, or 

collagen-like triple helices—or assemble into spherical and cylindrical micellar architectures. 
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This level of control is achieved by systematically varying the amino acid composition, the 

specific sequence order, and the incorporation of chemical modifications. Such precision 

allows for the fabrication of peptide-based nanomaterials with tailored mechanical stiffness, 

sophisticated hierarchical complexity, and targeted biological functionality.  22 

One  of the most prevalent sequence-design strategies used to generate peptide 

nanomaterials, particularly hydrogels, is a peptide amphiphile: 

1.2.1. Peptide amphiphiles 

Peptide amphiphiles (PAs) represent an important class of self-assembling biomaterials that 

combine molecular recognition properties of peptides with the self-assembly behaviour of 

amphiphilic molecules. Amphiphilic materials typically consist of a hydrophobic tail and a 

hydrophilic head group, which impart surfactant-like behaviour and allow them to form 

organised supramolecular structures in aqueous environments. In peptide amphiphiles, 

amphiphilicity can be introduced through several design strategies like short hydrophobic 

peptide segments, aromatic groups, or lipid moieties. These molecular architectures promote 

self-assembly into nanofibres, ribbons, belts, or micellar structures. Under controlled 

conditions, these structures can form highly ordered supramolecular fibrillar networks and 

entrap large amounts of water, forming hydrogels (Figure 2). 23  
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Figure 2 Peptide Amphiphile Design Strategies 

1.2.1.1. Ultra-Short Peptide Amphiphiles 

This peptide amphiphile design strategy involves the use of 3–6 aliphatic amino acids. In these 

systems, a relatively hydrophilic amino acid head group is combined with a more hydrophobic 

peptide segment that acts as the tail. For instance, non-aromatic linear peptides with a 

dominant hydrophobic nature -composed of amino acid residues such as valine, leucine, 

isoleucine, alanine and glycine - are conjugated to a polar amino acid such as aspartic acid, 

glutamic acid, lysine, serine, or threonine. Despite their minimal size, these molecules self-

assemble into helical supramolecular fibres in water, which align in parallel or antiparallel 

arrangements to produce stable fibrillar hydrogels. 23 

1.2.1.2. Intrinsically Aromatic & Amphipathic Sequences  

Aromatic amino acids enhance self-assembly through π–π stacking interactions. One of the 

earliest examples of ultra-short aromatic peptide hydrogels involved diphenylalanine (FF) 

motifs. Conjugation of D-leucine or D-valine to the FF dipeptide showed fibrous hydrogel 

networks under physiological pH due to the peptide chirality of D-amino acids. In these 

systems, the D-amino acids promote tighter packing and extended β-sheet conformations, 

aligning phenylalanine residues via π–π stacking, unlike the L-amino acids, thereby acting as a 
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molecular zipper, stabilising the supramolecular assembly and promoting hydrogel formation. 

24–26 In another approach, long peptide sequences (6 amino acid long) containing alternating 

phenylalanine and aspartate residues were used to create extended anionic amphiphilic chains 

that were further functionalised with bioactive peptides at the C-terminus to enhance cell 

adhesion and biological interactions. 27  

A hybrid design strategy was reported by Ballet et al., which integrated aromatic amino acids 

with amphipathic sequences to combine π–π stacking with hydrophobic–hydrophilic 

segregation. The short amphipathic hexapeptide, FQFQFK (H-FQFQFK-NH₂), inspired by 

amyloid-like nanofiber assembly, follows an iterative design with alternating residues of 

phenylalanine and glutamine, creating an amphipathic character similar to an ultra-short 

peptide. amphiphiles. Despite having only a single charged residue at the C-terminus (lysine), 

this compact design exhibits excellent gel properties, making it suitable for injectable and drug 

delivery applications. 28  Subsequent studies focused on improving the mechanical and 

physiochemical properties of the hydrogels using sequence length and amino acid 

modifications. 29–31   

1.2.1.3. Classical Lipidated Peptide Amphiphiles 

 A major advancement in the design of peptide amphiphiles was introduced by Stupp and co-

workers, who developed a modular architecture consisting of four distinct structural segments: 

1) a hydrophobic fatty acid tail at the N-terminus,  

2) a hydrophobic β-sheet-forming region,  

3) a charged amino acid region, and  

4) a bioactive motif at the C-terminus to interact with cells. 

A representative example of this design is the peptide amphiphile CH₃(CH₂)₁₄CONH-

CCCCGGG-PSRGD, in which the RGD motif promotes cell adhesion, the fatty acid tail drives 
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the hydrophobic collapse, while the β-sheet forming segment promotes nanofibre formation 

through hydrogen bonding. The charged region stabilises the assembly in aqueous 

environments and allows the nanofibres to interact with biological systems. 32  

Over time, several β-sheet-forming sequences such as AAAAGGG, AAALLL, and VVVAAA were 

developed to improve hydrophobicity and enhance supramolecular assembly. 33–35 Recent 

studies have demonstrated that even shorter peptide segments containing only four amino 

acids can form functional peptide amphiphiles. These studies revealed that the supramolecular 

dynamics of the assembled nanofibres strongly influence biological activity. Systems with 

highly dynamic fibrils exhibited enhanced bioactivity, including axonal growth, neuronal 

survival, angiogenesis, and functional recovery following spinal cord injury, whereas systems 

with restricted supramolecular motion showed reduced biological performance. 36  

Variations of this strategy have also been reported in which the fatty acid tail is retained, but the 

peptide segment is shortened considerably. For example, the lipopeptide NH₂-kMF-C₁₂H₂₅ has 

been shown to self-assemble into nanostructures that exhibit dual antibacterial and anticancer 

activity. Such simplified amphiphilic designs demonstrate that even minimal peptide 

sequences can produce biologically functional supramolecular materials. 37  

1.2.1.4. Aromatic Conjugate-Modified Peptide Amphiphiles 

The conjugation of aromatic groups to peptides is used to enhance supramolecular assembly. 

Aromatic molecules can be attached directly to peptide sequences or connected through 

linkers. The resulting molecules assemble through π–π stacking interactions, forming parallel, 

antiparallel, or interlocked stacked arrangements that produce fibrous supramolecular 

structures capable of forming hydrogels. 38 

Among the most widely studied examples are Fmoc-based peptide hydrogels. The 9-fluorenyl 

methoxycarbonyl (Fmoc) protecting group, commonly used in peptide synthesis, also acts as a 
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hydrophobic aromatic moiety that promotes self-assembly. The classic example is Fmoc-FF, 

which forms hydrogels through an antiparallel β-sheet arrangement in which the Fmoc groups 

interlock through π-π stacking interactions. This arrangement produces cylindrical 

supramolecular assemblies that further organise into nanofibre networks.  39  

Hybrid systems have also been developed by combining Fmoc-based peptides with other 

amphiphilic components. For example, Fmoc-FF has been combined with cationic amphiphilic 

peptides such as (GK)₃ linked to a fatty acid tail to generate hydrogels capable of delivering 

negatively charged drugs. 39 

1.2.1.4.1. Aggregation-Induced Emission (AIE) Luminogen-Based Peptide 
Amphiphiles 

In recent years, aggregation-induced emission (AIE) luminogens have emerged as powerful 

tools for designing fluorescent peptide amphiphiles. Unlike conventional fluorophores that emit 

strongly in solution but become quenched upon aggregation, AIE molecules exhibit enhanced 

fluorescence in the aggregated state. This unique property makes them particularly useful for 

studying supramolecular self-assembly processes and for monitoring the formation and 

degradation of supramolecular aggregates in real time. AIE luminogens are also advantageous 

because their emission is highly photostable, making them useful for long-term imaging of 

biomaterials. The ability to combine fluorescence imaging with supramolecular self-assembly 

provides valuable insights into the structural dynamics of peptide hydrogels. 

One of the most widely studied AIE luminogens is tetraphenylethylene (TPE). TPE contains four 

phenyl rings arranged around a central ethylene core, which makes it highly hydrophobic. In 

solution, the free rotation of these phenyl rings leads to non-radiative energy dissipation and 

weak fluorescence. However, upon aggregation, the rotational motion of the phenyl rings 

becomes restricted, a phenomenon known as restriction of intramolecular motion (RIM). This 
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restriction suppresses non-radiative decay pathways and results in strong fluorescence 

emission.  40–42 

An early example of AIE-based peptide amphiphiles involved diglycine (GG) conjugated to a TPE 

moiety at the N-terminus. The hydrophobic TPE unit promoted aggregation in aqueous 

environments, while the peptide segment contributed hydrogen bonding and electrostatic 

interactions. These combined interactions resulted in the formation of supramolecular 

nanobelts, which further assembled into hydrogel networks. Because fluorescence arises only 

after aggregation, these systems enable direct visualisation of the self-assembly process. 43  

Another AIE luminogen used in the development of peptide amphiphile is nitrobenzoxadiazole 

(NBD).  The design involved the conjugation of NBD to a hexapeptide through an alkyl linker. The 

resulting hydrogel exhibited fluorescence intensities nearly ten times greater than the free NBD 

molecule and showed pH-responsive fluorescence switching, enabling reversible monitoring of 

environmental changes. 44 Apart from these systems, 1,8-naphthalimide and naphthalene 

diimide (NDI) derivatives have also been explored as AIE-active building blocks. For example, 

Bertouille et al. replaced the phenylalanine residue adjacent to lysine with 1,8-naphthalimide-

derived amino acids, thereby forming β-sheet nanofibre-based hydrogels. The incorporation of 

the fluorescent aromatic moiety enhanced π–π stacking interactions, enabling stable gel 

formation at lower peptide concentrations in physiological saline conditions. The strengthened 

intermolecular interactions also improved the rheological properties of the hydrogel, making the 

system promising for injectable biomaterials, real-time fluorescence tracking, and sustained 

drug delivery applications. 45 

Building on these developments, the Pellegrino group previously synthesised fatty acid–TPE 

conjugated peptide hybrids, where fatty acid spacers of varying lengths were introduced 

between the TPE luminogen and a bioactive peptide sequence to investigate how spacer length 
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influences peptide self-assembly. This work demonstrated that the use of longer fatty acid 

chains helped in the formation of more stable fibrillar aggregates with better emission, yielding 

supramolecular gels with promising rheological features (Figure 3). 46  

 

Figure 3 Schematic illustration of TPE‑driven self‑assembly of fatty acid–AIE peptide 
hybrids. 

In a subsequent study, a TPE–phenylalanine-derived fluorescent amino acid was synthesised 

via Suzuki–Miyaura cross-coupling and used for late-stage peptide functionalisation through 

solution-phase and solid-phase peptide synthesis. 47 Coupling this AIE-active amino acid to a 

Leu-Val dipeptide in solid-phase transformed the self-assembly morphology from the needle-

like structures characteristic of the parent aliphatic dipeptide 48; to spherical aggregates in 

aqueous-organic solvent mixtures. Out of the two AIE amino acids synthesised, the 

asymmetrically extended TPE π-system exhibited stronger and brighter fluorescence emission 

compared to conventional TPE systems, highlighting its potential for designing highly emissive 

peptide-based biomaterials. 47 
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Figure 4 Late‑stage peptide functionalisation. Adapted from the reference 47  
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2. Aim of the PhD  

PhD Overview 
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Regenerative medicine requires materials that can combine the mechanical integrity of 

synthetic scaffolds with bioactivity of native tissue – a combination that remains difficult to 

achieve. While polymers like PLGA offer excellent processability and mechanical integrity, they 

fail to actively direct cell fate. Conversely, decellularised tissues provide innate bioactivity but 

lack molecular programmability and batch-to-batch consistency. 49 Bioactive peptide motifs—

short sequences derived from the extracellular matrix (ECM)—offer a solution: they can be 

displayed on robust synthetic scaffolds to direct specific cellular responses such as adhesion, 

migration, and differentiation. 50  

However, the translation of a peptide sequence into a functional material is not straightforward. 

The presentation of the bioactive ligand to the cell surface receptor is governed by the molecular 

architecture of the carrier. Simply conjugating a peptide to a polymer chain does not guarantee 

bioactivity; the local nano-environment, peptide mobility, and supramolecular packing dictate 

whether the sequence is accessible or buried. 

The central hypothesis of this thesis is that the nature and structural properties of the 

hydrophobic domain in a peptide amphiphile predictably govern three critical material 

properties: 

a. Structural Hierarchy: Whether the system forms fluid nanocolloids, rigid nanofibers, or 

entangled hydrogels. 

b. Mechanical Rigidity: The resulting storage modulus (G') and gelation efficiency. 

c. Functional Bioactivity: The accessibility of the bioactive epitope to integrin receptors. 

 

By systematically varying the hydrophobic "anchor" (alkyl chain, AIE luminogen, or structured 

β-sheet peptide) while maintaining a constant set of bioactive sequences (IKVAV, REDV, 

GFOGER), this work aims to establish quantitative structure–property relationship. The 
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objective is to generate design rules that predict whether a new peptide conjugate will self-

assemble into a soft colloid suitable for injection or a stiff gel suitable for cell encapsulation. 

This work is embedded within the NanoReMedi Consortium, which targets three specific 

clinical needs: vascular graft endothelialisation, osteochondral repair, and preventing implant 

failure. In all cases, the material must actively communicate with host cells via integrin-

mediated signalling. 

2.1. Investigated Peptide Architectures 
The experimental strategy is bifurcated into two distinct material classes designed to test the 

limits of hydrophobic driving forces. 

2.1.1. Lipopeptides- Nanocolloids 

This strategy focused on minimalist lipopeptide design, and it isolates the fundamental effect 

of lipidation on self-assembly behaviour and colloidal stability across a diverse library of 

clinically relevant six bioactive peptide sequences (IKVAV, REDV, GFOGER, (D-Phe)PRP, 

KLTWQELYQLKYKGI, and KAFDITYVRLKF). The objective was to understand how variations in 

peptide length, charge, and hydrophilicity modulate the driving force of the hydrophobic C18 

alkyl chain to dictate the formation of stable nanocolloids in aqueous environments. 

2.1.2. Amphiphilic Peptide Hydrogels 

Building on the principles established with simple lipopeptide nanocolloids, this second 

investigation sought to translate self-assembly into the formation of macroscopic, self-

supporting hydrogels. This study focuses specifically on the collagen-mimetic bioactive 

sequence GFOGER, exploring how the incorporation of additional aromatic and structured 

amphiphilic domains at the N-terminus influences hierarchical assembly. Three distinct 
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molecular design strategies were employed to systematically vary the nature of the 

hydrophobic driving force: 

1. Amphipathic β-Sheet Peptide Conjugate: Direct extension of the bioactive sequence 

with the self-assembling hexapeptide FQFQFK.  

2. Lipidated β-Sheet Peptide Conjugate: Combination of the FQFQFK hexapeptide with an 

N-terminal stearic acid tail to maximise hydrophobic collapse and hydrogen bonding 

potential. 

3. AIE Luminogen Conjugate: Conjugation of 4-amino-tetraphenylethene (TPE) via a fatty 

acid spacer to induce self-assembly while enabling intrinsic fluorescence. 

The impact of these different N-terminal amphiphilic groups on the secondary structure, 

gelation efficiency, mechanical rigidity, and ultimate bioactivity of the GFOGER-presenting 

hydrogels was systematically evaluated.  

2.2. Peptide-Polymer Conjugate (collaborative project) 
In addition, in collaboration with another NanoReMedi Doctoral Candidate, Nursu Erdogan 

(University of Pavia and CICNanoGune), we developed peptide-decorated modular small-

diameter vascular grafts.  Here, bioactive peptides with a Cysteine on the N-terminus were 

covalently conjugated to electrospun maleimide-functionalised poly(lactic-co-glycolic acid) 

(PLGA) scaffolds via Michael addition reaction.  The resulting peptide-decorated scaffolds were 

designed to serve as the bioactive inner layer of multilayer small-diameter vascular grafts 

(SDVGs), combining the mechanical integrity of PLGA with the biological activity of peptides to 

improve endothelialisation and hemocompatibility. 
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Figure 5 Aim of PhD 

 

Figure 6 PhD timeline 

2.3. Selection and Biological Rationale of Bioactive Peptides 

Functional bioactive peptide motifs serve as minimal mimics of the extracellular matrix (ECM), 

providing the biochemical cues necessary to direct tissue regeneration. These short sequences 
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bind specifically to integrins—transmembrane receptors that lack intrinsic enzymatic 

activity—triggering a conformational shift that promotes the recruitment of intracellular 

signalling complexes. This outside-in signalling cascade governs critical cellular functions, 

including adhesion, migration, proliferation, differentiation, and apoptosis (Figure 7). 51–53  

 

Figure 7 General mechanism of integrin‑mediated signalling pathways of bioactive 
peptides mentioned in the thesis 

 As the main aim of this work was to obtain peptide-decorated nanomaterials for tissue 

regeneration within the NanoReMedi consortium framework, we selected peptide sequences 

able to promote cell adhesion, proliferation, differentiation, vascularisation and angiogenesis. 

In addition, an anticoagulant peptide was also synthesised (Table 1). 
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Table 1: List of bioactive peptides used during the course of the PhD 

 

2.3.1. Cell adhesive peptides 

Among the bioactive peptide sequences widely explored for their ability to regulate cellular 

behaviour, IKVAV, a laminin-derived peptide, stands out due to its strong bioactivity and broad 

integrin-binding profile. IKVAV primarily interacts with the β1 integrin subunit and can engage 

multiple integrin heterodimers, including α3β1, α4β1, and α6β1. This versatility enables IKVAV 

to influence a wide range of cellular processes such as adhesion, migration, proliferation, and 

differentiation. Integrin α3β1, one of the key receptors for IKVAV, is expressed in tissues such as 

the lung, kidney, skin, and stomach, and plays a crucial role in the development of several 

organs, including the brain, liver, and muscle. 60–63 Similarly, α6β1, another important IKVAV-

binding integrin, is found in epithelial cells, platelets, leukocytes, and gametes, and is involved 

Peptide sequence Source Functions 

IKVAV Laminin  Encourage vascularisation and 

differentiation factors 54 

REDV CS5 site of fibronectin Promotes endothelial cell adhesion and 

proliferation 55 

GFOGER Collagen I Promotes cell adhesion, proliferation 

and differentiation 56 

(D-Phe) PRP Fragment of Bivalirudin Anticoagulant properties  57 

KLTWQELYQLKYKGI 17–25 α-helical region of 

VEGF 

Vascular endothelial growth factor 

(VEGF) mimicking peptide 58 

KAFDITYVRLKF γ1 chain of laminin-1 pro-angiogenic peptide C16 59 
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in nervous system development as well as reproductive processes such as follicle growth and 

luteal formation. 60,64,65 Through these interactions, IKVAV facilitates cell–matrix adhesion and 

modulates cell–cell communication, both of which are essential for tissue organisation and 

regeneration. Due to its ability to bind multiple integrin subtypes across diverse cell types, IKVAV 

has emerged as a highly promising functional motif in biomaterial design. 54,66 Incorporation of 

IKVAV into material surfaces enhances their bioactivity and promotes favourable cellular 

responses. For example, surface functionalisation of TiO₂ with IKVAV has been shown to 

significantly improve endothelial cell adhesion, proliferation, viability, and angiogenic potential. 

These effects highlight the strong potential of IKVAV-containing materials in tissue engineering 

and regenerative medicine applications, particularly where vascularisation and multi-tissue 

integration are critical. 67   

Another minimal bioactive sequence is REDV, derived from the CS5 site of the alternatively 

spliced type III connecting segment of fibronectin. 106 This peptide selectively binds to α4β1 

integrin, which is expressed on the cytomembranes of endothelial cells (ECs), making it more 

specific than sequences such as IKVAV. This specificity makes REDV a promising ligand for EC 

adhesion, promoting rapid endothelialisation. 69–72 In regenerative medicine, REDV can be used 

as a complementary strategy to prevent thrombosis in vascular grafts, as rapid 

endothelialisation inhibits initial thrombus formation and facilitates improved long-term 

patency. 73,74  

2.3.2. Triple helical peptides 

Another category of peptides widely studied includes triple helical peptides(THPs) or collagen-

mimetic sequences. The most common of these sequences is GFOGER (where O represents 

hydroxyproline). GFOGER is a linear sequence derived from the α1(I) chain of collagen I. When 

presented in the correct three-dimensional conformation, it interacts with integrins α2β1 and 
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α11β1. The addition of this peptide increases the mean cell surface area, which significantly 

improves the functional association of the cells with the scaffold, thereby enhancing cell 

proliferation. Integrin-THP binding is accompanied by filopodia/lamellipodia projection and 

actin polymerisation 11,12. The GFOGER sequence has also been shown to self-assemble into 

nanofibres under specific pH conditions. This is due to the molecular interaction of the peptide 

sequence with the surrounding conditions. 75 In addition to enhancing cell adhesion and 

proliferation, GFOGER promotes mineral deposition in the tissue scaffold, serving as a late 

functional marker of osteoblastic differentiation. 76,77 

2.3.3. Anticoagulant sequence  

The integration of anti-thrombotic agents is crucial for ensuring the long-term functionality of 

engineered cardiovascular tissues. While vascular grafts can be immobilised with biochemical 

cues to promote endothelialisation, 78,79 Preventing acute thrombosis at the graft-blood 

interface remains a major challenge. Bivalirudin, a short peptide sequence 

(fPRPGGGGNGDFEEIPEEYL, in one-letter code) derived from hirudin, has been used as an 

alternative to heparin to overcome limitations such as thrombocytopenia and osteopenia. 80–82 

This peptide binds to both the active site and exosite of thrombin, thereby preventing the 

conversion of fibrinogen to fibrin and zymogen FXIII to transglutaminase FXIIIa. Bivalirudin has 

also been shown to inhibit thrombin-mediated platelet activation and adhesion. 83,84 In this 

thesis, the shorter bioactive fragment (D-Phe)PRP was employed as a model anticoagulant 

sequence. 57 

2.3.4. Angiogenic sequence  

Angiogenesis is pivotal for cardiac regeneration, ensuring the crucial supply of nutrients and 

oxygen, facilitating a faster immune response, and aiding in the disposal of metabolic waste. 85  
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This process is driven by the rapid migration and proliferation of ECs. While ECs proliferate 

rapidly during the embryonic stage, their proliferation is extremely low in adults, a process 

mediated by interactions between vascular growth factors and their cell-surface receptors. 86 

To address this, Pal et al. developed injectable vasculogenic hydrogels by conjugating the pro-

angiogenic peptide QK with a copolymer hydrogel of poly(N-isopropylacrylamide) and thiol-

modified gelatine. QK, a 15-amino-acid peptide (KLTWQELYQLKYKGI), is a VEGF-mimicking 

sequence with better stability than the VEGF molecule itself and exhibits superior angiogenic 

bioactivity by binding to VEGF receptors (VEGFR-1 and -2). 87  

Another peptide C16 (KAFDITYVRLKF), derived from the γ1 chain of laminin-1, has been shown 

to promote angiogenesis and reduce blood vessel leakiness by binding to integrins αvβ3 and 

α5β1. αvβ3 integrin is expressed in the mesenchyme, blood vessels, smooth muscle cells, 

fibroblasts, and platelets, and plays an important role in angiogenesis, ECM regulation, vascular 

smooth muscle cell migration, osteoclast adhesion to bone matrix, and the regulation of 

inflammation. 88–90 However, its overexpression has been linked to various cancers, including 

bone metastasis, breast cancer, non-small cell lung cancer, cervical cancer, ovarian cancer, 

glioblastoma, melanoma, pancreatic cancer, prostate cancer, colon cancer, and lung cancer. 52 

While α5β1 integrin promotes cell migration, invasion, proliferation, and ageing, and plays a 

critical role in bone formation, its upregulation can lead to a loss of bone-forming capacity in 

adipose-derived stromal/stem cells. 91–95 A cooperative effect between these two integrins 

supports focal adhesion maturation, which is vital for mechanosensing, cell migration, and cell-

ECM adhesion. 96 
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3.  Lipopeptides 

 

Role of Peptide Sequence on C18-Driven Self-Assembly 

 

 

My contribution: Peptide Synthesis, characterisation, DLS, and ATR-FTIR.  

All work was done at the University of Milan. 

 Dr Lucia Feni & Dr Stefania Crespi helped with Mass Spectroscopy & SEM analysis. 
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Lipidation—the covalent attachment of fatty acid chains to peptides or proteins—is a naturally 

occurring modification that governs critical biological processes, including membrane 

trafficking, protein synthesis, and cellular signalling. 7,97  This has inspired the development of 

synthetic lipopeptides as therapeutic molecules, where the lipid tail promotes self-assembly, 

enhances stability and in vivo half-life through carrier protein binding and delayed renal 

clearance. 98 

Designing effective scaffold materials using these molecules requires a clear understanding of 

how the peptide sequence modulates the hydrophobic driving force of the lipid tail and, 

consequently, dictates aggregate size, morphology, and secondary structure. These parameters 

directly impact biological interactions, biodistribution, and therapeutic efficacy. 99,100 

In this work, we investigated the effect of bioactive sequence length on the self-assembly of 

lipopeptides. Stearic acid was conjugated at the N-terminus of the six peptides with different 

lengths, hydrophilicity and bioactivity (Table 1). The C18 alkyl chain provides a significantly 

higher driving force for self-assembly—particularly for longer peptide sequences—ensuring 

sufficient hydrophobicity in the resulting lipopeptides. 101–103  

This study aims to advance understanding of how peptide sequence dictates self-assembly in 

lipopeptides and to identify a sequence suitable for future development as a self-assembling 

peptide hydrogel. 

3.1. Results 

3.1.1. Synthesis of Lipopeptides 

All peptides were synthesised using microwave-assisted 9‑Fluorenylmethoxycarbonyl/tert-

Butyl (Fmoc/tBu) SPPS on Rink amide resin (100–200 mesh, 0.69 mmol/g) with Liberty Blue 

instrument (CEM). The microwave-assisted method employed rapid in situ coupling using N, 
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N′‑Diisopropylcarbodiimide/ Ethyl cyanoglyoxylate-2-oxime (DIC/Oxyma) for 2 minutes at 

90 °C, eliminating the need for an additional base. Microwave heating accelerated both 

acylation and deprotection steps while mitigating aggregation commonly observed in self-

assembling sequences. 104,105 

Following microwave-assisted chain assembly, stearic acid was manually coupled to the N-

terminus of each peptide to generate fatty acid–peptide conjugates. After cleavage and 

purification, all final products were obtained in good yields and high purity, as confirmed by 

reversed-phase high-performance liquid chromatography (RP-HPLC) and mass spectrometry 

(MS). 

 Table 2: Library of lipopeptides 

Code Peptide sequence Purity (%) Mg obtained 

DS02 Stearic acid-IKVAV-NH2 92.7% 12.6 mg 

DS04 Stearic acid-REDV-NH2 94.6% 10 mg 

DS08 Stearic acid-GFOGER-NH2 98.9% 15.5 mg 

DS10 Stearic acid-fPRP-NH2 94.0% 29.8 mg 

DS12 Stearic acid-KLTWQELYQLKYKGI-NH2 92.9% 9 mg 

DS14 Stearic acid-KAFDITYVRLKF-NH2 93.8% 8.6 mg 

 

3.1.2. Conformational analysis - FTIR 

Solid-state Attenuated Total Reflection Fourier Transform Infrared spectroscopy (ATR_FTIR) 

was used to assess the secondary structure of the lipopeptides in the bulk state, avoiding 

interference from water vibrations in the amide I region. 106  
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Deconvolution of the amide I band spectra (Figure 29) revealed that all peptides adopted a 

mixed conformation. DS02, DS14 and DS10 predominantly exhibited β-sheet character, with 

characteristic peaks at 1623.11 cm⁻¹, 1622.41 cm⁻¹ and 1622.58 cm-1, respectively. In 

contrast, DS04, DS08, and DS12 showed a major α-helical contribution (1660.42 cm-1, 1660.99 

cm-1 and 1653.99 cm-1, respectively). The quantified secondary structure percentages are 

presented in Table 3.  

Table 3: Percentages of secondary structure for each peptide at the solid state, calculated 
with OriginPro 107 

Code β-sheet β-turn α-helix  Random  

DS02 49.49% 31.27 % - - 

DS04 13.11 % 4.02 % 82.87 %  

DS08 24.24 % - 49.57 % 26.19 % 

DS10 54.36 % 45.64 % - - 

DS12 34.41 % - 65.59 % - 

DS14 56.39 % 36.28 % 7.33  - 

 

3.1.3. Self-assembly studies - DLS 

Self-assembly behaviour of lipopeptides was assessed via nanoprecipitation, wherein 

lipopeptides were dissolved in a water-miscible organic solvent and rapidly injected into excess 

aqueous buffer (poor solvent). This creates a transient solvent gradient at the mixing interface, 

which modulates lipopeptide–solvent and lipopeptide-lipopeptide interactions, leading to 

kinetically trapped, non-equilibrium nanostructures – such as particles, fibres, or vesicles – 

whose morphology is dictated by the kinetic pathway of aggregation (Figure 8).  
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The hydrodynamic diameter (Dh) of the resulting nanoparticles was characterised by dynamic 

light scattering (DLS). In DLS spectroscopy, fluctuations in scattered light intensity arising from 

Brownian motion of nanoparticles are measured over time, and the autocorrelation function is 

fitted to extract the translational diffusion coefficient. This helps to understand how processing 

conditions steer the kinetically controlled self-assembly of lipopeptides. 

 

Figure 8 Workflow of DLS analysis 

All lipopeptides formed nanoscale aggregates under both solvent conditions, though their size 

and uniformity varied significantly by sequence and environment. In water: Dimethyl sulfoxide 

(DMSO), DS12 and DS14 formed the smallest aggregates, while DS04 formed the largest. Most 

peptides exhibited bimodal distributions, except DS02 and DS08. In Phosphate-Buffered Saline 

(PBS):DMSO (physiological pH and ionic strength), DS02, DS08, DS10, and DS12 show 

massive aggregation (micron-scale), whereas DS04 remains remarkably stable, forming slightly 

smaller aggregates in PBS than in water. DS10 exhibits a highly polydisperse or potentially 

unstable system in PBS (polydispersity index/PDI ~1; indicative of a polydisperse suspension 

approaching precipitation rather than a stable colloidal dispersion).  Overall, DS04 is the most 

physiologically compatible candidate, whereas DS12 and DS14 are optimal for low-ionic-

strength applications. 

Results for the 95:5 water: DMSO and PBS:DMSO ratios at 25 μM are summarised in Table 4. 

Table 4:DLS of lipopeptide library at 95:5 solvent ratio(water:DMSO and PBS:DMSO) and 
25 μM peptide concentration 
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Code Peptide sequences H2O:DMSO (pH between 6 

and 7) 

PBS:DMSO (pH 7.4) 

Size (nm) PDI Size (nm) PDI 

DS02 Stearic acid-IKVAV-NH2 299±9.1 0.28±0.1 1558±52.7 0.61±0.2 

DS04 Stearic acid-REDV-NH2 589.6±69.3 0.56±0.2 492.1±44.1 0.66±0.1 

DS08 Stearic acid-GFOGER-NH2 379±15.3 0.5±0.02 1920±98.9 0.47±0.04 

DS10 Stearic acid-fPRP-NH2 246.5±81.4 0.34±0.1 Unstable/ 

Aggregated 

1 

DS12 Stearic acid-KLTWQELYQLKYKGI-NH2 102.4±4.4 0.19±0.02 2862±546.4 0.72±0.1 

DS14 Stearic acid-KAFDITYVRLKF-NH2 122.3±13.0 0.39±0.1 1288±28.71 0.5±0.04 

 

3.1.4. Scanning Electron Microscopy (SEM)  

SEM imaging was performed to visualise the nanostructure of the lipopeptides (from section 

3.1.3), which formed stable aggregates under in 95:5 water:DMSO solvent mixture at 25 µM 

concentration. The micrographs revealed diverse morphologies across the library, consistent 

with the varying secondary structures and aggregation behaviours observed by FTIR and DLS. 

DS08 and DS14 formed discrete, spherical aggregates. DS10 and DS12 exhibited elongated 

sphere-like to cuboidal aggregates. In contrast, DS02 and DS04 showed a mixed morphology, 

presenting both spherical aggregates and fibre-like structures. 
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 a) b)  

c) d)  

e)  f)  

Figure 9 SEM Images of Lipopeptides a) DS02, b) DS04, c) DS08, d) DS10, e) DS12, and f) 
DS14 

3.2. Discussion 
The successful synthesis of the lipopeptides, confirmed by mass spectrometry and RP-HPLC 

with high purity (≥92.7%), enabled a detailed structure–function investigation focusing on how 

variations in the peptide headgroup sequence influence secondary structure, self-assembly, 

and resulting nanostructures. 
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A notable diversity in secondary structure was observed through ATR-FTIR analysis in the solid 

state, which appeared to correlate with the self-assembly behaviour measured by DLS. DS02 

(IKVAV), DS10 (fPRP) and DS14 (KAFDITYVRLKF) exhibited predominantly β-sheet 

conformations (49.5%, 54.4%  and 56.4%, respectively).   Classically, β-sheet forming peptides 

are typically associated with nanofibre formation via intermolecular hydrogen bonding along the 

peptide backbone. However, SEM images of these lipopeptides in water:DMSO mixture 

indicated the formation of spherical aggregates.  This apparent discrepancy highlights the 

dominant influence of the hydrophobic stearic acid tail, in combination with the peptide 

sequence, promotes curvature that favours spherical micelles or vesicular assemblies rather 

than extended fibrillar structures, overriding the intrinsic propensity of the peptide headgroup 

to minimise the hydrophobic surface area.  108  

Interestingly, in the case of DS02, some spherical nanoparticles were observed to aggregate 

and form tube-like structures. This suggests that while the primary assembly unit is spherical, 

the IKVAV headgroup retains sufficient β-sheet character to facilitate secondary aggregation, a 

precursor state to nanotube formation observed in related peptide amphiphile systems. 109 The 

DLS data for DS10 in PBS (PDI = 1.0; Size > 2 µm) further highlights the sensitivity of these β-

sheet systems to ionic strength. This behaviour can be attributed to the specific amino acid 

arrangement within the sequence. The placement of D-phenylalanine (f) and arginine (R) 

adjacent to proline forces these residues into a rigid orientation. Combined with the charge-

shielding effect of ions in PBS, this rigidity allows very little conformational freedom for the 

amino acids to reorient upon a change in solvent environment. In pure water, Coulombic 

repulsion between arginine side chains maintains small, positively charged aggregates in a 

dispersed state. 110,111 In PBS, however, the ions shield the arginine side chains, permitting the 

hydrophobic phenylalanine residues to associate and induce aggregation.  
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For lipopeptides DS04(REDV), DS08(GFOGER and DS12(KLTWQELYQLKYKGI) with α-helical 

conformations, a length-dependent trend in assembly behaviour was observed. While the α-

helical conformation has a strong tendency to self-assemble into coil-coil structures or 

elongated assemblies, the fatty acid tail favours smaller, curved assemblies. The balance 

between these competing driving forces explains the morphological progression observed. 

Despite the highest α-helical content (82.9%), DS04 exhibited the largest hydrodynamic 

diameter in water (590 nm) and a high polydispersity,  presented random fibril and spherical 

assemblies in SEM, suggesting that the hydrophobic tail dominates in shorter sequences. The 

system becomes kinetically trapped in a heterogeneous state where micelles and short, 

disordered fibrils coexist. Notably, DS04 was the only peptide to show improved colloidal 

stability in PBS (size reduction to 492 nm). This suggests that the high charge density of the 

arginine residue in REDV effectively stabilises the nanoparticles against salt-induced 

aggregation, making DS04 the most promising candidate for physiological applications from a 

formulation standpoint. 112  

As the peptide sequence lengthens (GFOGER: 6 residues; KLTWQELYQLKYKGI: 15 residues), 

the morphological transition toward elongated assemblies becomes evident. SEM revealed a 

shift from spheres (DS08) to cuboidal/elongated spheres (DS12). The DLS data corroborates 

this trend: DS12 formed the smallest and most monodisperse aggregates in pure water (102.4 

nm, PDI 0.19). This suggests that the longer peptide sequence of DS12 provides sufficient 

amphiphilic balance and intermolecular cohesive energy to stabilise a well-defined, 

thermodynamically favoured nanostructure. However, the massive aggregation observed for 

DS08 and DS12 upon transfer to PBS (sizes >1.9 µm) indicates that the longer sequences, 

despite their ordered structure in water, lack sufficient electrostatic or steric repulsion to 

prevent flocculation in high ionic strength environments.  113,114  
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4. Peptide hydrogels 

Role of N-Terminal Domains on GFOGER Self-Assembly 

 

 

My contribution: All the experiments were carried out by me.  

Work done at the University of Milan: Peptide Synthesis, Purification, DLS, ATR-FTIR 

Work Done at the University of Montpellier:  

i. F9 group & SynBio: Peptide Purification, CD, UV-Visible & Fluorescence 

spectroscopy  

ii. C5 group: Rheology  

iii. Cartigen & IRMB: Cell Biology, 3D Printing & SEM   
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Scaffold materials, bioactive molecules and cells work together to create a suitable 

environment for tissue repair in regenerative medicine. Among the various scaffold materials, 

hydrogels have emerged as a promising material due to their unique structural and functional 

similarities to natural extracellular matrix (ECM). ECM is a dynamic tissue microenvironment 

with a complex structure and exists in a symbiotic relationship with cells: it supports cells, 

facilitates their growth, supplies nutrients, and disposes of waste, while cells, in turn, produce 

ECM components within their organelles. Due to their diverse functionalities, there is a growing 

demand for ECM-like or ECM-mimicking hydrogels for tissue engineering applications. 115–117  

Although hydrogels derived from natural and synthetic polymers offer tunable viscoelastic 

properties, they often lack essential biochemical cues and are unable to achieve the functional 

complexity required to direct complex cellular behaviours. A promising strategy involves the use 

of functional peptides, which can serve both as bioactive signals and structural scaffolds. 118,119 

Self-assembling peptide amphiphiles are one such class of functional biomaterials. These 

molecules consist of a bioactive peptide headgroup conjugated to a hydrophobic tail that drives 

self-assembly in aqueous environments, enabling the formation of controlled nanostructures 

with the hydrophilic bioactive peptide displayed on their surface. This self-assembly process 

can be modulated by environmental stimuli such as pH, ionic strength, temperature, and 

concentration. 120–123 

In this study, we focused on the collagen-mimetic peptide GFOGER, a short sequence derived 

from type I collagen 124,125 with a high affinity for the α2β1 integrin. This integrin is abundantly 

expressed on osteoblasts and mesenchymal stem cells (MSCs) and plays a crucial role in 

promoting osteogenic differentiation and supporting bone regeneration. 56 In addition, GFOGER 

peptide also has been reported to enhance mineralisation. 126  
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We also investigated GFPGER, a similar sequence encoded by the scl gene of A. Streptococcus. 

Since bacterial cells cannot perform post-translational proline hydroxylation, GFPGER 

contains proline in place of hydroxyproline. 127–130 By comparing hydrogels functionalised with 

GFOGER and GFPGER, we aimed to investigate whether the proposed peptide amphiphile 

design can compensate for the difference in the ligand affinity between the two sequences 

within a 3D microenvironment.  

Both these collagen mimic sequences were investigated using three different peptide 

amphiphile designs (Figure 10): 

1. Conjugation to amphipathic hexapeptide FQFQFK - This sequence exhibits an 

amyloid-like design and self-assembles into β-sheet structures, forming nanofibres that 

entangle into hydrogels in phosphate-buffered saline (PBS) at pH 7.4. 28,30,131  

2.  Conjugation to FQFQFK and lipidation with Stearic acid - Addition of stearic acid to 

FQFQFK conjugate increases the hydrophobicity of the resulting lipopeptide, providing 

a significantly higher driving force for self-assembly and enhancing in vivo stability. 101–

103 

3. Conjugation to an AIE moiety(TPE) via a fatty acid spacer - An amino-TPE derivative 

was added to the N-terminus of peptide via a fatty acid spacer. The spacer ensured that 

the bioactive segment of the peptide remained accessible for receptor binding, avoiding 

steric hindrance from the bulky TPE group. 132 The AIE -functionalisation offers additional 

advantage of real-time monitoring of cell–peptide interactions without additional dyes. 
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Figure 10 Peptide amphiphile designs (focused on in this work) 

 

4.1. Results 

4.1.1. Synthesis of Peptide Amphiphiles 

We designed and synthesised six peptide amphiphiles based on the collagen-mimetic 

sequence GFOGER (where O = hydroxyproline) and its non-hydroxylated analogue GFPGER. 

All peptides were successfully synthesised on a 0.05 mmol scale via microwave-assisted 

Fmoc/tBu SPPS and purified by RP-HPLC. The TPE-fatty acid hybrid was synthesised and 

characterised according to previously established protocols in our laboratory (7.3.1). 46,133  

Purity was assessed by analytical RP-HPLC, confirming >94% purity for all six conjugates, with 

isolated yields ranging from 20.4 mg to 83 mg, which was sufficient for subsequent 

characterisation (Table 5). 
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Table 5: GFOGER peptide conjugate library 

Code Peptide sequence Purity (%) Quantity 

obtained (mg) 

DS33 FQFQFKGFPGER-NH2 95.90% 20.4 mg 

DS34 Stearic acid-FQFQFKGFPGER-NH2 97.30% 83 mg 

DS35 FQFQFKGFOGER-NH2 95.20% 34.8 mg 

DS36 Stearic acid-FQFQFKGFOGER-NH2 98.50% 64.4 mg 

TPE 08 TPE acid-GFOGER-NH2 95% 49mg 

TPE 38 TPE acid-GFPGER-NH2 94% 50mg 

 

4.1.2. Conformational Analysis - ATR-FTIR 

Deconvoluted FTIR spectra for all lipopeptides are provided in the Experimental Data (Figure 

29), with calculated secondary structure percentages summarised in (Table 6). 134,135 

The lipopeptides DS34 and DS36 majorly adopted β-sheet conformation (1625 cm-1 and 

1623.09 cm-1, respectively). The non-lipidated peptide DS33 exhibited predominantly β-turn 

conformation (1663.34 cm-1), while DS35 showed an unordered conformation (1649.35 cm-1). 

For the TPE conjugates, TPE 08 was predominantly β-turn (sum of peaks at 1674.51 cm-1 and 

1666.15 cm-1), whereas TPE 38  showed mainly α-helix (1661.37cm-1). These results reflect the 

intrinsic conformation of the peptides in the absence of external stimuli.  
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Table 6: Percentages of secondary structure for each peptide at the solid state, calculated 
with OriginPro107 

Code β-sheet β-turn α-helix  Random  

DS33 39.33% 60.67% - - 

DS34 55.07% 27.16% 17.77% - 

DS35 13.38% - - 86.62% 

DS36 50.72% 39.26% 10.02% - 

TPE 08 42.76% 57.24% - - 

TPE 38 41.63% - 58.37% - 

 

The peptides were synthesised according to the established PA design principles that favour a 

well-defined secondary structure that can form a hydrogel, such as β-sheet. This was observed 

in the case of lipopeptides DS34 and DS36. Other sequences showed other conformations: 

DS33 and TPE 08 exhibited β-turns, while TPE 38 adopted an α-helical confirmation alongside 

minor β-sheet contributions. The most unexpected result was seen with DS35, which adopted 

86.6% random conformation and only about 13.4% β-sheet-a striking deviation from the 

intended design.  

Notably, these FTIR measurements were performed on lyophilised solids. It is anticipated that 

under physiologically relevant conditions, these peptides may undergo conformational 

reorganisation into β-sheet or β-turn structures capable of supporting hydrogel formation. 
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4.1.3. Self-Assembly Studies -DLS 

The self-assembly behaviour of the peptide amphiphiles was evaluated via nanoprecipitation 

(solvent displacement) in a 9:1 water:DMSO and PBS:DMSO mixture (similar work flow as 

mentioned in section 3.1.3). The comparative results are summarised in Table 7. 

In the water:DMSO environment, all peptides exhibited strong scattering intensity. The 

FQFQFK-containing peptides (DS33–DS36) all formed large aggregates in water:DMSO, with 

mean diameters ranging from approximately 1800 nm to 3100 nm. The non-lipidated peptide 

DS35 (FQFQFKGFOGER) exhibited the highest polydispersity (PDI 0.85) among the FQFQFK 

series. Lipidation of the hexapeptide scaffold (DS34 and DS36) resulted in slightly more uniform 

size distributions. The AIE conjugate TPE08 (GFOGER) exhibited excellent colloidal uniformity 

in water:DMSO, with a low polydispersity index (PDI = 0.17 ± 0.02) and a mean diameter of 212 

nm, indicating formation of a monodisperse, kinetically stable aggregate population. In contrast, 

its non-hydroxylated analogue TPE38 (GFPGER) formed aggregates over ten times larger (2826 

nm) with high polydispersity (PDI 0.69). 

Upon transfer to PBS:DMSO (9:1), a striking divergence in colloidal stability was observed. 

Among the FQFQFK-based peptides, the non-lipidated peptides DS33 and DS35 exhibited a 

marked decrease in hydrodynamic size upon transfer to PBS. DS33 reduced from ~3094 nm to 

~721 nm, while DS35 decreased from ~1805 nm to ~1267 nm. In contrast, the lipidated 

peptides DS34 and DS36 maintained their large, micron-scale aggregates in PBS (sizes 

remaining >2500 nm). DS34 exhibited the greatest colloidal resilience, with its size and PDI 

remaining virtually unchanged between water (2818 nm, PDI 0.46) and PBS (2594 nm, PDI 

0.33). The AIE conjugates TPE08 and TPE38 both underwent significant aggregation in PBS. TPE 

08 aggregated into large structures (2551 nm, PDI 0.38), while TPE 38 maintained a similar size 

(~2579 nm) but with a reduced PDI (0.51). 
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All peptides were designed to favour formation of fibre‑like aggregates. Large, polydisperse 

micron‑sized aggregates detected by DLS are consistent with the presence of nanofibers- either 

as discrete bundles or entangled networks- which typically yield micron-scale hydrodynamic 

measurements under these measurement conditions. In PBS, a change in aggregate size and 

distribution was anticipated, given that these sequences undergo hydrogelation exclusively in 

PBS and not in deionised water. This behaviour suggests that phosphate ions participate in the 

self-assembly process, likely through charge screening or specific ion–peptide interactions that 

promote structural reorganisation.  

Table 7: DLS and pH of GFOGER peptide library 

Code Solvent (Water:DMSO 9:1) Solvent (PBS:DMSO 9:1) 

pH Size (nm) PDI Size (nm) PDI 

DS33 6.48 3094±458.6 0.44±0.07 721.3±45.5 0.34±0.17 

DS34 6.45 2818±368.1 0.46±0.14 2594±179.1 0.33±0.08 

DS35  6.36 1805±158.9 0.85±0.09 1267±202.7 0.89±0.09 

DS36 6.48 2942±261.9 0.43±0.05 2529±472.3 0.75±0.22 

TPE 08 7.63 212.1±13.64 0.17±0.02 2551±10.6 0.38±0.07 

TPE 38 7.21 2826±104 0.69±0.19 2579±173.3 0.51±0.16 

 

4.1.4. Hydrogel Evaluation  

Hydrogels were prepared by adding phosphate-buffered saline (PBS, pH 7.4) to lyophilised 

peptide powder, followed by alternating sonication and vortexing for 3 min at room temperature. 

This procedure induced rapid hydrogelation.  
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The minimum gelation concentration (MGC) – the lowest concentration (w/v%) yielding a self-

supporting gel by vial inversion—was determined for each peptide (Table 8).  Non-lipidated 

peptides DS33 and DS35 formed gels at 10% but not at 5%; subsequent testing at 6% 

confirmed gelation, establishing an MGC of 6%. The AIE conjugates TPE08 and TPE38 required 

5% for gelation, failing to gel at 4%. Among the lipidated peptides, DS34 gelled at 4% but not at 

3% (MGC = 4%), whereas DS36 gelled at all concentrations down to 2% (MGC = 2%). 

The MGC values revealed a clear hierarchy of gelation efficiency: DS36 (2%) > DS34 (4%) > 

TPE08 = TPE38 (5%) > DS33 = DS35 (6%).  

Table 8:Minimum Gelation Concentration (MGC) of Peptide Hydrogels 

Peptide code and sequence Minimum Gelation 

conc. (w/v %) Hydrogel 

DS33 FQFQFKGFPGER-NH2 6% 

 

DS34 Stearic acid-FQFQFKGFPGER-NH2 4% 

 

DS35 FQFQFKGFOGER-NH2 6% 

 

DS36 Stearic acid-FQFQFKGFOGER-NH2 2% 

 

TPE08 TPE acid-GFOGER-NH2 5% 

 

TPE38 TPE acid-GFPGER-NH2 5% 
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The lowest MGC observed for DS36 is attributed to the strong hydrophobic driving force 

conferred by the stearic acid tail, which promotes hydrophobic collapse and dense nucleation 

even at low concentrations. The additional hydroxyl group in the GFOGER sequence may also 

contribute to holding the structure more tightly, thereby reducing the concentration of peptide 

required. In contrast, the non-lipidated peptides DS33 and DS35 rely on weaker π–π stacking 

and triple-helical interactions, necessitating higher concentrations for network formation.    

The AIE-functionalised peptides form hydrogels via π–π stacking of the TPE moiety, which 

simultaneously restricts intramolecular motion and leads to fluorescence emission. At 5% w/v, 

both hydrogels exhibited bluish emission (Figure 11), with the GFOGER-containing TPE08 

displaying approximately 25% higher emission intensity than the GFPGER analogue TPE38. This 

difference correlates directly with assembly efficiency—tighter packing enhances RIM and 

intensifies fluorescence rather than causing quenching—and indicates that the hydroxyproline 

residue in GFOGER likely strengthens intermolecular hydrogen bonding, promoting more 

compact packing compared to the proline-containing GFPGER sequence.  
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Figure 11 Fluorescence Emission Spectra of 5% AIE hydrogels 
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4.1.4.1. Rheology 

Rheological measurements were performed on all hydrogels at 37 °C and a standardised 

concentration of 6% w/v to enable direct comparison. Frequency sweeps (1% strain), 

amplitude sweeps (1 Hz), time sweeps, flow sweeps, and thixotropy tests are presented in 

Figure 12. 
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Figure 12 Rheology of all six hydrogels at the same w/v concentration of 6% (a‑e) a) 
frequency sweep at 1% strain, b) amplitude sweep at 1Hz frequency, c) time sweep at 1% 
strain and 1Hz frequency, d) flow sweep and e) thixotropy 
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At 6% w/v, the lipidated peptides exhibited substantially higher storage moduli (G′) than their 

non-lipidated and AIE-functionalised counterparts, consistent with the expectation that the 

stearic acid tail provides a dominant hydrophobic driving force for network assembly. The 

lipopeptide DS36 displayed the highest G′ (2.09 kPa), followed by DS34 (1.60 kPa), while the 

non-lipidated peptides DS35 and DS33 yielded intermediate moduli of 1.24 kPa and 1.14 kPa, 

respectively. The AIE-functionalised peptides TPE08 and TPE38 produced the weakest gels, 

with G′ values of 0.09 kPa and 0.04 kPa, respectively. The G′ values obtained for the lipidated 

peptides (~1–2 kPa) fall within the lower range of reported elastic moduli for native soft 

tissues—such as brain (0.1–1 kPa) and adipose tissue (~2 kPa)—and are comparable to other 

short peptide-based hydrogels in the literature (e.g., Fmoc-FF, ~1.7 - 5.7 kPa depending on pH). 

136  

 Although the lipidated peptides DS34 and DS36 exhibit favourable stiffness, their limited 

thixotropic recovery following high-strain deformation may compromise their performance in 

3D printing applications. In contrast, DS33, DS35, TPE08, and TPE38 demonstrated near-

complete recovery of G′. Blending the lipidated peptides with one of these more recoverable 

sequences, or with a secondary biopolymer such as xanthan gum, represents a potential 

strategy to improve post-extrusion recovery—a hypothesis that warrants further investigation.  

The very low viscoelastic moduli of  AIE gels TPE 08 and TPE 38 make them unsuitable for load-

bearing applications. However, their weak gel nature, shear-thinning behaviour and intrinsic 

fluorescence can be leveraged in a composite approach, by using them as a real-time activity 

monitor to visualise the gel properties without compromising their mechanical properties. 137–

139   
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4.1.4.2. Circular Dichroism (CD) experiments 

CD spectroscopy was performed on the peptides under two sets of experimental conditions: 

(i) diluting the peptide hydrogels to obtain varying concentrations in aqueous solution (0.05, 0.1, 

and 0.2 mM), and (ii) varying solvent composition (water/methanol mixtures) at a fixed peptide 

concentration of 0.25 mM. 

4.1.4.2.1. Concentration-Dependent Studies of Diluted Hydrogel 

The lipopeptides DS34 and DS36 displayed robust β-sheet signatures across all concentrations 

examined, with a characteristic positive band near 195–198 nm and a negative band centered 

around 215–218 nm (Figure 13: a-c). This signature persisted even at the lowest concentration 

tested, confirming that the stearic acid provides sufficient hydrophobic driving force to nucleate 

β-sheet assembly spontaneously, without requiring high peptide density. In contrast, the non-

lipidated analogues DS33 and DS35 exhibited spectra more consistent with a β-turn 

conformation, suggesting that without the strong driving force and stabilising effect of the lipid 

tail, the peptides cannot transition further to β-sheet. 140,141 At low concentration (0.05 mM), 

DS35 showed a small maximum at 204 nm; this spectral shift may reflect a concentration-

dependent structural transition, with the peptide likely existing as a disordered monomer below 

this threshold. 142  

The AIE peptide TPE 08 exhibited a non-canonical CD spectrum with a positive maximum near 

200 nm, minima at ~210 and 225 nm, and additional TPE-derived bands at ~260 and 300 nm. 

This pattern suggests a mixed origin: partial α-helical backbone combined with exciton coupling 

between closely packed TPE chromophores in the aggregate. TPE 38 showed qualitatively 

similar but significantly weaker signals under equivalent conditions, indicating reduced chiral 

order or lower assembly efficiency.  This difference underscores the influence of the peptide 

sequence—specifically the presence of hydroxyproline in GFOGER—on the extent of 
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chromophore coupling and supramolecular packing, corroborating the higher emission intensity 

observed for TPE08 relative to TPE38 (section 4.1.4.).  

4.1.4.2.2. Solvent-Dependent Studies: Effect of Water/Methanol composition 

To further probe the contributions of hydrophobic driving forces and backbone hydrogen 

bonding, CD spectra were recorded at 0.25 mM across a series of water/MeOH mixtures 

ranging from 95:5 to 0:100 (v/v)(Figure 13: d-f). Increasing MeOH content produced a 

monotonic increase in spectral signal amplitudes and improved resolution of spectral features 

for all compounds. This behaviour is consistent with two concurrent effects: (i) reduction of 

competitive water–backbone hydrogen bonding, which promotes intramolecular and 

intermolecular hydrogen bond formation; and (ii) attenuation of light scattering from large 

aqueous aggregates, which can artificially suppress or distort CD signals. Data obtained in 

100% MeOH therefore represents the maximum achievable structural order for each 

compound under these conditions, although such non-aqueous structures may not fully 

recapitulate the physiologically relevant hydrogel state. DS35 showed the strongest solvent-

dependent transition: weak/featureless spectra in water-rich conditions, progressive β-turn 

emergence at 1:1 MeOH, and a well-defined profile in 100% MeOH. This is due to the high 

dependence of the peptide sequence solely on the H-bonding of the backbone structure for the 

self-assembly, making the peptides DS33 and DS35 more sensitive to solvent conditions. The 

requirement for a critical peptide density to achieve stable networks—evidenced by their higher 

MGC values—is consistent with this hydrogen-bond-driven assembly mechanism. In contrast, 

DS36 exhibited the largest amplitude increase in 100% MeOH, while DS34 displayed modest 

variation across solvent conditions. The strong hydrophobic driving force conferred by the 

stearic acid tail in these lipidated peptides promotes the formation of a stable, solvent-

excluded hydrophobic core, rendering the assembly largely insensitive to changes in solvent 
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polarity and peptide concentration. This insensitivity aligns with the low MGC and robust β-

sheet signatures observed for DS36 and DS34.  

For TPE peptides, 1:1 MeOH induced a broad ~220–225 nm minimum with a positive ~260 nm 

feature, while in 100% MeOH, both TPE compounds showed complex multi-band spectra 

(195–215 nm). This is because the aromatic rings of the TPE dictate the chiroptical assembly of 

the peptides, which is solvent sensitive, making this design more amphiphilic than the non-

lipidated peptides DS33 and DS35 but having a weaker cooperative driving force than the 

hydrophobic collapse of the lipopeptide DS34 and DS36. This explains why the MGC of the TPE 

peptides was between the lipidated and non-lipidated peptide sequences. 
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Figure 13 Circular dichroism of peptide hydrogels at (a‑c) different concentrations: a) 
0.05 mM, b) 0.1 mM, c) 0.2 mM and different solvent ratios (d‑f) CD of TPE peptides in 
d)95:5 water:MeOH, e)9:1 water:MeOH, f)8:2 water:MeOH, g)7:3 water:MeOH, h)1:1 
water:MeO 

4.1.4.3. Scanning Electron Microscopy (SEM) 

In SEM images (Figure 14) the observed pore sizes appeared sufficiently large (>10 µm) to 

support cell encapsulation and nutrient diffusion. In contrast, DS35 and TPE 08 exhibited 

noticeably smaller pore dimensions in the dried state. However, it is important to note that 
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lyophilisation can induce significant shrinkage and collapse of the hydrogel network; therefore, 

the pore sizes observed by SEM may not accurately represent the architecture of the fully 

hydrated hydrogels. 

a)  b)  c)  

d)  e)  f)  

Figure 14 SEM Images of Xerogels Derived from Peptide Hydrogels a)DS33, b)DS34, 
c)DS35, d)DS36, e)TPE08 and f)TPE38 

4.1.5. Biological evaluations 

4.1.5.1. LDH Cytotoxicity 

The mouse mesenchymal stromal cell line (C3H10T1/2) was cultured in indirect contact with the 

hydrogels (concentrations mentioned in Table 8) via transwell inserts (Figure 15). All hydrogels 

exhibited very low to negligible cytotoxicity and maintained high cell viability. 143  
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Figure 15 Transwell setup used for the LDH assay 

Live/dead staining revealed a high viability across all conditions. Morphological analysis 

revealed subtle design-dependent differences. Cells exposed to the non-lipidated GFOGER 

conjugate (DS35) displayed pronounced elongation and alignment, consistent with α2β1 

integrin-mediated cytoskeletal organisation induced by the collagen-mimetic motif. 144 The 

corresponding GFPGER analogue (DS33) exhibited less alignment, supporting the functional 

importance of hydroxyproline for integrin engagement. Lipopeptides (DS34, DS36) maintained 

well-spread morphologies and high viability, confirming that stearic acid conjugation does not 

compromise cytocompatibility; the modestly reduced cell density observed for DS36 relative 

to DS35 likely reflects altered nutrient diffusion rather than cytotoxicity. AIE-functionalised 

peptides (TPE08, TPE38) also supported healthy cell spreading with negligible red signal, 

establishing that the tetraphenylethylene luminogen is non-cytotoxic. The rounder morphology 

noted for TPE38 may be attributed to its lower storage modulus, consistent with known 

stiffness-dependent MSC spreading behaviour. 56,145  
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b)  c)  d)  e)   

 f)  g)   h)   i)  

Figure 16 LDH Assay a) graph of cell viability results, (b‑g) live/dead image of the cells 
incubated with different hydrogels b)DS33(6%) c)DS34(4%) d)DS35(6%) e)DS36(2%) 
f) TPE08 (5%) g)TPE38(5%) h) negative control and i) positive control 

4.1.5.2. Cell Adhesion 

Cell adhesion assays were performed to evaluate the bioactivity of the peptide sequences on 

hydrogel surfaces. C3H10T1/2 cells were seeded onto the hydrogels prepared in the well-plate 

and cultured for 30 min, 1 h, 2 h, and 4 h at 37 °C; adherent cells were quantified via the 

CellTiter-Glo® assay. The TPE peptides hydrogels (TPE08, TPE38) disintegrated under the assay 

conditions, precluding reliable adhesion measurements—a limitation attributable to their low 
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mechanical integrity (G′ ≤ 0.09 kPa) and weak gel character. Among the tested peptide 

hydrogels, DS34 and DS36 promoted the highest levels of cell adhesion at the early time points 

(30 min to 2 h). Confocal microscopy supported these quantitative findings, though background 

staining of the hydrogels by the live/dead dyes reduced image contrast, making the difference 

in adhesion between hydrogels less apparent visually (Figure 17 b-e).  

Morphological analysis revealed sequence-dependent differences. DS33 displayed rounded, 

partially spread cells with mixed viability, whereas DS35 supported rounded cell spreading with 

predominantly green fluorescence. This disparity confirms that hydroxyproline is essential for 

high-affinity α2β1 integrin engagement, consistent with the established collagen-mimetic 

bioactivity of GFOGER. 144 DS34 yielded moderate adhesion with rounded cell clusters, 

indicating that lipidation does not compensate for the intrinsically lower integrin affinity of 

GFPGER. Notably, DS36 formed large crystalline surface aggregates alongside rounded green 

cells, suggesting that the strong hydrophobic driving force of the stearic acid tail promotes 

surface precipitation, which may occlude the bioactive epitope in a 2D format. 146 
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Figure 17 a)graph showing cell adhesion at different time points; (b‑e) Confocal image 
after 4 hours of b)DS33, c)DS34, d)DS35 and e)DS36 

4.1.5.3. Cell Encapsulation 

The potential of the hydrogels as bioinks was evaluated via 3D cell encapsulation. C3H10T1/2 

cells were suspended in peptide solutions prior to gelation, ensuring homogeneous distribution, 

and cultured for 7 days. All hydrogels remained macroscopically intact throughout the culture 

period. Live/dead staining and confocal z-section imaging confirmed that cells were distributed 

throughout the gel interior, validating true volumetric encapsulation rather than surface seeding. 

147It should be noted that, as with the 2D adhesion assays, some background fluorescence from 

the hydrogel matrix was observed, which slightly reduced image contrast; however, the 

qualitative trends in viability and cell morphology between peptide formulations remained 

clearly distinguishable. 

Sequence-dependent differences in viability were evident. The non-lipidated GFPGER peptide 

DS33 exhibited substantial red clustering and mixed viability, consistent with insufficient 

integrin-mediated pro-survival signalling in the absence of hydroxyproline. In contrast, DS35 
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(GFOGER) supported robust, elongated cell morphologies with minimal red signal, confirming 

that the collagen-mimetic motif promotes α2β1 integrin engagement and downstream survival 

cues even within a 3D matrix. Lipidated variants presented a more heterogeneous picture. DS34 

(Stearic acid–GFPGER) displayed healthy, spread cells interspersed with yellow aggregates, 

while DS36 (Stearic acid–GFOGER) showed well-distributed, viable green cells alongside large 

green crystalline precipitates. These aggregates, likely arising from kinetically trapped 

precipitation or phase separation during cell mixing—possibly exacerbated by the omission of 

sonication prior to encapsulation—created localised dense peptide pockets through which 

cells navigated. This heterogeneity suggests that while lipidation enhances bulk gelation and 

cytocompatibility, it may also introduce microstructural inhomogeneities when processed in 

the presence of cells. 146 

Cross-sectional imaging further revealed that GFOGER-containing gels maintained uniform 

green fluorescence throughout the gel depth, whereas GFPGER gels displayed localised red 

foci, indicative of a viability gradient. This spatial pattern may reflect oxygen or nutrient diffusion 

limitations compounded by the absence of pro-survival integrin signaling at the gel core. 

a)  b)  c)  d)  
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e)  f)   g)   h)  

Figure 18 Confocal image of cells encapsulated in peptide hydrogels. Z stack top view of 
a)DS33 b)DS34 c)DS35 d)DS36 hydrogel and side view of e)DS33 f)DS34 g)DS35 h) DS36 
hydrogel 

4.1.6. 3D printing 

The hydrogel was extruded smoothly without blockage, indicating that macroscopic aggregation 

does not impede flow through the nozzle. Printability was evaluated using a Bio X pneumatic 

extrusion bioprinter at a fixed print speed of 12 mm s⁻¹ across varying nozzle diameters and 

pressures. Extrusion through a standard conical nozzle (0.41mm inner diameter) at 4 kPa 

yielded continuous but over-extruded filaments of irregular thickness and poor dimensional 

fidelity. Multilayer deposition under these conditions resulted in immediate fusion of successive 

layers, indicating insufficient elastic recovery. Substitution with 21G Cellink needle (0.51 mm 

internal diameter) at 4 kPa did not ameliorate over-extrusion, confirming that extrusion 

pressure, rather than nozzle geometry, governs filament diameter under these conditions. 

Reducing pressure to 2 kPa with the same needle produced thinner filaments but introduced 

discontinuous deposition and void formation, characteristic of under-extrusion. 

These findings delineate an inoperable pressure window between 2 and 4 kPa for the current 

formulation: 4 kPa yields over-extrusion and poor layer fidelity, whereas 2 kPa results in 

filament discontinuity. This behaviour reflects a mismatch between the gel's rheological 

profile—specifically its viscosity and yield stress—and the printer's operational envelope. 

Future optimisation should prioritise systematic rheological characterisation to define target 

viscoelastic properties, followed by fine pressure titration (2.5–3.5 kPa), evaluation of elevated 

print speeds to mitigate filament spreading, and exploration of temperature-controlled 

extrusion to modulate gelation kinetics.  
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a)  b)  

Figure 19 Structures printed using the DS36 hydrogel on a 3D printer a)0.41mm nozzle 
and b) 

4.2. Discussion 

4.2.1. Mechanical insights and summary of DS33, DS34, DS35 and DS36 

This study demonstrates that incorporating a stearic acid tail into the amphiphilic sequence 

serves as a structural switch, transitioning self-assembly from a flexible to a more rigid 

conformation. The identical signature of the secondary structure of the peptide in both ATR-

FTIR and CD spectroscopy (dilute state) reveals a clear dichotomy: lipopeptides (DS34, DS36) 

are governed by hydrophobic collapse, while non-lipidated analogues (DS33, DS35) are 

governed by H-bonding equilibria. For non-lipidated peptides (DS33 and DS35), the ATR-FTIR 

data (Table 6) and CD concentration-dependence (Figure 13: a-c) confirm that lipidation shifts 

the equilibrium from unordered or β-turn structures toward robust β-sheet networks. 

For lipopeptides DS34 and DS36, the stearic acid tail creates a low-dielectric hydrophobic core 

that pre-organises the peptide backbone for intermolecular β-sheet hydrogen bonding. This is 

evidenced by the persistence of a β-sheet signal even at 0.05 mM, indicating a critical 

aggregation concentration well below the testing range. 148–151 In contrast, DS33 and DS35 lack 

this entropic driving force. Their assembly is driven primarily by π-π stacking of the FQFQFK 
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segment, resulting in more flexible Type I β-turns (FTIR) that are highly sensitive to concentration 

and solvent polarity. 140,141   

The DLS data (Table 7) provide a critical insight into the dynamic behaviour of these assemblies, 

which is essential for understanding hydrogelation. The non-lipidated peptides DS33 and DS35 

undergo a striking reduction in hydrodynamic size upon transfer from water to PBS (e.g., DS33 

from ~3100 nm to ~720 nm). This is not merely aggregation; it represents a salt-induced 

compaction. In pure water, electrostatic repulsion between charged lysine residues forces the 

FQFQFK assemblies into loose, highly hydrated clusters. The phosphate ions in PBS effectively 

screen this repulsion, allowing the peptides to collapse into denser, more stable nuclei that are 

precursors to gelation. Conversely, the lipidated peptides DS34 and DS36 maintain micron-

scale sizes in both water and PBS. The hydrophobic core of the stearic acid assembly is 

essentially impervious to ionic strength changes—the structure is "locked in" from the moment 

of nanoprecipitation. This explains the lower MGC (2-4%) and higher G' (1.6-2.1 kPa) of the 

lipopeptides: they form rigid, kinetically trapped networks rather than dynamic equilibrium gels. 

152 

The rheological analysis (Figure 12) demonstrates a classic trade-off in supramolecular 

materials. The extensive, rigid β-sheet network of DS36 yields high stiffness (G' ~2.1 kPa) but 

poor thixotropic recovery (~30-40% loss). The high-energy hydrogen bonds in the β-sheet are 

brittle; once broken by shear, the stearic acid domains cannot rapidly re-anneal on the 

timescale of the experiment. 153 In contrast, the non-lipidated DS33 and DS35 exhibit near-

complete recovery. Their weaker, more dynamic β-turn interactions allow for rapid re-

association post-shear. 154 This distinction is critical for bioprinting applications and directly 

explains the 3D printing outcome described in section 4.1.6. The DS36 filament exhibited non-

uniform extrusion ("thick and non-uniform") precisely because it lacks the rapid shear-thinning 
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recovery necessary to flow smoothly through a nozzle and reform a stable strand instantly. It 

behaves as a yield-stress fluid with a long recovery time constant. 

The differences directly translate to the biological observations (Section 4.1.5). The highly 

structured instantaneous assembly of lipopeptides facilitates presentation of the bioactive 

GFOGER/GFPGER motif on the surface of the nanostructure, which leads to a high density of 

bioactive groups being presented on the surface. Since the potency of the GFOGER motif is 

density-dependent, this assembly increases local peptide concentration and enhances 

interaction with cell-surface receptors, improving biocompatibility and cell adhesion at early 

time points. 66,148,150,155 By contrast, the non-lipidated FQFQFK hexapeptide, though amphiphilic, 

requires more time to cluster and achieve a comparable surface density of the bioactive 

peptide, accounting for the initial differences in cell adhesion on the hydrogel. 156 However, the 

heterogeneity observed in DS34 and DS36 3D encapsulation —specifically the crystalline 

precipitates—highlights a potential drawback of this strong driving force. Rapid, uncontrolled 

hydrophobic collapse in the presence of cells can lead to phase separation and the formation 

of peptide-rich "pockets" that limit uniform nutrient diffusion, despite the overall high viability 

(LDH). 

4.2.2. AIE-conjugated peptides 

The TPE conjugates (TPE08 and TPE38) validate the design principle of using aggregation-

induced emission (AIE) as both a structural probe and a functional readout. The comparison 

between GFOGER (TPE08) and GFPGER (TPE38) provides a stark illustration of how a single 

hydroxyl group (Hyp vs. Pro) dictates supramolecular chirality and photophysical output. 157 

While TPE38 has an α-helical character and TPE08 has β-turn/β-sheet, the mechanistic link is 

the hydrogen bonding capacity of hydroxyproline. The hydroxyl group of O facilitates inter-strand 
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water-bridged networks that stabilise extended β-sheet-like packing of the GFOGER sequence. 

In GFPGER, the absence of this group favours a more compact, intramolecularly stabilised α-

helical conformation. 158 

The DLS data (Table 7) reinforces these structural findings. In water:DMSO, TPE 08 (GFOGER) 

forms small, monodisperse particles (~212 nm, PDI 0.17), indicative of a well-ordered, 

kinetically stable assembly. In contrast, TPE 38 (GFPGER) forms aggregates over ten times 

larger (~2826 nm) with high polydispersity (PDI 0.69), reflecting a less controlled, 

heterogeneous aggregation process driven by weaker intermolecular interactions. Upon 

transfer to PBS, both TPE conjugates undergo significant aggregation, indicating that 

electrostatic repulsion plays a key role in stabilising the smaller TPE 08 nanostructures in low 

ionic strength environments. The fluorescence emission data further corroborate this 

relationship (Figure 11): the GFOGER hydrogel exhibits approximately 25% greater emission 

intensity than GFPGER. The hydroxyproline residue promotes tighter molecular packing and the 

formation of smaller, more uniform aggregates. The resultant steric confinement restricts 

intramolecular rotation of the TPE moiety—the mechanistic basis of AIE—thereby yielding 

enhanced fluorescence.  158 

Rheological characterisation reveals soft gels with storage modulus (G’) values ranging 

between 10 and 100 Pa. Compared to amphiphilic sequences (stearic acid-FQFQFK and 

FQFQFK peptide), TPE incorporation, while beneficial for fluorescence, does not provide the 

same structural stiffness. It should be noted, however, that the low mechanical strength and 

the observed tendency to disintegrate in cell culture media (section 4.1.5.2) currently limit the 

standalone application of these AIE hydrogels as load-bearing scaffolds. These materials may 

be better suited as injectable, space-filling gels or as sensing/diagnostic platforms where their 
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fluorescent properties can be exploited.  These observations align with recent reviews on 

peptide-AIEgen hybrids, which note that the characteristic twisted or propeller-shaped 

molecular conformation of TPE can present a challenge for achieving densely packed, rigid 

assemblies, although this can be addressed through strategic peptide design. 157,159 
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While self-assembled peptide nanomaterials offer exceptional biocompatibility and inherent 

bioactivity, their translation to load-bearing tissue engineering applications is often constrained 

by limited mechanical strength. 160 This limitation can be addressed by blending or conjugating 

peptides with synthetic polymers, thereby synergising the biological functionality of the 

peptides with the tunable mechanical integrity of the polymers. 161,162 In this approach, the 

synthetic polymer provides a robust, three-dimensional structural framework, while surface-

immobilised peptides confer the specific biochemical cues necessary to direct cellular 

adhesion, proliferation, and differentiation. 

This collaborative study aimed to develop a peptide-decorated modular vascular graft by 

combining electrospinning technology with precisely designed bioactive peptide motifs 

presented on the surface of the vascular graft. Electrospun scaffold composed of poly-lactide-

co-glycolide (PLGA) (a copolymer of 88% lactic acid and 12 % glycolic acid), an FDA approved 

polymer, was selected as the structural foundation due to its excellent biocompatibility, 

mechanical integrity, and biodegradability. 163 Peptide immobilisation was done in 2 steps: first, 

surface modification of the electrospun graft with 1-(2-aminoethyl)maleimide hydrochloride; 

second, immobilisation of cysteine-terminated peptides via Michael addition reaction. This 

approach ensures the uniform immobilisation of the bioactive peptide without burying them 

within the nanofibre bulk. 164 

Despite extensive studies on individual cell-adhesive peptides, a systematic, side-by-side 

comparison of multiple peptide motifs presented on an identical biomaterial interface remains 

limited, particularly for sdvg applications.  This work presents a small but functionally diverse 

peptide library (Table 1) designed to systematically investigate how distinct peptide sequences 

direct the behaviour of fibroblasts and endothelial cells at the biomaterial interface. The library 

comprised of five bioactive peptide motifs: 1) laminin-derived IKVAV 165–169, 2) fibronectin-
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derived REDV 170–173, 3) collagen mimicking GFOGER 174–179, 4) bivalirudin-derived (D-Phe)PRP 

180–182, and 5) laminin-1-derived KAFDITYVRLKF 183–188.  

The functionalised scaffolds were systematically characterised for conjugation efficiency, 

surface physicochemical properties, and their capacity to modulate cell-specific responses in 

both fibroblasts and human umbilical vein endothelial cells (HUVECs). The resulting structures 

are intended to serve as the bioactive inner layer of a multilayer small-diameter vascular graft 

(SDVG), combining the mechanical integrity of PLGA with the biological activity of peptides to 

improve endothelialisation and hemocompatibility. A representative example of the conjugation 

strategy employed (Figure 20). The maleimide-functionalised PLGA scaffold undergoes 

Michael addition with cysteine-terminated peptides. This figure illustrates the general 

approach; a family of five distinct peptide sequences (P1–P5, see Table 10) was immobilised 

using this methodology, enabling systematic comparison of peptide sequence effects on 

scaffold properties.  
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Figure 20 Schematic representation of peptide immobilisation on electrospun PLGA 
scaffold 

5.1. RESULTS 

5.1.1. Characterisations of Plain PLGA Scaffolds (before peptide 
immobilisation) 

SEM imaging confirmed the successful fabrication of randomly oriented, bead-free electrospun 

fibres of PLGA with a mean diameter of 2.9 ± 0.2 µm (Figure 21). The scaffold thickness was 

measured at 107.2 ± 18.2 µm. Mechanical testing ( 

Table 9) yielded an ultimate tensile strength (UTS) of 2.9 ± 0.1 MPa and a Young's modulus of 

54.2 ± 14.6 MPa. The scaffolds exhibited high ductility, with an elongation at break of 442.7 ± 

48.7%, indicative of a strain-hardening fibrous network capable of significant deformation 

before failure. 
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Figure 21 SEM image of a representative plain PLGA scaffold (before peptide 
immobilisation) 

 

Table 9: Mechanical characterisation of plain scaffold (average ± standard deviation) 

Property Value 

Ultimate Tensile Strength (UTS) 2.9 ± 0.1 MPa 

Young's Modulus 54.2 ± 14.6 MPa 

Yield Strength 1.8 ± 0.2 MPa 

Yield Strain 3.1 ± 0.3% 

Breaking Point Stress 2.6 ± 0.1 MPa 

Elongation at Break 442.7 ± 48.7% 
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5.1.2. Synthesis of Cysteine-Modified Peptides 

Following the promising design reported by Bai et. al., all five peptide sequences were 

successfully synthesised via microwave-assisted Fmoc/tBu solid-phase peptide synthesis 

(SPPS) with an N-terminal cysteine residue to facilitate subsequent conjugation. After cleavage 

and purification by semi-preparative RP-HPLC, all peptides were obtained with high purity 

(≥94%) and good yields. The correct molecular weights were confirmed by electrospray 

ionisation mass spectrometry (ESI-MS). The physicochemical properties of each peptide - 

including net charge at physiological pH, and grand average of hydropathy (GRAVY) index- are 

summarised in Table 10, as these parameters are known to influence both conjugation 

efficiency and subsequent cell–material interactions. 

Table 10: Cysteine‑Modified Peptide Library Synthesised for SDVG Functionalisation 

Code Peptide 

Sequence 

Origin ( Function) Purity 

(%) 

Mass 

(mg) 

Net 

Charge 

(pH 7.4) 

GRAVY* 

Index 

P1 CIKVAV-NH₂ Laminin α1 

(adhesion/angiogenesis) 

94% 41.2 +1 +2.21 

P2 CREDV-NH₂ Fibronectin CS5 ( 

selective cell adhesion 

of endothelial cells) 

99% 58.8 0 -0.96 

P3 CGFOGER-NH₂ Collagen I (cell 

adhesion, proliferation) 

99% 69.8 +1 -0.70 
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P4 C(D-Phe)PRP-

NH₂ 

Bivalirudin fragment 

(anticoagulant) 

99% 77.5 +1 -0.82 

P5 CKAFDITYVRLKF-

NH₂ 

Laminin γ1 (pro-

angiogenic) 

95% 27.5 +2 -0.28 

* GRAVY index calculated using the Kyte-Doolittle scale. Positive values indicate hydrophobicity; negative 

values indicate hydrophilicity. 189 

5.1.3. Peptide Immobilisation and Scaffold Morphology 

Peptides were covalently immobilised onto maleimide-functionalised electrospun PLGA 

scaffolds via thiol–maleimide Michael addition (Figure 20). 164 Plain scaffolds were cut into 

circular discs (diameter 15 mm), weighed and activated with 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC 2mM) and N-Hydroxysuccinimide (NHS 5mM)  in 

2‑(N‑Morpholino)ethanesulfonic acid buffer (MES buffer 0.1 M, pH 5-6) for 2 hours at room 

temperature. Activated scaffolds were then incubated overnight (16–18 h) with 1-(2-

aminoethyl)maleimide hydrochloride (10 equivalents relative to scaffold mass) in MES buffer 

containing 5 µL DIPEA. After washing with Milli-Q water, maleimide-functionalised scaffolds 

were incubated with peptide solutions (3 equivalents relative to PLGA) in PBS (pH 7.4) 

containing Tris(2‑carboxyethyl)phosphine (TCEP 2 equivalents relative to peptide) as a reducing 

agent. Conjugation proceeded for 4 h at room temperature. Scaffolds were subsequently 

washed twice with PBS, and the peptide solutions before and after immobilisation were 

retained for quantification. Peptide-conjugated scaffolds are hereafter designated P1-scaffold, 

P2-scaffold, P3-scaffold, P4-scaffold, and P5-scaffold. 
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SEM analysis of the peptide-immobilised scaffolds (Figure 22 P1–P5) confirmed that the 

conjugation procedure did not alter fibre morphology or induce swelling/degradation. Mean fibre 

diameters ranged from 2.0 to 2.8 µm. Occasional surface particulates were attributed to 

residual salt crystals from washing steps rather than peptide aggregation.  

 

Figure 22 SEM images of (a) P1‑scaffold, (b) P2‑scaffold, (c) P3‑scaffold, (d) P4‑scaffold, 
(e) P5‑scaffold 

5.1.4. Quantification of peptide immobilisation onto plain scaffold 

HPLC quantification of the peptide remaining in the conjugation supernatant revealed variable 

immobilisation efficiencies across the peptide library (Table 11). The P1-scaffold (CIKVAV) 

exhibited the highest conjugation efficiency (36.8 ± 6.4%), corresponding to a surface density 

of 6.6 ± 1.1 µg peptide per mg of PLGA fibres. Conversely, the P4-scaffold (C(D-Phe)PRP) 

displayed the lowest efficiency (10.4 ± 3.1%), likely due to steric hindrance from the bulky D-

Phe residue adjacent to the anchoring cysteine. 190,191 Due to this low conjugation yield, the P4-

scaffold was excluded from subsequent biological evaluations. 
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Table 11:Quantification of Peptide Conjugation onto PLGA Scaffolds 

Name Peptide conjugation 

(nmol) 

Peptide conjugation 

(µg/mg fibres) 

Conjugation  

efficiency (%) 

P1-scaffold 18.9 ± 0.30  6.6 ± 1.1 36.8 ± 6.4 

P2-scaffold 15.7 ± 0.58 4.7 ± 1.6 26.8 ± 9.3 

P3-scaffold 28.5±1.68 4.6±1.8 21.1± 8.3 

P4-scaffold 22.3±6.9 1.8±0.5 10.4±3.1 

P5-scaffold 12.9 ± 0.66 9.1 ± 2.7 24.9 ± 11.1 

   

5.1.5. Cytotoxicity of Soluble Peptides on Fibroblasts (nHDFs)  

 Prior to scaffold evaluation, the intrinsic cytotoxicity of the soluble peptides (P1, P2, P3, P5) 

was assessed on normal human dermal fibroblasts (nHDFs) across a concentration gradient of 

8–400 μM in complete cell culture media for 24 hrs (Figure 23). Peptides P1, P2, and P3 

exhibited no significant cytotoxic effects, with cell viability remaining above 80% at most tested 

concentrations. Notably, P3 (CGFOGER) consistently promoted fibroblast proliferation, 

yielding viability values exceeding 100% of the untreated control. In contrast, P5 

(CKAFDITYVRLKF) exhibited pronounced, dose-dependent cytotoxicity, reducing fibroblast 

viability to approximately 50–60% at higher concentrations (≥100 µg/mL). This effect may arise 

from soluble C16 acting as an antagonist, disrupting endogenous integrin-mediated adhesion 

and inducing anoikis-like apoptosis. 
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Figure 23 Cell viability of peptide (P1, P2, P3, P5) solutions in complete cell culture media 
at various concentrations (8–400 μM) 

5.1.6. Fibroblast Response to Peptide-Immobilised Scaffolds 

Based on the low conjugation efficiency of P4 (section 5.1.4) and the cytotoxicity of soluble P5 

(section 5.1.5), only peptides P1, P2, and P3 were advanced for scaffold-based studies. nHDFs 

were cultured directly on the peptide-immobilised scaffolds for 72 hrs. Live/Dead staining 

(Figure 24) revealed predominantly viable cells across all scaffold types, though some non-

viable cells were observed on the P2-scaffold (CREDV). Given that soluble P2 was non-

cytotoxic to fibroblasts (Figure 23), this effect likely arises from time-dependent stress or the 

presentation of a surface that is suboptimal for fibroblast adhesion, consistent with the known 
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endothelial selectivity of the REDV motif. 170,171,173  After 72 hrs of incubation on scaffolds, 

4′,6‑Diamidino‑2‑phenylindole (DAPI) and phalloidin staining (Figure 25) further confirmed 

extensive cell spreading, well-defined actin stress fibres, and elongated fibroblastic 

morphologies on all peptide-immobilised scaffolds, comparable to the plain PLGA control.  

 

Figure 24 Live and Dead assay on peptide‑immobilised scaffolds after 72 h of incubation. 
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Figure 25 DAPI and phalloidin staining on peptide‑immobilised scaffolds 

5.1.7. Water Absorption and Surface Wettability  

Relative water absorption capacity showed a modest descending trend following peptide 

conjugation compared to plain PLGA (Figure 26). Static water contact angle measurements 

revealed that the plain PLGA scaffold was highly hydrophobic, with a contact angle of 121.3 ± 

3.8°. Peptide immobilisation produced sequence-dependent changes in surface wettability. 

Notably, only the modification with P2 (CREDV) resulted in a statistically significant reduction 

in contact angle to 104.2 ± 3.9°, indicating improved surface hydrophilicity. This observation 

correlates strongly with the physicochemical properties of the peptides, particularly the GRAVY 

index ( 

Table 9). P2 possesses the lowest (most negative) GRAVY index (–0.96) of the library, 

consistent with its enhanced capacity to increase surface wettability. 
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Figure 26 Relative water absorption capacity and surface wettability of peptide‑
conjugated PLGA scaffolds.  

[Statistical significance was defined as follows: ns (p ≥ 0.05); *p < 0.05; **p < 0.01; ***p < 0.001; and 
****p < 0.0001.] 

5.1.8. Endothelial Cell (HUVEC) Response to Soluble Peptides 

The effect of soluble peptides P1, P2, and P3 on human umbilical vein endothelial cell (HUVEC) 

viability was assessed at 24 and 72 hours across a range of concentrations (Figure 27). All three 

peptides exhibited dose- and time-dependent effects. An optimal concentration window was 

identified at approximately 50 µg/mL, where all three peptides promoted proliferation without 

inducing cytotoxicity. At concentrations outside this optimal range (both lower and higher), 

reduced cellular responses were observed. Among the three peptides, P2 (CREDV) 

demonstrated the highest compatibility with HUVECs at elevated concentrations, maintaining 

high viability even at 100 µg/mL. 
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Figure 27 HUVECs viability at 24h and 72h after P1, P2 and P3 treatment at varied 
concentrations 

Statistical significance was defined as follows: ns, not significant (p ≥ 0.05); *p < 0.05, significant; **p < 0.01, 

very significant; ***p < 0.001, extremely significant; and ****p < 0.0001, extremely significant  

5.1.9. Endothelial Cell Response to Scaffold Extracts 

To evaluate potential cytotoxicity arising from scaffold degradation products or leachable, 

HUVECs were cultured in medium conditioned by incubation with the peptide-immobilised 

scaffolds (extract method). At 24 hours, scaffold extracts induced no acute cytotoxicity (Figure 

28). However, prolonged exposure (72 hours) resulted in a measurable reduction in cell viability 

across all scaffold types, including the plain PLGA control. This effect is attributed to the well-

documented accumulation of acidic degradation by-products (lactic and glycolic acid) from 

hydrolytic PLGA degradation. Notably, the peptide-functionalised scaffolds, particularly the P2-

scaffold, partially mitigated this reduction in viability compared to the plain PLGA control. 
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Figure 28 HUVEC viability at 24h and 72h after peptide conjugated scaffold extraction 
treatment 

Statistical significance was defined as follows: ns, not significant (p ≥ 0.05); *p < 0.05, significant; **p < 0.01, 

very significant; ***p < 0.001, extremely significant; and ****p < 0.0001, extremely significant.  

5.2. Discussion: 
This collaborative study successfully demonstrates the rational design, synthesis, and 

biological evaluation of a peptide-decorated PLGA scaffold platform intended for small-

diameter vascular graft applications. The discussion focuses on structure–property 

relationships linking peptide physicochemical characteristics to conjugation efficiency, surface 

properties, and cell-specific biological responses. 

All five cysteine-modified peptides were obtained with high purity (≥94%), confirming the 

robustness of the microwave-assisted SPPS protocol. However, conjugation efficiencies varied 

substantially (10.4% to 36.8%), underscoring the critical influence of peptide sequence on 

surface immobilisation chemistry. The highest efficiency was observed for P1 (CIKVAV, 36.8%) 

and the lowest for P4 (C(D-Phe)PRP, 10.4%). These differences arise from a combination of 

cysteine accessibility, peptide physicochemical properties, and steric hindrance. P1 is highly 

hydrophobic (GRAVY +2.21); in aqueous buffer, hydrophobic peptides may adsorb non-
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specifically to the hydrophobic PLGA surface prior to covalent reaction, increasing local 

concentration and apparent conjugation efficiency. Conversely, the moderately efficient 

hydrophilic P2 (GRAVY –0.96) remains well-solvated but uncharged, allowing diffusion to the 

surface. The bulky D-Phe residue in P4 likely hinders the adjacent cysteine thiol from 

approaching surface-bound maleimide, explaining its poor yield. 190,191 

Contact angle measurements confirmed that peptide immobilisation can tune the 

hydrophilicity of inherently hydrophobic PLGA (CA ~121°), but this effect was highly sequence 

dependent. Only P2 (CREDV) produced a statistically significant reduction in contact angle (to 

~104°). This aligns precisely with GRAVY indices: P2 has the most negative index (–0.96), 

indicating the highest density of hydrophilic side chains (Arg, Glu, Asp). Notably, the 

hydrophobic P1 (GRAVY +2.21) failed to improve wettability despite a higher conjugation 

density (~6.6 µg/mg). Thus, peptide sequence identity—specifically its hydropathy profile—is a 

more potent determinant of wettability than surface density alone. 

Soluble peptide screening revealed a dichotomy in fibroblast response. P1, P2, and P3 were 

well-tolerated, consistent with their ECM protein origins (laminin, fibronectin, collagen). P3 

(CGFOGER) actively promoted fibroblast viability above control levels. While GFOGER is 

classically an α2β1 integrin ligand associated with osteogenesis, 178,179 this data suggests it may 

also engage fibroblast integrins to stimulate survival or proliferative signalling pathways, 

independent of a 3D collagen matrix context. 

In contrast, P5 (CKAFDITYVRLKF) exhibited dose-dependent cytotoxicity. C16 is a known pro-

angiogenic sequence signalling through αvβ3 and α5β1 integrins. 183,184,188 Although fibroblasts 

express αvβ3, its activation can trigger divergent effects depending on ligand presentation. 

Soluble C16 may act as an antagonist, disrupting endogenous integrin-mediated adhesion and 

inducing anoikis-like apoptosis. This underscores a critical principle: a peptide motif that is 



Peptide-Decorated Vascular Graft 

 

77 | P a g e  
 

bioactive when immobilised may be cytotoxic in soluble form. This finding justified excluding P5 

from endothelial studies. 

Fibroblasts cultured directly on peptide-immobilised scaffolds showed generally favourable 

responses, with extensive spreading and actin organisation across all surfaces, confirming that 

covalent immobilisation preserves cell-adhesive functionality. Conversely, a subtle cell-

selective response was observed for the P2-scaffold (CREDV). Despite soluble P2 being non-

cytotoxic, some fibroblast death occurred on the P2-immobilised surface. REDV is renowned 

for endothelial cell selectivity, binding preferentially to α4β1 integrin, which is enriched on 

endothelial cells but expressed at lower levels on fibroblasts. 170,171,173 Fibroblasts rely more 

heavily on α5β1 (RGD-binding) and αv-containing integrins. Thus, a high local density of REDV 

may present a surface suboptimal for fibroblast adhesion, validating the intended specificity of 

this motif. 

HUVEC studies revealed an optimal concentration window for bioactivity. For all three peptides 

tested (P1, P2, P3), the most favourable endothelial response occurred at an intermediate 

concentration (~50 µg/mL in solution; corresponding surface densities of 4–9 µg/mg on 

scaffolds). At lower densities, bioactive cues may be insufficient for robust integrin clustering; 

at higher densities, receptor saturation or steric crowding may paradoxically reduce bioactivity. 

Among the peptides, P2 (CREDV) demonstrated the most favourable profile for endothelial 

cells, maintaining high viability even at elevated concentrations. This aligns with its established 

role in promoting endothelialisation 172,173 and positions the P2-scaffold as the most promising 

candidate for the luminal surface of a vascular graft. The partial protective effect of peptide 

functionalisation against PLGA degradation product toxicity further supports this conclusion, 

suggesting that a healthy endothelial layer may be more resilient to the acidic microenvironment 

generated during scaffold resorption. 



Conclusion 

 

78 | P a g e  
 

 
 
6. Conclusion 

 Key Insights 
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The rational design of peptide-decorated nanomaterials has emerged as a powerful strategy for 

bridging the gap between biologically inert synthetic scaffolds and the complex, dynamic 

signalling environment of the native extracellular matrix. Over the course of this thesis, three 

distinct yet complementary approaches were systematically investigated to establish 

structure–property relationships governing the self-assembly, mechanical performance, and 

biological activity of peptide-functionalised biomaterials. 

6.1. Lipopeptide Nanocolloids 
The first project established a minimalist platform to isolate the effect of lipidation on self-

assembly. The successful synthesis of high-purity library of stearic acid-conjugated bioactive 

peptides (DS02, DS04, DS08, DS10, DS12, DS14) enabled a critical demonstration that both 

the peptide headgroup sequence and the hydrophobic stearic acid tail collaboratively—and 

sometimes competitively—dictate the final nanostructure. Solid-state ATR-FTIR analysis 

revealed the expected secondary structure propensities: β-sheet for IKVAV (DS02), (D-

Phe)PRP (DS10), and C16 (DS14); α-helical character for REDV (DS04), GFOGER (DS08), and 

QK (DS12). 

However, these conformations did not directly translate into the anticipated fibrillar 

morphologies. Instead, the hydrophobic C18 tail exerted a dominant influence, promoting 

interfacial curvature that favoured spherical or vesicular assemblies over extended fibres. This 

was particularly evident for β-sheet-forming lipopeptides (DS02, DS10 and DS14), which 

formed spherical aggregates in water:DMSO mixtures despite their known fibril propensity. 

Among α-helical lipopeptides, a length-dependent trend emerged: the shorter DS04 was 

dominated by tail-induced curvature, yielding mixed spherical and fibrillar assemblies, while 
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the longer DS12 achieved a better balance, forming more uniform, elongated sphere-like or 

cuboid structures.  

Further, the DLS studies in physiological media PBS buffer highlighted that colloidal stability is 

heavily dictated by electrostatic charge shielding. In high ionic strength media, the short, highly 

charged DS04 outperformed longer, more ordered sequences, suggesting that environmental 

ionic strength is a critical determinant of assembly persistence.  

Key Structure-Property Insight: Secondary structure alone is insufficient to predict self-

assembly outcomes in lipopeptides. The interplay between peptide length, net charge, and the 

hydrophobic tail dictates the final morphology. Short, highly charged sequences confer superior 

colloidal stability in physiological saline, whereas longer, amphiphilic sequences are optimal for 

generating uniform, low-dispersity carriers in low-ionic-strength formulations. 

6.2. Amphiphilic Peptide Hydrogels 
Building on the finding that the hydrophobic tail dictates morphology, the second project 

compared two distinct molecular design strategies—lipidation and aggregation-induced 

emission (AIE) conjugation—to control the structure, mechanics, and bioactivity of peptide-

based hydrogels. Critically, the work demonstrated that the nature of the hydrophobic drive 

dictates the rigidity, reversibility, and functional presentation of the final supramolecular 

assembly. 

For the stearic acid lipopeptides (DS34, DS36), the lipid tail acts as a dominant structural 

switch, forcing a persistent and thermodynamically stable β-sheet conformation across all 

concentrations and solvent conditions examined. This architecture produced highly organised, 

rigid networks with superior storage moduli, ideal for presenting bioactive motifs (e.g., GFOGER) 
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at high density to enhance early-stage cell adhesion. However, this mechanical robustness 

comes at the cost of poor shear recovery and irreversible disruption under high strain. 

On the other hand, for the non-lipidated peptides (DS33, DS35), the absence of the lipid tail 

yields flexible, conformationally labile structures (Type I β-turns) that are highly sensitive to their 

solvation environment. While mechanically weaker, these analogues exhibit excellent shear 

recovery and rapid re-association, making them suitable for applications requiring dynamic 

restructuring. The measurable critical aggregation concentration of DS35 (0.05 mM) provides a 

valuable direct window into the monomer-aggregate transition. 

The AIE-conjugated peptides (TPE  08 and TPE38) revealed a striking structure–property 

relationship: a single post-translational modification—the hydroxylation of proline to 

hydroxyproline—profoundly altered both the supramolecular organisation and photophysical 

output. TPE 08 (GFOGER) formed smaller, more uniform β-sheet/β-turn assemblies that 

effectively restricted intramolecular rotation of TPE, resulting in enhanced fluorescence via the 

AIE mechanism. In contrast, TPE 38 (GFPGER) adopted a mixed α-helical conformation, 

yielding larger, more polydisperse aggregates with reduced emission intensity. Rheologically, 

both AIE hydrogels are softer (G' = 10–100 Pa) and more flexible than the lipopeptide systems, 

reflecting the looser packing enabled by the twisted AIEgen conformation. 

Key Structure-Property Insight: Overall, the lipopeptide strategy prioritised rigidity and stable 

bioactivity presentation at the expense of dynamic reversibility, whereas the AIE strategy 

prioritised real-time fluorescence monitoring and conformational flexibility at the expense of 

mechanical stiffness. Both designs are promising; but, the choice of hydrophobic tail (stearic 

acid vs. AIE luminogen) and the presence of hydroxyproline depend on the target application. 

For load-bearing scaffolds requiring stable cell adhesion, the lipopeptide approach is 

advantageous. For injectable or shear-thinning systems where structural monitoring is 
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essential, the AIE-conjugated design offers a label-free, structure-sensitive alternative. 

Together, these findings provide a clear design rulebook for tuning peptide hydrogel properties 

through strategic selection of the hydrophobic driving force and minor sequence variations. 

6.3. Peptide-Decorated Vascular Grafts 
While the first two projects focused on self-assembled soft materials, the final collaborative 

project examined the translation of peptide bioactivity to a solid, electrospun PLGA scaffold 

intended for small-diameter vascular graft applications. A focused library of five cysteine-

modified peptides (P1: CIKVAV; P2: CREDV; P3: CGFOGER; P4: C(D-Phe)PRP; P5: 

CKAFDITYVRLKF) was successfully synthesised and covalently immobilised via thiol–

maleimide chemistry. 

Conjugation efficiency varied significantly (10–37%), governed primarily by cysteine 

accessibility and the physicochemical properties of the peptide sequence. The highly 

hydrophobic P1 (CIKVAV) achieved the highest surface density, while P4 (C(D-Phe)PRP) was 

poorly conjugated and excluded from further study. Surface wettability was significantly 

improved only by the most hydrophilic peptide, P2 (CREDV), demonstrating that peptide 

sequence identity is a more potent determinant of surface hydrophilicity than peptide surface 

density alone. 

Biological screening revealed peptide-dependent and cell-type-specific responses. Soluble P5 

(C16) exhibited dose-dependent cytotoxicity towards fibroblasts, underscoring the critical 

principle that a peptide motif bioactive when surface-immobilised may act as an antagonist in 

soluble form. The REDV-modified scaffold (P2) emerged as the lead candidate for the luminal 

surface of a vascular graft, demonstrating selective support for endothelial cell viability, even at 

elevated concentrations, and partially mitigating the time-dependent cytotoxicity associated 
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with acidic PLGA degradation products. The collagen-mimetic P3 (GFOGER) promoted 

fibroblast proliferation, suggesting utility for the adventitial layer of a multi-layered graft. 

Key Structure-Property Insight: For peptide-functionalised solid scaffolds, the peptide 

sequence governs not only the intended biological response but also the efficiency of surface 

conjugation, the resulting surface wettability, and the cell-type specificity of the interaction. 

Covalent immobilisation of endothelial-selective peptides (e.g., REDV) can buffer the local 

cytotoxic effects of polymer degradation while promoting targeted cell adhesion. 

6.4. Future Perspectives 
Collectively, the work presented in this thesis establishes a coherent and predictive framework 

for the rational design of peptide-decorated nanomaterials. The transition from self-assembled 

lipopeptide nanocolloids to supramolecular hydrogels and, finally, to peptide-functionalised 

solid scaffolds demonstrates a unifying principle: the molecular architecture of the 

hydrophobic domain and the physicochemical identity of the bioactive peptide sequence jointly 

govern the structural, mechanical, and functional properties of the resulting biomaterial. 

Future work should focus on several key areas to further translate these findings towards 

clinical application: 

i. Dynamic Hydrogel Systems: Combining the mechanical robustness of the 

lipopeptide hydrogels with the shear-recovery properties of the non-lipidated or AIE-

based systems could yield hybrid materials with optimised properties for 3D 

bioprinting. 

ii. In Vivo Evaluation: The promising in vitro performance of the REDV-functionalised 

PLGA scaffold and the GFOGER-presenting hydrogels warrants progression to pre-
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clinical animal models to assess their efficacy in promoting vascular integration and 

osteochondral regeneration, respectively. 

iii. AIE-Based Biosensing: The intrinsic fluorescence of the TPE-conjugated hydrogels 

should be exploited for real-time, label-free monitoring of cell-mediated hydrogel 

remodelling and degradation in vitro and potentially in vivo. 

iv. Mixed Peptide Surfaces: The vascular graft platform would benefit from the co-

immobilisation of multiple synergistic peptides (e.g., REDV for endothelialisation 

combined with (D-Phe)PRP for thromboresistance) to more closely mimic the 

multifunctional nature of the native ECM. 

In conclusion, this thesis contributes a comprehensive set of design rules that connect 

molecular-level peptide engineering to macroscopic material performance, providing a 

valuable roadmap for the development of next-generation peptide-based biomaterials for 

regenerative medicine. 

  



Experimental section 

 

85 | P a g e  
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7.1. Materials: 
All reagents, solvents and consumables were purchased from the companies IRIS Biotech 

GmbH, Sigma-Aldrich, VWR BDH, and Fluorochem. The purity of all materials fulfilled at least 

the specifications required for synthesis quality. Anhydrous solvents were used where 

indicated. 

7.2. Project 1 : Lipopeptides-nanocolloids ( DS02, DS04, DS08, 
DS10, DS12, and DS14) 

7.2.1. Synthesis and purification of lipopeptides  

7.2.1.1. Synthesis of lipopeptides  

The precursor peptides (IKVAV, REDV, GFOGER, (D-Phe)PRP, KLTWQELYQLKYKGI, and 

KAFDITYVRLKF) were synthesised via microwave-assisted Fmoc/tBu solid-phase peptide 

synthesis (SPPS) on Rink amide resin (100–200 mesh, 0.69 mmol/g). Following chain 

elongation and final Fmoc deprotection, stearic acid was coupled to the N-terminus of each 

resin-bound peptide. Initial manual couplings were performed overnight using standard 

carbodiimide chemistry (Oxyma Pure and DIC). Subsequently, stearic acid coupling was 

optimised and performed on a Liberty Blue automated microwave peptide synthesiser (CEM 

Corporation) following the technical procedure published by CEM for fatty acid coupling. The 

coupling was performed in two steps: (i) 75 °C, 170 W, 15 s, ΔT = 2 °C; (ii) 90 °C, 30 W, 300 s, 

ΔT = 1 °C. The coupling cycle was repeated twice to maximise yield. 

Upon completion, the resin was transferred into a syringe reactor equipped with a fritted filter, 

washed sequentially with DMF (5 × 4 mL), DCM (5 × 4 mL), and Et₂O (3 × 4 mL), and then dried 

under a stream of compressed air. 
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7.2.1.2. Cleavage and Deprotection 

The dried resin was treated with a cleavage cocktail solution of Trifluoroacetic acid/TFA (3 mL) 

with phenol (450 mg), Triisopropylsilane/TIPS (150 µL), thioanisole (150 µL), and deionised 

water (150 µL). The suspension was agitated on an orbital shaker for 3 h at room temperature. 

The cleavage solution was then filtered through the syringe frit directly into 40 mL of ice-cold 

tert-butyl methyl ether/hexane (1:1 v/v) to precipitate the crude peptide. The suspension was 

centrifuged (4 °C, 6500 rpm, 20 min), the supernatant was discarded, and the peptide pellet 

was washed twice with ice-cold diethyl ether (Et₂O). The crude peptide was dried under a 

stream of compressed air. A small aliquot (~1 mg) was dissolved in H₂O/acetonitrile (acn) (1:1 

v/v) for analysis by ESI-MS and analytical RP-HPLC. 

7.2.1.3. RP-HPLC of lipopeptides 

Crude lipopeptides were purified by semi-preparative reverse-phase high-performance liquid 

chromatography (RP-HPLC) using a Sepachrom Vydamas RP-C8 column (5 µm, 250 × 21.2 

mm) on a Jasco LC-NetII/ADC system equipped with a PU-4180 pump and MD-4010 PDA 

detector. A linear gradient of 20–100% Solvent B in Solvent A over 20 min was employed for all 

lipopeptides, at a flow rate of 20 mL/min, with detection at λ = 220 nm. Solvent A: H₂O + 0.1% 

(v/v) TFA; Solvent B: ACN + 0.1% (v/v) TFA. The purified fractions were pooled, frozen, and 

lyophilised. Purified peptides were stored at –20 °C. 

Table 12:List of lipopeptide sequences synthesised by MW‑SPPS, their corresponding 
linear gradient used for purification using semi‑preparative RP‑HPLC  

Code sequence RP-HPLC semi-prep gradient* 

DS 02 Stearic acid-IKVAV-NH2 20-100% of B in A over 20 mins  

DS 04 Stearic acid-REDV-NH2 20-100% of B in A over 20 mins  

DS 08 Stearic acid-GFOGER-NH2 20-100% of B in A over 20 mins  
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DS10 Stearic acid-fPRP-NH2 20-100% of B in A over 20 mins  

DS 12 Stearic acid-KLTWQELYQLKYKGI-NH2 20-100% of B in A over 20 mins  

DS 14 Stearic acid-KAFDITYVRLKF-NH2 20-100% of B in A over 20 mins  

*Solvent system: A: 0.1% (v/v) TFA in 100% H₂O; B: 0.1% (v/v) TFA in 100% CH₃CN. Column: Sepachrom 

Vydamas RP-C8 column (5 µm, 250 x 21.2 mm). Flow rate: 20 mL/min. λ 220 nm. 

7.2.2. Conformational analysis using ATR-FTIR 

FTIR spectroscopy measurements were made on a Perkin Elmer Spotlight 400 FT-IR 

spectrophotometer equipped with a diamond crystal Attenuated Total Reflection (ATR) 

accessory. All the samples were analysed at room temperature in the solid state. A total of 32 

scans were performed for all measurements with a resolution of 4 cm⁻¹ in the 4000-650 cm⁻¹ 

spectral region. Data processing was performed using OriginPro software. The deconvolution of 

the spectra was done in the spectral region between 1560-1750 cm⁻¹, using the Fit Peaks (Pro) 

function.  
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e) f)  

Figure 29 Deconvoluted ATR‑FTIR Spectra of the Amide Region (1750–1500 cm⁻¹) of 
lipopeptides: a) DS02, b) DS04, c)DS08, d) DS10, e)DS12, and f)DS14  

7.2.3.  Self-Assembly Studies using DLS  

Stock solutions of each lipopeptide were prepared in DMSO at a concentration of 2 mM (Stock 

1). Serial dilutions were performed with DMSO to obtain Stock 2 (1 mM), Stock 3 (0.5 mM), and 

Stock 4 (0.25 mM). Nanoprecipitation was performed by adding the DMSO stock solution 

dropwise to either deionised water or PBS (pH 7.4) under gentle vortexing to achieve final 

solvent ratios of 1:9 and 0.5:9.5 (DMSO:aqueous v/v), corresponding to final peptide 

concentrations of 50 µM and 25 µM, respectively. 132  

Dynamic Light Scattering (DLS) measurements were performed using a Malvern Zetasizer Nano 

ZS instrument (Malvern Panalytical Ltd.) equipped with a 633 nm He–Ne laser operating at a 

scattering angle of 173° (backscatter detection). Measurements were conducted at 25 °C after 

the nanocolloid dispersions had been aged for 24–48 h at room temperature. Viscosity and 

refractive index values for the DMSO/water and DMSO/PBS mixtures were obtained from 

literature data. 192 Hydrodynamic diameters (Z-average) and polydispersity indices (PDI) were 

averaged from at least three independent measurements, each consisting of 12–15 sub-runs.   
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Figure 30 (a‑f) DLS intensity vs. size graphs of 25 μM peptides: (a) DS02, (b) DS04, (c) 
DS08, (d) DS10, (e) DS12, and (f) DS14 in 95:5 (v/v) water:DMSO solution. (g–l) DLS 
intensity vs. size graphs of 25 μM peptides: (g) DS02, (h) DS04, (i) DS08, (j) DS10, (k) 
DS12 and (l) DS14 in 95:5 (v/v) PBS: DMSO solution. 

7.2.4. SEM 

Nanocolloid dispersions were prepared via solvent displacement as described in Section 8.2.3, 

using a 95:5 water:DMSO ratio and a final peptide concentration of 25 µM. Dispersions were 
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aged for 24 h at room temperature. An aliquot of each dispersion was deposited onto a silicon 

wafer or aluminium SEM stub and allowed to air-dry completely. The dried samples were 

sputter-coated with a thin layer of gold (approx. 10 nm) to enhance conductivity. Imaging was 

performed using a JEOL JSM-IT500 scanning electron microscope operating under high vacuum 

at an accelerating voltage of 5–10 kV. 

7.3. Amphiphilic Peptide Hydrogels (DS33, DS34, DS35, DS36, 
TPE 08 and TPE 38) 

7.3.1. Synthesis and Purification of Peptide Amphiphiles 

7.3.1.1. Synthesis of 4-amino TPE 

4-Amino-tetraphenylethene was synthesised via a McMurry coupling reaction following a 

previously published protocol. 193 Briefly, TiCl₄ (2.63 mL, 24 mmol, 5 eq) was added dropwise 

to a stirred suspension of zinc dust (3.2 g, 48 mmol, 10 eq) in anhydrous THF (30 mL) cooled to 

–10 °C in an ice-salt bath. The mixture was stirred for 10 min, allowed to warm to room 

temperature, and then heated under reflux at 66 °C for 2 h. The mixture was then cooled to –10 

°C, and a solution of benzophenone (1.05 g, 5.76 mmol, 1.2 eq) and 4-aminobenzophenone 

(0.95 g, 4.8 mmol, 1 eq) in anhydrous THF (80 mL) was added slowly. The reaction was heated 

under reflux for a further 2 h under an inert atmosphere. After cooling to room temperature, the 

reaction was quenched by slow addition to 10% (w/w) aqueous K₂CO₃ (100 mL) and stirred 

vigorously overnight. The mixture was filtered, extracted with EtOAc, and the combined organic 

layers were washed with brine and dried over anhydrous Na₂SO₄. After filtration, the solvent 

was removed under reduced pressure, and the crude residue was purified by flash column 

chromatography (silica gel, eluent gradient) to afford the title compound as a pale yellow solid. 

To increase the yield, the reaction was repeated on a larger scale, as the TiCl₄ reagent is 

extremely sensitive to moisture, which can adversely affect the yield in small-scale synthesis.  
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7.3.1.2. Synthesis of (14-oxo-14-((4-(1,2,2-
triphenylvinyl)phenyl)amino)tetradecandioic acid)) 

Tetradecandioic acid (0.87 g, 3.38 mmol, 3 eq) was dissolved in a mixture of anhydrous 

DCM/DMF (2:1 v/v). HBTU (0.47 g, 1.24 mmol, 1.1 eq relative to TPE-NH₂) was added under a 

nitrogen atmosphere. The solution was cooled in an ice bath, and anhydrous DIPEA (1.175 mL, 

6.75 mmol, 6 eq) was added slowly. The reaction mixture was removed from the ice bath, and 

a solution of TPE-NH₂ (0.39 g, 1.125 mmol, 1 eq) in a minimum volume of anhydrous DCM was 

added slowly. The reaction was stirred overnight at room temperature under an inert 

atmosphere. The solvent was evaporated under reduced pressure, and the residue was diluted 

with DCM and washed with brine. The organic layer was dried over Na₂SO₄, filtered, and 

concentrated in vacuo. The crude product was purified by flash column chromatography 

(DCM/MeOH gradient) to yield the pure TPE-acid linker as confirmed by previous 

characterisation. The stoichiometric ratio was strictly adhered to as it had been previously 

optimised to ensure selective activation of only one carboxyl group. 132 

The analytical characterisations (1H and 13C NMR) of the TPE-fatty acid hybrid was consistent 

with the previously published data from our laboratory. 46,133 

1H NMR (400 MHz, DMSO-d6) δ = 11.93 (1 H, s), 9.78 (1 H, s), 7.34 (2 H, d, J 8.3), 7.22 – 7.04 

(10 H, m), 6.97 (5 H, dd, J 13.6, 7.0), 6.86 (2 H, d, J 8.2), 2.21 (4 H, dt, J 23.1, 7.4), 1.52 (4 H, dt, 

J 25.9, 6.9), 1.25 (16 H, d, J 7.4) 

13C NMR (100 MHz, DMSO-d6) δ= 174.96, 171.65, 143.89, 143.80, 143.74, 140.73, 140.49, 

138.18, 138.16, 131.49, 131.17, 131.12, 128.33, 128.24, 128.22, 126.97, 126.91, 126.87, 

118.75, 36.86, 34.15, 29.46, 29.43, 29.38, 29.25, 29.20, 29.12, 29.01, 25.56, 24.97 

ESI-MS (m/z) calculated for C40H45NO3 588.34, found 587.32 [M-H]-. 
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Figure 31 Scheme for synthesis of TPE acid‑ for late‑stage peptide functionalisation 

7.3.1.3. General Procedure for Microwave-Assisted SPPS of Peptide Precursors 

All linear peptide precursors (DS33, DS35 and the peptide segments of DS34, DS36) were 

synthesised on a Liberty Blue automated microwave peptide synthesiser (CEM Corporation) 

using the Fmoc/tBu strategy. Syntheses were performed on a 0.05 mmol scale using Fmoc-Rink 

amide AM resin (100–200 mesh, loading 0.7 mmol/g). The resin was pre-swollen in DMF (1 mL) 

for 30 min before synthesis. 

Deprotection: Fmoc deprotection was performed using 20% (v/v) piperidine in DMF in two 

stages: (i) 80 °C, 200 W, 30 s, ΔT = 2 °C; (ii) 90 °C, 50 W, 70 s, ΔT = 1 °C. The resin was then 

washed with DMF (4 × 5 mL). 

Coupling: Amino acid couplings were performed using a five-fold molar excess of Fmoc-AA-OH 

(0.2 M in DMF), DIC (0.25 M in DMF), and Oxyma Pure (0.5 M in DMF). The standard coupling 

cycle consisted of two stages: (i) 75 °C, 170 W, 15 s, ΔT = 2 °C; (ii) 90 °C, 30 W, 70 s, ΔT = 1 °C. 

For sterically hindered or Arg residues, a double-coupling protocol was employed. 

Upon completion of the linear sequence and final Fmoc deprotection, the resin was washed 

with DMF (5 × 5 mL), DCM (5 × 5 mL), and Et₂O (3 × 5 mL) and dried under a stream of nitrogen. 

7.3.1.4. Coupling of Stearic acid (DS34 and DS36) 

Stearic acid was coupled to the N-terminus of the resin-bound FQFQFKGFPGER and 

FQFQFKGFOGER sequences directly on the Liberty Blue instrument. The coupling protocol 
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followed the CEM technical procedure for fatty acid coupling: (i) 75 °C, 170 W, 15 s, ΔT = 2 °C; 

(ii) 90 °C, 30 W, 300 s, ΔT = 1 °C. The coupling cycle was repeated twice. Following coupling, 

the resin was washed and dried as described above. 

7.3.1.5. Manual Coupling of TPE -Acid Linker (TPE 08 and TPE 38) 

For the AIE peptides, the TPE-acid linker was coupled manually to the N-terminus of the resin-

bound GFOGER and GFPGER sequences. The coupling was performed using a solution of TPE-

acid/HBTU/HOBt/DIPEA (2.5:3:3:6 molar equivalents relative to resin loading) in 1:1 DCM:DMF. 

The reaction was agitated overnight at room temperature. Completion of the coupling was 

confirmed by a negative Kaiser test. The resin was then washed thoroughly with DMF, DCM, and 

Et₂O, and dried under nitrogen flow. 

7.3.1.6. Cleavage, Deprotection and Purification 

Cleavage and side chain deprotection were performed using the same procedure described in 

Section 7.2.1.2. Crude peptides were purified by semi-preparative RP-HPLC using the same 

instrumentation and column described in Section 7.2.1.3. Peptide-specific linear gradients are 

detailed in Table 13. Purified fractions were lyophilised and stored at –20 °C. 

Table 13:Peptide Amphiphile Library and RP‑HPLC Purification Gradients 

Code Sequence RP-HPLC semi-prep gradient* 

DS33 FQFQFKGFPGER-NH2 15-35% of B in A over 20 mins  

DS34 Stearic acid-FQFQFKGFPGER-NH2 70-90% of B in A over 20 mins  

DS35 FQFQFKGFOGER-NH2 18-38% of B in A over 20 mins  

DS36 Stearic acid-FQFQFKGFOGER-NH2 55-75% of B in A over 20 mins  

TPE 08 TPE acid-GFOGER-NH2 60-80% of B in A over 20 mins  

TPE 38 TPE acid-GFPGER-NH2 55-75% of B in A over 20 mins  
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*Solvent system: A: 0.1% (v/v) TFA in 100% H₂O; B: 0.1% (v/v) TFA in 100% CH₃CN. Column: Sepachrom 

Vydamas RP-C8 column (5 µm, 250 x 21.2 mm). Flow rate: 20 mL/min. λ 220 nm. 

7.3.2. Conformational analysis of peptides – ATR-FTIR 

FTIR spectroscopy was performed as described in Section 7.2.2 on lyophilised peptide 

powders. 

a) b)  

c) d)  

e) f)  

Figure 32 Deconvoluted ATR‑FTIR Spectra of the Amide Region (1750–1500 cm⁻¹) of 
Peptide Hydrogels: a)DS33, b)DS34, c)DS35, d) DS36, e)TPE 08 and f)TPE 38 
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7.3.3. Self-Assembly Studies using DLS  

DLS sample preparation and measurements were performed as described in Section 7.2.3, 

using a final peptide concentration of 50 µM in 9:1 (v/v) water:DMSO and PBS:DMSO mixtures.  
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Figure 33 (a‑f) DLS intensity vs. size graphs of 50 μM peptides: (a) DS33, (b) DS34, (c) 
DS35, (d) DS36, (e) TPE 08, and (f) TPE 38 in 9:1 (v/v) water:DMSO solution. (g–l) DLS 
intensity vs. size graphs of 50 μM peptides: (g) DS33, (h) DS34, (i) DS35, (j) DS36, (k) 
TPE 08, and (l) TPE 38 in 9:1 (v/v) PBS:DMSO solution. 

7.3.4. Hydrogel formation  

Hydrogels were prepared by dissolving the lyophilised peptide in 1× PBS (pH 7.4) to the desired 

final concentration (w/v %). The mixture was alternately vortexed and sonicated in a room-
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temperature water bath for 3 min to ensure complete dissolution and initiation of self-assembly. 

Hydrogel formation was confirmed by the vial inversion test after incubation at room 

temperature for a minimum of 30 min. 

7.3.4.1. Rheology  

Rheological measurements were performed using a TA Instruments Discovery HR-30 

rheometer equipped with a stainless steel 20 mm parallel plate geometry. The temperature was 

maintained at 37 °C throughout all experiments using a Peltier plate. Freshly prepared hydrogels 

were loaded onto the Peltier plate, the geometry was lowered to a gap of 0.5 mm, and the 

sample perimeter was covered with a solvent trap to prevent evaporation. Samples were 

allowed to equilibrate for 5 min prior to measurement.  

• Frequency Sweep: Performed at a constant oscillatory strain of 1% (within the linear 

viscoelastic region, LVER) over a frequency range of 10 to 0.1 Hz (log scale, 5 points per 

decade). 

• Amplitude Sweep: Performed at a constant frequency of 1 Hz over an oscillatory strain 

range of 0.1% to 100% (log scale, 5 points per decade). 

• Time Sweep: Performed at a constant frequency of 1 Hz and strain of 1% for a duration 

of 1 h (sampling interval: 10 s/point). 

• Flow Sweep: Performed using a logarithmic shear rate ramp from 0.01 to 100 s⁻¹ (5 

points per decade). 

• Thixotropy (Step-Strain): Performed at a constant frequency of 1 Hz with alternating 

strain intervals: (i) 1% strain for 60 s, (ii) 100% strain for 30 s, (iii) 1% strain for 1800 s 

(sampling interval: 3 s/point during all steps). 
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7.3.4.2. Circular Dichroism 

Circular dichroism spectra were recorded on a Jasco J-815 spectropolarimeter equipped with 

a Peltier temperature controller set to 37 °C. A quartz cuvette with a path length of 0.05 cm was 

used for all measurements. Spectra were acquired from 190 to 300 nm with a data pitch of 0.2 

nm, a scanning speed of 500 nm/min, and a response time of 1 s. Three consecutive scans were 

accumulated and averaged for each sample. The spectrum of the corresponding blank solvent 

was subtracted from each sample spectrum. Data were converted to mean residue ellipticity 

(θ, degree·cm²·dmol⁻¹) using the following formula 

𝜽 =
(𝜽𝑶𝒃𝒔×𝑴𝑹𝑾)

(𝟏𝟎×𝒄×𝒍)
  

where θ_obs is the measured ellipticity in millidegrees, MRW is the mean residue weight, c is 

the peptide concentration in mg/mL, and l is the path length in cm. 

7.3.4.2.1. Concentration-Dependent CD in Aqueous Solution 

Hydrogels were initially prepared in PBS at their respective MGCs (DS33 and DS35: 6% 

w/v; DS34: 4% w/v; DS36: 2% w/v). These stock hydrogels were diluted with deionised 

water to obtain a 1 mM stock solution (based on peptide concentration). This stock was 

further diluted with deionised water to yield final peptide concentrations of 0.2, 0.1, and 

0.05 mM for CD analysis.  

7.3.4.2.2. Solvent-Dependent CD in Water/Methanol Mixtures 

Stock solutions of each peptide were prepared in methanol (MeOH) at a concentration of 10 

mM. These stocks were diluted with appropriate mixtures of MeOH and deionised water to 

achieve a final peptide concentration of 0.25 mM in the following solvent compositions (v/v): A) 

100% MeOH; B) 1:1 MeOH/water; C) 3:7 MeOH/water; D) 2:8 MeOH/water; E) 1:9 

MeOH/water; F) 0.5:9.5 MeOH/water. 194 
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7.3.4.3. SEM  

Hydrogels prepared at their respective minimum gelation concentrations (MGC) were flash-

frozen in liquid nitrogen and lyophilised for 48 h to obtain xerogels. The dried xerogels were 

carefully fractured to expose the internal porous structure, mounted onto aluminium SEM stubs 

using carbon adhesive tape, and sputter-coated with a 10 nm layer of gold. Imaging was 

performed using a Phenom-World ProX scanning electron microscope operating at an 

accelerating voltage of 10 or 15 kV. 

7.3.5. Biological evaluation  

The C3H10T1/2 mouse mesenchymal stromal cell line was cultured in complete proliferation 

medium consisting of DMEM low glucose supplemented with 10% (v/v) fetal bovine serum 

(FBS), 1% (v/v) penicillin/streptomycin, and 1% (v/v) L-glutamine. Cells were maintained at 37 

°C in a humidified incubator with 5% CO₂ and passaged at 70–80% confluency. 

7.3.5.1. Cytotoxicity Evaluation (LDH Assay) 

Cytotoxicity of the hydrogels was evaluated using an indirect contact method (transwell inserts) 

and quantified via the Lactate Dehydrogenase (LDH) assay. C3H10T1/2 cells were seeded in the 

lower compartment of a 24-well transwell plate and allowed to adhere overnight. Hydrogels 

were prepared in situ within the transwell inserts and placed into the wells, ensuring no direct 

contact between the hydrogel and the cell monolayer. After 72 h of incubation, aliquots of the 

culture medium were collected from the lower compartment and analysed for LDH release 

using a commercial LDH cytotoxicity assay kit according to the manufacturer's instructions. 

Luminescence was measured using a plate reader. Cell viability was also qualitatively assessed 

by staining the cell monolayer in the lower compartment with Invitrogen™ Live/Dead™ 

viability/cytotoxicity stain and imaging by confocal microscopy 143,194 
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7.3.5.2. Cell Adhesion Assay  

Cell adhesion to the hydrogel surfaces was quantified using the CellTiter-Glo® luminescent cell 

viability assay. Hydrogels were prepared directly in the wells of a 96-well plate. C3H10T1/2 cells 

were seeded onto the surface of the pre-formed hydrogels at a density of 1 × 10⁴ cells per well. 

After incubation for predetermined time points (30 min, 1 h, 2 h, and 4 h) at 37 °C, non-adherent 

cells were removed by gentle washing with DPBS. Adherent cells were quantified by adding 

CellTiter-Glo® reagent directly to the wells and measuring luminescence. Adhesion was 

expressed as a percentage of the luminescence signal from a 100% adhesion control (cells 

seeded directly onto tissue culture-treated plastic without a washing step). For qualitative 

visualisation, parallel samples were stained with Invitrogen™ Live/Dead™ stain after 4 h of 

incubation and imaged by confocal microscopy. 

7.3.5.3. Cell Encapsulation:  

To assess the cytocompatibility of the hydrogels in a 3D environment, a cell encapsulation 

assay was performed. C3H10T1/2 cells were harvested and gently resuspended in the peptide 

solution (prepared in PBS) prior to the initiation of gelation. The cell-laden solution was then 

transferred to a suitable culture vessel and allowed to undergo gelation at 37 °C. After 7 days of 

culture, with a medium change every 2–3 days, cell viability was assessed by staining the cell-

laden hydrogels with Invitrogen™ Live/Dead™ stain and imaging by confocal microscopy. Z-stack 

images were acquired to visualise cell distribution and viability throughout the depth of the 

hydrogel. 147 

7.3.6. 3D printing (DS36) 

A DS36 hydrogel was prepared at 2% w/v in PBS as described in Section 8.3.4 and loaded into 

a 3 mL syringe barrel. Printing tests were performed using a BioX 3D bioprinter (CELLINK). 

Printing parameters were optimised by systematically varying extrusion pressure (starting from 
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1 kPa) and printhead speed (starting from 1 mm/s). Two different extrusion tips were evaluated: 

a 0.41 mm conical nozzle and a 0.21-inch (approx. 27G) blunt needle. The optimal parameters 

identified for filament extrusion were a pressure of 4 kPa and a print speed of 12 mm/s. 

7.4. Peptide-decorated modular SDVG 

7.4.1. Electrospun Scaffold Fabrication  

7.4.1.1. Fabrication of PLGA Electrospun Scaffolds 

Poly(lactide-co-glycolide) (PLGA, 50:50 lactide:glycolide ratio, Mw ~66 kDa, PURASORB®) was 

dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) at a concentration of 25% w/v by stirring 

overnight in a tightly sealed glass vial. Electrospinning was performed using a NANON 01A 

vertical electrospinning device (MECC Co. Instruments Ltd.). The polymer solution was loaded 

into a syringe fitted with a 22G blunt-type needle and dispensed at a flow rate of 0.1 mL/h. A 

voltage of 15 kV was applied between the needle tip and a flat aluminium collector plate 

positioned at a distance of 15 cm. Electrospinning was conducted for 2 h. The resulting fibrous 

scaffolds were dried overnight in a fume hood to evaporate residual HFIP. Scaffold thickness 

was measured using a digital calliper. 

7.4.1.2. Morphological Characterisation of Plain Scaffolds 

The morphology and fibre uniformity of the plain PLGA scaffolds were evaluated by scanning 

electron microscopy (SEM, Mira3 XMU, Tescan). Samples were sputter-coated with gold prior 

to imaging at an accelerating voltage of 20 kV. Fibre diameter distributions were quantitatively 

analysed using ImageJ software, measuring at least 100 individual fibres per sample. 195 

7.4.1.3.  Mechanical Characterisations of Plain Scaffolds 

The mechanical properties of the plain PLGA scaffolds were evaluated using a uniaxial tensile 

testing machine (Mark-10 Tensile Testers). Scaffolds were cut into dog-bone shaped 

specimens using a calibrated cutter conforming to ASTM D-882 standard dimensions. Tests 
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were performed in triplicate at a crosshead speed of 20.1 mm/min. Stress and strain values 

were calculated according to the standard equations: 

Stress (MPa) = Load (N) / Cross-sectional Area (mm²) 

Strain = Extension (mm) / Initial Gauge Length (mm) 

The ultimate tensile strength (UTS), Young's modulus, yield strength, yield strain, breaking point 

stress, and elongation at break were determined from the resulting stress–strain curves. 

7.4.2. Synthesis and purification of cysteine peptides 

7.4.2.1. MW-assisted solid phase peptide synthesis of bioactive peptides with 
cysteine: (P1, P2, P3, P4, and P5) 

Peptides P1 (CIKVAV-NH₂), P2 (CREDV-NH₂), P3 (CGFOGER-NH₂), P4 (C(D-Phe)PRP-NH₂), 

and P5 (CKAFDITYVRLKF-NH₂) were synthesised using the Liberty Blue automated microwave 

peptide synthesiser following the general Fmoc/tBu SPPS procedure described in Section 

7.2.1.1. An N-terminal cysteine residue was incorporated as the final coupling step. Upon 

completion of the synthesis, the peptide-bound resins were washed sequentially with DMF (5 

× 5 mL), DCM (5 × 5 mL), and Et₂O (3 × 5 mL), and subsequently dried under a gentle stream of 

nitrogen. This drying step is essential to prevent oxidation of the free cysteine thiol group, which 

would otherwise form disulfide bonds and render the peptide unreactive towards the 

maleimide-functionalised scaffold surface. 

7.4.2.2. Cleavage of cysteine-containing peptides  

Upon completion of the synthesis, the resin was transferred to a syringe reactor and 

washed/dried as previously described. Cleavage and global deprotection were achieved using 

a modified cocktail optimised for cysteine-containing peptides to minimise oxidation and side 

reactions. The cleavage solution consisted of TFA (3.6 mL), thioanisole (280 µL), and DODT 
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(120 µL). The reaction was agitated for 3 h at room temperature. The cleavage solution was 

filtered into 40 mL of ice-cold tert-butyl methyl ether/hexane (1:1 v/v). The precipitated peptide 

was collected by centrifugation (4 °C, 6500 rpm, 20 min), washed twice with ice-cold Et₂O, and 

dried under nitrogen flow. 

7.4.2.3. RP-HPLC of cysteine peptides 

Crude peptides were purified by semi-preparative RP-HPLC using a Sepachrom Robusta C18 

column (10 µm, 250 × 21.2 mm). A linear gradient of 5–70% Solvent B in Solvent A over 20 min 

was employed for all peptides (flow rate: 10 mL/min, λ = 220 nm). Purified fractions were 

pooled, lyophilised, and stored at –20 °C. Peptide purity was assessed by analytical RP-HPLC 

using a Phenomenex Gemini-NX C18 column (5 µm, 150 × 4.6 mm) with a flow rate of 0.8 

mL/min and identical solvent system. Peptide identity was confirmed by ESI-MS on a Finnigan 

LCQ Fleet ion trap spectrometer (Thermo Scientific). 

Table 14:Cysteine‑Modified Peptide Library and RP‑HPLC Purification Gradients 

Code Sequence RP-HPLC semi-prep gradient* 

P1 CIKVAV-NH2 5-70% of B in A over 20 mins  

P2 CREDV-NH2 5-70% of B in A over 20 mins  

P3 CGFOGER-NH2 5-70% of B in A over 20 mins  

P4 CfPRP-NH2 5-70% of B in A over 20 mins  

P5 CKAFDITYVRLKF-NH2 5-70% of B in A over 20 mins  

*Solvent system: A: 0.1% (v/v) TFA in 100% H₂O; B: 0.1% (v/v) TFA in 100% CH₃CN. Column: Sepachrom 

Robusta C18 column (10 µm, 250 x 21.2 mm). Flow rate: 10 mL/min. λ 220 nm. 
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7.4.3. Peptide Immobilisation 

7.4.3.1. Peptide Immobilisation via Thiol-Maleimide Chemistry 

Plain PLGA scaffolds were first activated by incubation in a solution of EDC (2 mM) and NHS (5 

mM) in MES buffer (0.1 M, pH 5–6) for 2 h at room temperature. Following activation, scaffolds 

were gently rinsed and subsequently immersed in a solution of a heterobifunctional maleimide-

PEG-amine linker (10 molar equivalents relative to the calculated molar quantity of PLGA 

carboxyl groups) in MES buffer containing 5 µL DIPEA. The reaction was allowed to proceed 

overnight (16–18 h) at room temperature. Scaffolds were then thoroughly washed with 

deionised water to remove unreacted linker. 

Cysteine-modified peptides (P1–P5) were dissolved in 1× PBS (pH 7.4) containing TCEP (2 

molar equivalents relative to the peptide) as a reducing agent to prevent disulfide bond 

formation. The peptide solutions were stirred for 30 min at room temperature. The maleimide-

functionalised scaffolds were immersed in the respective peptide solutions (using 3 molar 

equivalents of peptide relative to the calculated quantity of PLGA) and incubated for 4 h at room 

temperature to facilitate thiol–maleimide Michael addition. Following immobilisation, the 

peptide-conjugated scaffolds (designated P1-scaffold, P2-scaffold, etc.) were removed from 

the peptide solutions and washed gently with PBS (2×). The initial and post-immobilisation 

peptide solutions were retained for indirect quantification. 

7.4.4. Physiochemical Characterisations of Peptide Immobilised 
Scaffolds 

7.4.4.1. Morphological Evaluations  

The morphology and fibre diameter of the peptide-immobilised scaffolds were evaluated by 

SEM as described in Section 7.4.1.2. 



Experimental section 

 

107 | P a g e  
 

7.4.4.2. Quantification of Peptide Immobilisation  

Peptide conjugation was quantified indirectly by analytical RP-HPLC using an Agilent 1260 

Infinity system equipped with a C18 reversed-phase column (150 × 4.6 mm, 5 µm). The mobile 

phase consisted of Solvent A (H₂O + 0.1% TFA) and Solvent B (ACN + 0.1% TFA). The gradient 

program was as follows: 5% B at 0 min, linear increase to 70% B at 20 min, linear increase to 

90% B at 25 min, and return to 5% B at 30 min. The flow rate was 0.8 mL/min, column 

temperature was 25 °C, and detection was at λ = 220 nm. 196  

Calibration curves for each peptide (P1–P5) were constructed by injecting standard solutions 

of known concentration (25–500 µg/mL in PBS) and plotting the integrated peak area (AUC) 

versus concentration. The concentration of peptide remaining in the supernatant after 

immobilisation was determined by HPLC, and the amount of peptide conjugated was 

calculated by subtraction: 

 

Peptide Conjugated (µg) = (Cinitial – Cfinal) × Vreaction 

Conjugation Efficiency (%) = [Conjugated Peptide (nmol) / PLGA Scaffold (nmol)] × 100 

where PLGA Scaffold (nmol) = [Average Scaffold Weight (g) / MW of PLGA (66,000 g/mol)] × 

10⁹. 

7.4.4.3. Relative Water Absorption Capacity 

Circular specimens of plain PLGA scaffolds and peptide-immobilised scaffolds (P1-scaffold, 

P2-scaffold, P3-scaffold, P4-scaffold, and P5-scaffold) with a diameter of 15 mm were dried in 

a desiccator for at least 72 h to remove residual moisture. The initial dry weight (W₀) of each 

scaffold was recorded. Scaffolds were then immersed in deionised water (MQ water) for 24 h 

at room temperature. After gently blotting the scaffold surfaces with filter paper to remove 
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superficial water, the hydrated weight (W₁) was recorded. The relative water absorption 

capacity was calculated using the following equation: 

Relative Water Absorption (%) = [(W₁ – W₀) / W₀] × 100 

Measurements were performed in triplicate, and results were expressed as mean ± standard 

deviation. 

7.4.4.4. Surface Wettability (statistic Water Contact Angle) 

The surface wettability of plain and peptide-immobilised scaffolds was evaluated by static 

water contact angle measurements using the sessile drop method. Scaffold specimens were 

affixed to a flat glass slide to ensure a planar surface. A droplet of deionised water (5 µL) was 

carefully deposited onto the scaffold surface using a microsyringe. Images of the droplet profile 

were captured immediately after deposition using a digital camera equipped with a macro lens. 

The contact angle was determined by image analysis using ImageJ software with the DropSnake 

plugin. Measurements were performed on at least five different locations per scaffold type, and 

results were expressed as mean ± standard deviation. 

 

7.4.5. In Vitro Biological Evaluation on Normal Human Dermal 
Fibroblasts (nHDFs) 

Normal human dermal fibroblasts (nHDFs) were cultured in complete culture medium 

consisting of Dulbecco's Modified Eagle Medium (DMEM) high glucose supplemented with 

10% (v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin–streptomycin. Cells were maintained 

at 37 °C in a humidified incubator with 5% CO₂ and were passaged at 80–90% confluency. 

7.4.5.1. Cytotoxicity Evaluation of Soluble Peptides (P1, P2, P3, and P5) 

The intrinsic cytotoxicity of the soluble peptides was evaluated on nHDFs prior to scaffold 

immobilisation studies. nHDFs were seeded in standard 96-well plates at a density of 1 × 10⁴ 
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cells per well in complete culture medium and incubated overnight to allow for proper 

adherence. Peptide stock solutions were prepared under sterile conditions and diluted in 

complete culture medium to final concentrations ranging from 8 to 400 µM. Prior to treatment, 

the cell monolayers were gently washed twice with sterile PBS to remove non-adherent or dead 

cells. The cells were then exposed to the diluted peptide solutions (100 µL/well) and incubated 

for 24 h at 37 °C. 

Following the 24 h incubation period, cell viability was assessed using the MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. MTT reagent (0.5 mg/mL final 

concentration in serum-free medium) was added to each well, and the plates were incubated 

for 3 h at 37 °C. The resulting formazan crystals were dissolved in DMSO (100 µL/well), and the 

absorbance was measured at 570 nm using a microplate reader. Cell viability was expressed 

as a percentage relative to untreated control cells (defined as 100% viability). Experiments 

were performed in triplicate. 

7.4.5.2. Cell Viability and Morphology on Peptide-Immobilised Scaffolds  

To investigate the interaction between fibroblast cells and peptide-functionalised surfaces, 

nHDFs were cultured directly on selected peptide-immobilised scaffolds (P1-scaffold, P2-

scaffold, and P3-scaffold). Scaffold specimens were first sterilised by exposure to UV radiation 

for 1 h per side in a laminar flow biosafety cabinet. Sterilised scaffolds were placed in sterile 

cell crowns (Scaffdex) to prevent floating during incubation and transferred to the wells of a 24-

well culture plate. 

nHDFs were seeded onto the scaffold surfaces at a density of 5 × 10³ cells per scaffold in 

complete culture medium and incubated for 72 h at 37 °C with 5% CO₂. After the incubation 

period, cell viability was assessed qualitatively using an Invitrogen™ Live/Dead™ 



Experimental section 

 

110 | P a g e  
 

viability/cytotoxicity staining kit according to the manufacturer's protocol. 197–199 Stained 

scaffolds were imaged using a confocal laser scanning microscope. 

In parallel experiments, the cell morphology and cytoskeletal organisation were evaluated by 

fluorescence staining. Cells cultured on scaffolds for 72 h were fixed with 4% 

paraformaldehyde in PBS for 15 min, permeabilised with 0.1% Triton X-100 in PBS for 5 min, 

and blocked with 1% bovine serum albumin (BSA) in PBS for 30 min. F-actin filaments were 

stained with Alexa Fluor™ 488-conjugated phalloidin, and nuclei were counterstained with DAPI 

(4',6-diamidino-2-phenylindole). Stained scaffolds were imaged using a confocal laser 

scanning microscope.  

7.4.6. In Vitro Biological Evaluation on Human Umbilical Vein 
Endothelial Cells (HUVECs) 

Immortalised human umbilical vein endothelial cells (HUVECs) were cultured in endothelial 

cell growth medium (EGM-2) supplemented with the EGM-2 BulletKit (Lonza) containing 2% 

FBS, growth factors, and antibiotics. Cells were maintained at 37 °C in a humidified incubator 

with 5% CO₂ and were passaged at 70–80% confluency. 

7.4.6.1. Cytotoxicity and Proliferation Assessment of Soluble Peptides (P1, P2, 
and P3) 

To evaluate the dose-dependent effects of soluble peptides P1, P2, and P3 on HUVEC viability 

and proliferation, cells were seeded in 96-well plates at a density of 3 × 10³ cells per well and 

incubated for 3 days to allow for attachment and establishment of logarithmic growth. Peptide 

stock solutions were prepared in sterile PBS and diluted in EGM-2 complete medium to final 

concentrations ranging from 8 to 400 µM (corresponding to approximately 10–200 µg/mL, 

depending on peptide molecular weight). All peptide solutions were filter-sterilised (0.22 µm) 

prior to use. HUVECs were gently washed twice with sterile PBS and subsequently treated with 
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the peptide-containing media (100 µL/well). Cells were incubated for 24 and 72 h, with a 

medium change after 24 h for the 72 h time point. Following the respective incubation periods, 

the peptide solutions were aspirated, cells were washed twice with PBS, and viability was 

assessed using the MTT assay as described in Section 7.4.5.1. Cells treated with fresh 

complete medium without peptides served as the untreated control. Experiments were 

performed in triplicate. 

7.4.6.2. Cytotoxicity and Proliferation Assessment of Scaffold Extracts 

To evaluate the potential release of cytotoxic or inhibitory substances from the peptide-

immobilised scaffolds (including acidic PLGA degradation products), an extract-based 

cytotoxicity assay was performed on HUVECs. HUVECs were seeded in 96-well plates at a 

density of 3 × 10³ cells per well and incubated for 3 days to establish a confluent monolayer. 

Scaffold specimens (P1-scaffold, P2-scaffold, and plain PLGA control) were sterilised by UV 

irradiation (35 min per side, total exposure 70 min), followed by gentle washing with 70% 

ethanol (2×) and sterile PBS (2×). The sterilised scaffolds were immersed in EGM-2 complete 

culture medium at a concentration of 5 mg fibre mass per mL medium and incubated for 3 days 

at 37 °C under gentle agitation to obtain the scaffold extracts. Culture medium incubated under 

identical conditions without scaffolds served as the control extract. Prior to treatment, the 

HUVEC monolayers were washed twice with sterile PBS. Cells were then exposed to the 

scaffold extracts or control medium (100 µL/well) and incubated for 24 and 72 h. Following the 

incubation periods, cell viability was assessed using the MTT assay as previously described. 

Viability was expressed as a percentage relative to cells treated with the control extract. 

Experiments were performed in triplicate. 
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7.5. Instrumentation and Software 

7.5.1. Analytical and Semi-Preparative RP-HPLC 

Analytical and semi-preparative reverse-phase high-performance liquid chromatography (RP-

HPLC) was performed on a Jasco LC-NetII/ADC system equipped with a PU-4180 quaternary 

pump, an AS-4050 autosampler, and an MD-4010 photodiode array (PDA) detector. Data 

acquisition and analysis were performed using ChromNAV 2.0 software. 

7.5.1. Mass Spectrometry (ESI-MS) 

Electrospray ionisation mass spectrometry (ESI-MS) was performed on either a Fisons MD800 

single quadrupole spectrometer or a Finnigan LCQ Fleet ion trap spectrometer (Thermo 

Scientific). Samples were dissolved in H₂O/ACN (1:1 v/v) containing 0.1% formic acid and 

infused directly into the ion source. 

7.5.2. Fourier-Transform Infrared Spectroscopy (FTIR) 

FTIR spectra were acquired on a PerkinElmer Spotlight 400 FT-IR spectrophotometer equipped 

with a diamond crystal Attenuated Total Reflection (ATR) accessory. Data processing and 

spectral deconvolution were performed using OriginPro 2021 software (OriginLab Corporation). 

7.5.3. Dynamic Light Scattering (DLS) 

DLS measurements were performed using a Malvern Zetasizer Nano ZS instrument (Malvern 

Panalytical Ltd.). Data acquisition and analysis were performed using Zetasizer Software 7.13. 

7.5.4. Circular Dichroism (CD) Spectroscopy 

CD spectra were recorded on a Jasco J-815 spectropolarimeter equipped with a Peltier 

temperature controller. Data were processed using Spectra Manager™ II software. 
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7.5.5. Rheology 

Rheological measurements were performed using a TA Instruments Discovery HR-30 

rheometer. Data acquisition and analysis were performed using TRIOS Software v5.1. 

7.5.6. Scanning Electron Microscopy (SEM) 

SEM imaging for Projects 1 and 2 was performed using either a JEOL JSM-IT500 or a Phenom-

World ProX scanning electron microscope. SEM imaging for Project 3 was performed using a 

Tescan Mira3 XMU scanning electron microscope. Image analysis for fibre diameter 

quantification was performed using ImageJ software (NIH, USA). 

7.5.7. Confocal Microscopy 

Confocal laser scanning microscopy was performed using a Leica TCS SP8 or Zeiss LSM 880 

microscope. Image processing and analysis were performed using ImageJ (Fiji) software. 

7.5.8. 3D Bioprinting 

3D printing feasibility tests were performed using a BioX 3D bioprinter (CELLINK). 

7.5.9. Mechanical Testing 

Uniaxial tensile testing of electrospun scaffolds was performed using a Mark-10 Tensile Tester 

(Series 5) equipped with a 50 N load cell. Data were acquired and analysed using MESURgauge 

software. 

7.6. Statistical Analysis 
All quantitative data are presented as mean ± standard deviation (SD) unless otherwise stated. 

Statistical analyses were performed using GraphPad Prism software (Version 9). Comparisons 

between two groups were performed using an unpaired Student's t-test. Comparisons among 

multiple groups were performed using one-way or two-way analysis of variance (ANOVA) 

followed by appropriate post-hoc tests (Tukey's or Šídák's multiple comparisons test). 
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Statistical significance was defined as follows: ns, not significant (p ≥ 0.05); *p < 0.05; **p < 

0.01; ***p < 0.001; ****p < 0.0001. 
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9. Supplementary Data 

RP-HPLC chromatograms and MS-ESI analyses 
DS02 (Stearic acid-IKVAV-NH2) 

 

Figure 34 UV chromatogram and ESI‑MS spectrum of DS02. Gradient: 20‑100% of B in A 
in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+H]+ (795.06 m/z)  
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DS04 (Stearic acid-REDV-NH2) 

 

 

Figure 35 UV chromatogram and ESI‑MS spectrum of DS04. Gradient: 20‑100% of B in A 
in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+H]+ (784.32 m/z) 
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DS08 (Stearic acid-GFOGER-NH2) 

 

 

Figure 36 UV chromatogram and ESI‑MS spectrum of DS08. Gradient: 20‑100% of B in A 
in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+H]+ (943.18 m/z) 
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DS10 (Stearic acid-fPRP-NH2) 

 

 

Figure 37 UV chromatogram and ESI‑MS spectrum of DS10. Gradient: 20‑100% of B in A 
in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+H]+ (781.73 m/z) 
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DS12 (Stearic acid-KLTWQELYQLKYKGI-NH2) 

 

 

Figure 38 UV chromatogram and ESI‑MS spectrum of DS12. Gradient: 20‑100% of B in A 
in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+2H]2+ (1089.55 m/z) and [M+3H]3+ (727.60 m/z) 
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DS14 (Stearic acid-KAFDITYVRLKF-NH2) 

 

 

Figure 39 UV chromatogram and ESI‑MS spectrum of DS14. Gradient: 20‑100% of B in A 
in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+2H]+2 (884.68 m/z) and [M+3H]+3 (589.62 m/z) 

 

  



Supplementary Data 

 

g | P a g e  
 

DS33 (FQFQFKGFPGER-NH2) 

 

Figure 40 UV chromatogram and ESI‑MS spectrum of DS33. Gradient: 5‑70% of B in A in 
20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 
correspond to: [M+2H]2+ (744.41 m/z) 
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DS34 (Stearic acid-FQFQFKGFPGER-NH2) 

 

 

Figure 41 UV chromatogram and ESI‑MS spectrum of DS34. Gradient: 20‑100% of B in A 
in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+2H]2+ (877.69 m/z) 
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DS35 (FQFQFKGFOGER-NH2) 

 

 

Figure 42 UV chromatogram and ESI‑MS spectrum of DS35. Gradient: 5‑70% of B in A in 
20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 
correspond to: [M+H]+ (1503.62 m/z), [M+2H]2+ (752.56 m/z), and [M+3H]3+ 
(502.19 m/z)  
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DS36 (Stearic acid-FQFQFKGFOGER-NH2) 

 

 

Figure 43 UV chromatogram and ESI‑MS spectrum of DS36. Gradient: 20‑100% of B in A 
in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+2H]2+ (885.97 m/z)  
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TPE 08 (TPE acid-GFOGER-NH2) 

 

 

Figure 44 UV chromatogram and ESI‑MS spectrum of TPE 08. Gradient: 20‑100% of B in 
A in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+H]+ (1247.67 m/z) 
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TPE 38 (TPE acid-GFPGER-NH2) 

 

 

Figure 45 UV chromatogram and ESI‑MS spectrum of TPE 38. Gradient: 20‑100% of B in 
A in 20 min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks 
signed correspond to: [M+H]+ (1231.58 m/z)  
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P1 (CIKVAV-NH2) 

 

 

Figure 46 UV chromatogram and ESI‑MS spectrum of P1. Gradient: 5‑70% of B in A in 20 
min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 
correspond to: [M+H]+ (631.79 m/z) and [M+Na]+ (653.80 m/z)  
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P2 (CREDV-NH2) 

 

 

Figure 47 UV chromatogram and ESI‑MS spectrum of P2. Gradient: 5‑70% of B in A in 20 
min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 
correspond to: [M+H]+ (620.08 m/z) and [M+2H]2+ (310.66 m/z)  



Supplementary Data 

 

o | P a g e  
 

P3 (CGFOGER-NH2) 

 

 

Figure 48 UV chromatogram and ESI‑MS spectrum of P3. Gradient: 5‑70% of B in A in 20 
min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 
correspond to: [M+H]+ (780.96 m/z) and [M+2H] 2+ (391.93 m/z)  
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P4 (CfPRP-NH2) 

 

 

Figure 49 UV chromatogram and ESI‑MS spectrum of P4. Gradient: 5‑70% of B in A in 20 
min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 
correspond to: [M+H]+ (619.39 m/z) and [M+2H]2+ (310.93 m/z) 
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P5 (CKAFDITYVRLKF-NH2) 

 

 

Figure 50 UV chromatogram and ESI‑MS spectrum of P5. Gradient: 5‑70% of B in A in 20 
min. 0.8 mL/min. A: 0.1% TFA in 100% H2O: B: 0.1% TFA in CH3CN. The peaks signed 
correspond to: [M+H]+ (1604.11 m/z), [M+2H]2+ (803.05 m/z) and [M+3H]3+ 
(536.01 m/z) 
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ATR-FTIR spectra 
DS02 (Stearic acid-IKVAV-NH2)

 

Figure 51 ATR‑FTIR spectra of DS02(Stearic acid‑IKVAV‑NH2) in solid state 

DS04 (Stearic acid-REDV-NH2) 
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Figure 52 ATR‑FTIR spectra of DS04 (Stearic acid‑REDV‑NH2) in solid state 

DS08 (Stearic acid-GFOGER-NH2) 

 

Figure 53 ATR‑FTIR spectra of DS08(Stearic acid‑GFOGER‑NH2) in solid state 

DS10(Stearic acid-fPRP-NH2) 

 

4000 3500 3000 2500 2000 1500 1000

0

20

40

60

80

100

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavelength (cm-1)

4000 3500 3000 2500 2000 1500 1000

0

20

40

60

80

100

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavelength (cm-1)



Supplementary Data 

 

t | P a g e  
 

Figure 54 ATR‑FTIR spectra of DS10(Stearic acid‑fPRP‑NH2) in solid state 

DS12 (Stearic acid-KLTWQELYQLKYKGI-NH2) 

 

Figure 55 ATR‑FTIR spectra of DS12 (Stearic acid‑KLTWQELYQLKYKGI‑NH2) in solid state 

DS14 (Stearic acid-KAFDITYVRLKF-NH2) 
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Figure 56 ATR‑FTIR spectra of DS14 (Stearic acid‑KAFDITYVRLKF‑NH2) in solid state 

DS33 (FQFQFKGFPGER-NH2) 

 

Figure 57 ATR‑FTIR spectra of DS33 (FQFQFKGFPGER‑NH2) in solid state 

DS34 (Stearic acid-FQFQFKGFPGER-NH2) 

 

Figure 58 ATR‑FTIR spectra of DS34 (Stearic acid‑FQFQFKGFPGER‑NH2) in solid state 
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DS35 (FQFQFKGFOGER-NH2) 

 

Figure 59 ATR‑FTIR spectra of DS35 (FQFQFKGFOGER‑NH2) in solid state 

DS36 (Stearic acid-FQFQFKGFOGER-NH2) 

 

Figure 60 ATR‑FTIR spectra of DS36 (Stearic acid‑FQFQFKGFOGER‑NH2) in solid state  
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TPE 08 (TPE acid-GFOGER-NH2) 

 

Figure 61 ATR‑FTIR spectra of TPE 08(TPE acid‑GFOGER‑NH2) in solid state 

TPE 38 (TPE acid-GFPGER-NH2) 

 

Figure 62 ATR‑FTIR spectra of TPE 38 (TPE acid‑GFPGER‑NH2) in solid state 
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