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Abstract 

Abstract 

The work presented in this thesis was done within the MSCA-ITN Horizon 2020 AIMed project, which aims to 

develop materials with antibacterial properties suitable for use on the surfaces of orthopaedic implants. 

Implant-associated infections are one of the major issues in orthopaedic procedures, often leading to implant 

failure. The materials employed to manufacture implants do not possess antimicrobial (AM) properties, and they 

are often modified to enhance osteointegration with the bone tissue, raising the likelihood of microorganism 

colonisation. Bacterial adhesion to the surface facilitates biofilm formation, which is highly resistant to antibiotic 

treatment and immune responses. In addition, bacterial resistance has been observed for almost all antibiotics, 

becoming an alarming threat, mainly due to the emergence of multidrug resistance phenotypes. To withstand 

bacterial infections, antimicrobial peptides (AMP) are currently considered potential next-generation 

antimicrobials, with mechanisms of action less prone to induce resistance. Thus, novel strategies rely on AMP 

employment to contrast infections and overcome AM resistance. Nevertheless, AMP clinical use is still limited, 

mainly due to several constraints of their production by chemical synthesis, such as high costs, low yields, and 

toxic reagents and waste. In the last two decades, several AMPs have been produced by recombinant expression 

and among the proposed fusion carriers, Elastin-like Polypeptides (ELPs) represent a biotechnological platform 

that offers valuable advantages, allowing a simple purification strategy resulting in high yields and reduced costs. 

Thus, the Human Elastin-like Polypeptide (HELP) was chosen as the carrier for AMP production due to this 

platform's advantages. For instance, unlike other ELPs, HELP mimics tropoelastin, possessing the cross-linking 

domains that allow the production of stable hydrogel matrices and composites. Furthermore, they are the preferred 

target for elastase degradation, which can trigger the release of the functional fusion domains. 

Herein, we describe the design, production and characterisation of a fusion construct of HELP with indolicidin 

(named HIn). This work aimed to ascertain the potential of the HELP carrier for AMP production and realise 2D 

and 3D biomaterials endowed with AM activity. The indolicidin domain did not affect HIn production in 

Escherichia coli nor the thermo-responsive behaviour of HELP, which was employed to purify the fusion protein. 

HIn AM activity assessment showed that the fusion construct was strongly active toward Pseudomonas aeruginosa 

and that the HIn-based coatings could extensively disrupt the bacterial cells. In addition, despite the intact HIn-

matrices being permissive to bacterial growth, the release of the AMP domain, either by specific endoproteinases 

or due to elastase degradation of the HELP moiety, restored the AM capacity of indolicidin. Thus, the HIn construct 

served as a model for producing AMPs and derived materials endowed with AM properties exploiting the HELP 

fusion carrier. 

Further, we explored the HELP carrier to produce the difficult-to-synthesise sequence of the human β-defensin 1 

(hBD1). This HELP fusion construct, named HhBD1, was successfully produced in E. coli, purified employing 

the HELP transition properties and physico-chemically characterised. HhBD1 carries six cysteines crucial for its 

activity since the redox state of the macromolecule determines its AM capacity. Thus, the AM potential of the 

fusion biopolymer and its release products against E. coli was evidenced using a radial diffusion assay under redox 

conditions. Unexpectedly, HhBD1-derived materials, such as coatings and matrices, showed a strong cell adhesion-

promoting activity, a property that, to our knowledge, has not been described for hBD1 yet. 
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Finally, the possibility of improving the HELP carrier performance was explored. A new ELP carrier sequence 

(named UELP) was designed by aligning several vertebrates’ tropoelastin primary structures, and a new synthetic 

gene was inserted in a plasmid vector for its recombinant expression in E. coli. Its physico-chemical 

characterisation showed enhanced transition capacity compared to HELP. Intriguingly, UELP displayed a strong 

potential to induce cell adhesion. Future work will aim to ascertain the suitability of UELP as a carrier for AMP 

production. 

These results confirmed that the HELP carrier represents a versatile, environmentally friendly, multitasking 

platform for cost-effectively producing smart fusion constructs and derived materials endowed with AM capacity. 

The fusion with the hBD1 showed the potential of the HELP system for functional studies, using the unmodified 

HELP as the non-functional control. Compared to HELP, the UELP carrier showed enhanced thermo-responsive 

behaviour and the capacity to promote cell adhesion. These properties highlight its potential for producing AMPs 

and developing smart AM materials and surfaces. 
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Glossary 

Glossary 

This section provides a non-exhaustive glossary of the most relevant acronyms for the work presented in this thesis. 

Their full terms and brief definitions are included for clarity. In addition, throughout the thesis, all acronyms are 

introduced as full terms upon their first occurrence in each chapter. 

Acronym Term Definition 

AM Antimicrobial Agent that kills microorganisms or inhibits their growth. 

AMP Antimicrobial Peptide Short peptides, mainly cationic, that possess 
antimicrobial properties, targeting bacteria, fungi, 
viruses, and even cancer cells (section 1.2) 

MDR Multidrug Resistance The ability of microorganisms or cells to withstand the 
effects of multiple drugs, often leading to treatment 
challenges 

ELP Elastin-like 
Polypeptides 

Stimuli-responsive, genetically engineered biopolymers 
based on elastin and characterised by their peculiar 
property of coacervation (section 1.4) 

ELP-AMP ELP fused to an AMP Fusion protein where an antimicrobial peptide is 
produced at the C-terminal of an elastin-like polypeptide 
(Chapter 3) 

AMP-ELP ELP fused to an AMP Fusion protein where an antimicrobial peptide is 
produced at the N-terminal of an elastin-like polypeptide 
(Chapter 3) 

ELP-AMP-ELP ELP fused to an AMP Fusion protein where an antimicrobial peptide is 
produced between two elastin-like polypeptides (Chapter 
3) 

HELP Human Elastin-like 
Polypeptide 

Elastin-like polymer composed of the hexapeptidic repeat 
found in human tropoelastin (VAPGVG) as well as its 
hydrophilic (cross-linking) domain, closely resembling 
the native tropoelastin primary structure (section 1.4.5) 

In Indolicidin A well-characterised antimicrobial peptide derived from 
bovine neutrophils belonging to the family of 
cathelicidins (section 1.2.2.2 offers a brief overview of 
the cathelicidins family and in section 1.2.2.2.1 the main 
properties of indolicidin are summarised) 

HIn HELP-indolicidin Recombinant fusion protein designed, produced and 
characterised in the present thesis, where indolicidin was 
fused at the C-terminal of the Human Elastin-Like 
Polypeptide (Chapter 4) 

hBD1 human β-defensin 1 An antimicrobial peptide from the defensin family, part 
of the innate immune system, with antimicrobial activity 
and immunomodulatory properties (section 1.2.2.1 offers 
a brief overview of the defensin family and in section 
1.2.2.1.1 the main properties of human β-defensin 1, 
mainly regarding its antimicrobial capacity, are 
summarised) 



 

2 

Glossary 

oxhBD1 Oxidised form of the 
human β-defensin 1 

The form of human β-defensin 1 where the disulfide 
bridges are arranged in the pattern C1-C5, C2-C4, and 
C3-C6, stabilizing its 3D structure. This form is active 
against some Gram-negative bacteria and fungi (section 
1.2.2.1.1) 

Trx Thioredoxin A key component of the antioxidant system. Thioredoxin 
plays a crucial role in the reduction of human β-defensin 
1 in the epithelial lumen (section 1.2.2.1.1) 

redhBD1 Reduced form of the 
human β-defensin 1 

The form of human β-defensin 1 where all cysteines are 
in a reduced state (without disulfide bonds). This is the 
most active form against Gram-positive bacteria (section 
1.2.2.1.1) 

HhBD1 HELP-human β-
defensin 1 

Recombinant fusion protein designed, produced and 
characterised in the present thesis, where the human β-
defensin 1 was fused at the C-terminal of the Human 
Elastin-Like Polypeptide (Chapter 5) 

UELP Universal Elastin-like 
Polypeptides 

New elastin-like polypeptide developed during this thesis 
(Chapter 6) 

MIC Minimum Inhibitory 
Concentration 

The lowest concentration of an antimicrobial agent that 
inhibits the growth of a microorganism (section 1.2.1.6) 

LCST Lower Critical 
Solution Temperature 

The temperature below which a polymer solution is 
miscible and above which it separates into two phases 
(section 1.4.2) 

Tt Temperature transition The temperature at which a phase change occurs, such as 
a transition from a solid to a liquid state (section 1.4.2) 

ITC Inverse Transition 
Cycling 

Purification method that exploits the phase transition 
properties of the elastin-like polypeptides (section 1.4.3) 

TGase Transglutaminase 
enzyme 

Enzyme that catalyses the formation of covalent bonds 
between the γ-carboxamide group of glutamine and the 
free amine group of lysine in proteins or peptides. In this 
work, it was employed to covalently cross-link HELP-
based biopolymers into stable hydrogel matrices 
(sections 1.4.4.2 and 1.4.5, chapters 4 and 5) 

Glu-C Glutamyl 
endopeptidase 

Serine proteinase which preferentially cleaves peptide 
bonds C-terminal to glutamic acid residues (chapters 4 
and 5) 

Asp-N Endoproteinase Asp-N 
(flavastacin) 

Zinc metalloendopeptidase which selectively cleaves 
protein and peptide bonds N-terminal to aspartic acid 
residues (chapters 4 and 5) 

NP Non-treated 
Polystyrene 

Type of polystyrene surface used in this work as a non-
adhesive surface. It was coated with the biopolymers 
developed to study their adhesion properties (chapters 5 
and 6) 

TP Tissue culture-treated 
Polystyrene 

Polystyrene surfaces treated to improve cell attachment 
and growth in culture (chapters 5 and 6) 
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Chapter 1. Introduction 

1.1 The problem of antibiotic resistance 

1.1.1 Antibiotics discovery and the emergence of resistant phenotypes 

More than a hundred years after the discovery of the first antibiotics, the golden molecules that revolutionised 

medicine have often become ineffective due to the development of resistance mechanisms that minimise or void 

their efficacy.1 

Antibiotics are molecules used to treat bacterial infections. The term “antibiotic” - against life - has its origins in 

the 19th century from the Greek words ἀντι and βίος, meaning “anti” and “life”, respectively. Nevertheless, there 

is strong evidence to believe that antibiotic-producing microorganisms were used thousand years ago in China, 

Greece, and Egypt to prevent and cure conditions that modern medicine considers infections; it is well-known that 

these ancient civilisations employed traditional poultices of mouldy bread, herb extracts and medicinal soil to treat 

for instance open wounds.2 Nevertheless, the nature of the infectious diseases was unknown at that time, thus, the 

specific cure. Pioneering studies by Louis Pasteur and Robert Koch established the basics for modern bacteriology, 

and in the late ninetieth and beginning of the twentieth centuries, several pathogenic bacteria were characterised 

and recognised as the agents of many infectious diseases.2 Thus, the first natural antibiotic was discovered in 1893 

by Bartolomeo Gosio, who obtained from Penicillium brevicompactum a crystalline product active against Bacillus 

anthracis, the causative agent of anthrax.2 Later, in 1909, Paul Ehrlich developed the first synthetic anti-infection 

drug, salvarsan, and then neo-salvarsan, both synthetic arsenic-based pro-drugs toxic to the bacterium Treponema 

pallidum and considered the first scientific and effective cure for syphilis as well as against trypanosomiasis.3 

In 1928, Alexander Fleming made the discovery that marked “the birth of the antibiotic era”. The observation that 

“around a large colony of a contaminating mould, the Staphylococcus colonies became transparent and were 

obviously undergoing lysis” led to the discovery of penicillin.4 A few years later, the sulfonamide pro-drug 

Prontosil was developed, and it was indeed the first broad-spectrum antimicrobial in clinical use, and it is still in 

use nowadays.5 

The large-scale production of penicillin, about a decade after its discovery, and its introduction in the health system 

for treating infections marked the start of the “GOLDEN AGE” of antibiotics. Most current antibiotic classes were 

discovered in the following years.6 Antibiotics made it possible to treat common infections and carry out complex 

surgeries, sparing millions of lives and spanning the average life in more than two decades. These molecules 

interfere with bacterial physiology and biochemistry, leading to microbial cell death or arresting cell growth by 

interacting with intracellular targets; to date, around 30 bacterial targets have been described for commercially 

available antibiotics, and they can be grouped into six target categories. A significant number of these antibiotics 

i) interfere with bacterial cell wall biosynthesis (β-lactams and glycopeptides) and ii) disrupt bacterial membrane 

structures (colistin, daptomycin); several others iii) affect protein biosynthesis by binding to the 30S and 50S 

ribosomal subunits (aminoglycosides, macrolides, tetracyclines, oxazolidinones, streptogramins); other groups 

include antibiotics that iv) hamper DNA replication and repair (fluoroquinolones), v) RNA synthesis (ansamycins) 

and vi) interfere with metabolic pathways (sulfonamides, antifolates) (Figure 1A).7 
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Nevertheless, soon after the introduction of penicillin in the market, Fleming predicted that the misuse and overuse 

of the antibiotics could lead to the development of resistance phenotypes and, indeed, just a few years after the 

large-scale production of penicillin, bacterial resistance to the drug designed to kill them, started to emerge 

reducing or annulling the efficacy of penicillin.8 This began the race between the scientific community, which 

seeks novel antibiotic molecules, and the microorganisms, which develop, acquire and spread new mechanisms 

that render the antibiotics ineffective against them. Thus, resistance has been observed for almost all available 

antibiotics two or three years after their introduction in clinical treatments.9 It is a complex phenomenon that can 

be driven either by biochemical processes such as enzymatic degradation of antibiotic drugs, alteration of bacterial 

proteins that are antibiotic targets, changes in membrane permeability to antibiotics or activation of efflux pumps 

(Figure 1B) as well as by genetic aspects such as spontaneous and adaptative mutations, hypermutations or 

horizontal gene transfer.10 

 
Figure 1. Schematic representation of the most common mechanisms of action of antibiotics against bacteria (A) and the most 

common mechanisms of bacterial antibiotic resistance (B). Reproduced with permission from ref.10 under a Creative Commons 

Attribution-NonCommercial-NoDerivs 4.0 International (CC BY-NC-ND 4.0 DEED). Copyright ã 2022 by Thiruchelvi 

Pulingam, Thaigarajan Parumasivam, Amirah Mohd Gazzali, Azlinah Mohd Sulaiman, Jiun Yee Chee, Manoj Lakshmanan, 

Chai Fung Chin, Kumar Sudesh. Published by Elsevier B.V. 

In addition, bacterial antibiotic resistance has become a significant concern of modern medicine, especially after 

the emergence of methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant S. aureus (VRSA) 

and vancomycin-resistant Enterococci (VRE).11 Multidrug resistance (MDR) phenotypes have also been observed, 

posing a new challenge for global health and making it more difficult to treat common infectious diseases. 

Moreover, most efforts have been dedicated to controlling and treating multidrug-resistant Gram-positive bacteria. 

With time, drug-resistant tuberculosis and new Gram-negative bacteria strains have started to outnumber common 

Gram-positive infections. It is estimated that the resistant Gram-negative may now be even more worrying and 

costly than Gram-positives, primarily due to their structural characteristics, with outer membranes challenging to 

penetrate and a higher number of efflux pumps, which render them intrinsically resistant to many drugs. The main 

Gram-negative threats are MDR and pan-drug resistant Escherichia coli, Pseudomonas aeruginosa, Acinetobacter, 

Klebsiella pneumoniae, Enterobacter, and Neisseria gonorrhoeae.12 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.sciencedirect.com/science/article/pii/S0928098721004048?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0928098721004048?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0928098721004048?via%3Dihub
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Further, the discovery and the clinical translation of conventional antibiotic compounds belonging to novel classes 

and with new mechanisms of action have been challenging in recent years; the discovery of new antibiotics and 

novel antimicrobial mechanisms has quickly dropped, and the interest of pharmaceutical companies in antibiotic 

research has decreased.12 Thus, new resistant strains are continuously emerging and spreading worldwide, ending 

in more extended hospital stays, increased morbidity, and mortality. The golden age of antibiotics is now a distant 

past, and society is again threatened at alarming levels by infectious diseases. It is estimated that, only in Europe, 

25,000 people die each year due to hospital infections caused by resistant bacteria, which result in extra healthcare 

and societal costs as well as productivity losses of at least EUR 1.5 billion each year.13, 14 Moreover, statistic 

suggests that by 2050, more than 10 million people will die due to bacterial infections.1, 15 In addition, the resistance 

crisis does not affect only the health system but also the food, veterinary and agricultural industries and society in 

general. 

Thus, the increasing rates of bacterial resistance development to the last-line antibiotics have highlighted the urgent 

need to obtain non-conventional antibacterial agents with strong antimicrobial activities that are less prone to 

induce new resistance mechanisms. So thus, several antimicrobial alternatives have been studied, among them the 

combination of antibiotics, antibiotic adjuvants, antibodies, probiotics, vaccines, immune stimulation, nucleic 

acids, metal chelation compounds, bacteriophages, predatory bacteria, nanoparticles, and antimicrobial peptides 

(AMPs).16 Among them, AMPs are outstanding antimicrobial candidates with great potential, broad-spectrum 

activity, and flexibility for designing antimicrobial therapies. Their multifaceted mode of action makes them 

promising candidates for treating infections and mitigating the growing threat of antimicrobial resistance in clinical 

settings.17, 18 

1.2 Antimicrobial peptides: promising antimicrobial drug candidates 
AMPs are a diverse class of naturally occurring molecules produced by all living organisms. Microbial AMPs are 

produced to eliminate other bacteria competing for the same environment. At the same time, in higher organisms, 

they are essential effectors of the innate immune system, constituting their first line of defence against pathogens. 

AMPs display a strong and broad-spectrum activity against bacteria, fungi, parasites, and viruses, not only directly 

killing the invading pathogens but also targeting biofilm formation, initiating and modulating immune responses, 

and having anti-inflammatory properties.18, 19 Thus, in recent years, the AMPs’ potentialities for developing 

innovative non-traditional anti-infective therapies and “modern antibiotics” have gained significant attention in 

different fields, including medicine, biotechnology, and agriculture.17, 18 

1.2.1 Main characteristics and properties. AMPs classification 

Lysozyme, identified in body secretions by Alexander Fleming in 1922,20 and gramicidin, produced by the soil 

bacterium Bacillus brevis and discovered by René Jules Dubos and Rollin Hotchkiss in 1939, are among the earliest 

examples of natural molecules with potent antimicrobial properties.21, 22 Nevertheless, the discovery of penicillin, 

the so-called “golden age of antibiotics”, as well as the low stability, toxicity and high cost of AMP production 

shelved their exploration as clinical agents in the last century,23 even though a considerable number of AMPs from 

a variety of organisms were isolated and characterised. Nowadays, mainly driven by the rising antimicrobial 

resistance to antibiotics, the AMP landscape has changed drastically, and more than 4100 AMPs with demonstrated 

antimicrobial activities, in vitro or in vivo, have been manually curated and annotated in the Antimicrobial Peptide 

Database (APD3, as of December 2023 updates).19 

https://aps.unmc.edu/
https://aps.unmc.edu/
https://aps.unmc.edu/
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Comparative analysis of AMP primary structures has shown significant differences regarding their sequences and 

length; thus, it has been difficult to predict a shared consensus sequence or a short domain among all of them that 

is required to exert antimicrobial properties; nevertheless, shared structural properties have been identified. 

According to APD3, AMPs are oligopeptides that can vary in length from 2 to 200 amino acids (aa). More than 

88% of the AMPs are small, with less than 50 aa, while only 10% of them have a size ranging from 50-100 aa, so 

thus, the average length for the 4175 AMPs annotated in the APD3 is 31.67 aa.19, 24 Even though AMPs are in 

majority cationic (88%), 6% of the AMPs are neutral, and another 6% carry a negative charge; thus, their net 

charge spans from -12 to +30, with a net charge that on average is +3.59,19 which explains their selectivity towards 

microbial membranes usually negatively charged due to their phospholipidic composition and their inactivity 

towards the neutral membrane of mammalian cells. 

All the 20 natural aa are represented in AMPs; nevertheless, hydrophobic aa such as glycine (11.97%), leucine 

(8.62%), alanine (7.52%), isoleucine (5.91%) and valine (5.71%), the hydrophilic positively charged aa arginine 

(9.99%) and lysine (6.58%) as well as the hydrophilic uncharged cysteine (6.33%) and serine (5.8%) are more 

commonly found on their primary structure and contribute to the cationic charge, hydrophobicity, and 

amphipathicity needed for their potent antimicrobial activities.19 Thus, many AMPs are amphipathic (87%),19 with 

both cationic and hydrophobic aa, with a hydrophobic content varying from 31% to 70%. In contrast, a few AMPs 

are entirely hydrophobic (baceridin25 and lugdunin26) or hydrophilic (SAAP).27 In addition, some AMPs are rich 

in particular aa (more than 25% of their content), including histidine-rich, tryptophan-rich, proline-rich, arginine-

rich, and glycine-rich.28 

Besides the association of AMPs by size, charge, hydrophobicity, and aa composition, several criteria have been 

employed to classify the AMPs, for instance, biological source, structure, peptide bonding pattern, mechanism of 

action, as well as function, and they are briefly described herein. 

1.2.1.1 Biological source 
As stated in previous sections, AMPs have been identified in all the six kingdoms of life. Their classification based 

on source discriminates first among natural, predicted and synthetic peptides. To date, APD3 contains 3146 natural 

AMPs, 190 AMPs predicted using computational approaches or in silico modelling, and 314 synthetic peptides 

inspired by natural AMPs or de novo peptides designed based on AMP knowledge. Natural AMPs are further 

classified based on the organisms that produce them (Figure 2A). Thus, APD3 contains 383 peptides from bacteria, 

5 from archaea, 8 from protists, 29 from fungi, 250 from plants, and 2463 from animals. Intriguingly, amphibians 

are the largest source of AMPs, with more than thousands of AMPs identified between toads and frogs, followed 

by insects (Figure 2B).19 

AMPs from bacteriophages have also been identified; among them are endolysins (lysins), virion-associated 

peptidoglycan hydrolase, depolymerases, and holins. The phages use these enzymes during their viral cycle and 

affect the integrity of the cell wall and the bacterial membrane, with great potential for developing antibacterial 

and antibiofilm agents.29 

https://aps.unmc.edu/
https://aps.unmc.edu/
https://aps.unmc.edu/
https://aps.unmc.edu/
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Figure 2. Current statistics on the origins of AMPs are reported in the APD3 (A). Classification of AMPs based on their source 

(B). Images on panel B were taken from FLATICON. 

1.2.1.2 Peptide biosynthesis 
AMPs can be obtained through ribosomal mRNA translation or non-ribosomal peptide synthesis.30 While 

ribosomally synthesised peptides are predominant (97%) and have been identified in all organisms, a few non-

ribosomal peptides have been discovered, mainly in bacteria and fungi. Typically, the latest contain non-standard 

aa and particular chemical bonds.19 

1.2.1.3 Structure 
To date, APD3 contains the 3D structure of 490 AMPs (429 resolved by NMR and 61 by x-ray diffraction), 

representing around 12% of the AMPs annotated in the database. Thus, the classification of AMPs based on their 

3D structure is limited to the fact that only for a few of the identified AMPs, the 3D structure has been resolved; 

therefore, this criterion of classification groups only those AMPs with known or partially known 3D structure. This 

classification is based on the presence of secondary structure elements and distinct the AMPs into four families: 

α, β, αβ and non-αβ (Figure 3).19 

AMPs in the α family adopt a predominantly α-helical secondary structure, and so far, the AMPs belonging to this 

family are the most common and well-studied.19, 31 The members of this family are usually unstructured in an 

aqueous solution, while the α-helical structure is adopted upon interaction with the bacterial membrane. Thus, the 

AMPs often assume an amphiphilic structure, with the hydrophobic aa segregated from hydrophilic aa, allowing 

them to interact with and disrupt the bacterial membranes, leading to cell lysis and death.32 

Further, the C-terminal of α-helical peptides is often amidated, enhancing the electrostatic interaction between the 

AMPs and the negatively charged bacterial membrane and stabilising the helical structure.33 AMPs within the α 

helical family include cecropin P1 (Figure 3),34 magainins, LL-37, and melittin.35 

The AMPs belonging to the β family form β-sheet structures, with at least a pair of two β-strands, stabilised by 

hydrogen bonds,31 and contain conserved cysteine residues that form disulfide bridges often critical for their 

conformation and functions.29 Similarly to α-helical, they can also be amphiphilic, but β-sheet structures are more 

rigid and ordered in aqueous solution; thus, upon membrane interaction, they do not change conformation 

drastically.18 Typical examples of this family are bovine lactoferrin B (Figure 3)36 and defensins, found in diverse 

organisms, among them humans.29 

A combination of α-helical and β-sheet structures within the same peptide molecule are the structural 

characteristics of the αβ family, and they intensely target the bacterial membrane.29 For instance, β-defensins 

https://aps.unmc.edu/home
https://www.flaticon.com/
https://aps.unmc.edu/home
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[human β-defensin 1 (hBD1) Figure 3]37 contain both α-helical and β-sheet regions, potentially enhancing their 

antimicrobial activity or broadening their spectrum of targets.29 

The non-αβ family comprises peptides with extended structures, random coiled, turns, and spiral structures31 

lacking secondary structure and often contains a high arginine, proline, tryptophan, and/or histidine content. These 

AMPs have broad mechanisms of action, including pore formation, interference with intracellular processes, or 

inhibition of essential enzymes.29 Among them is indolicidin (Figure 3).38 

 
Figure 3. AMP classification based on structural features. The 3D structures of the AMPs were downloaded from the Protein 

Database Bank (cecropin P1: 7DEH; lactoferrin B: 1LFC; hBD1: 1E4S; and indolicidin: 1G89) and visualised using PyMOL 

2.5.8; α-helix are shown in red, β-sheets in yellow and non-structured regions in green. 

A deep analysis of these AMP families has shown that the lysine/arginine ratio (K/R ratio) is different for each 

structural family, and this could be an essential parameter for classifying an AMP into a particular family, even if 

its 3D structure is unknown. Lysines predominate in the α-helical family, while arginines are more abundant in the 

β-family as well as the non-αβ families, and the αβ family present a K/R ratio of ~1.2.31 

1.2.1.4 Peptide bonding pattern 
Unlike other classifications, sequence-based categorisation is more universal and based on peptides' covalent 

bonding patterns. It does not consider the 3D structure, source, mechanism of action, or activity of AMPs. Recently, 

this classification has been introduced to universally classify the AMPs based on the peptide connection pattern, 

which directly determines the peptide structure and function. Four groups have been distinguished and named 

UCBB, UCSB, UCSS and UCLL (Figure 4, UC stands for universal classification); each group can be further 

classified based on chain number and type of chemical modifications.31 

UCBB are cyclic peptides with a seamless backbone where the N-terminal and C-terminal are chemically bound 

(head-to-tail connection); among them are bacterial enterocin AS-48, plant cyclotides and primates θ-defensins.31 

UCSB are also cyclic peptides through any chemical bond between the side chain of one aa and the backbone of 

another aa,31 such as in lassos.39 UCSS family is characterised by a chemical linkage between different side chains, 

for instance, lantibiotics (thioether rings) and defensins (disulfide bonds).31 Peptides in the UCLL family have one 

or two linear peptide chains not covalently connected, with no branches or cyclic structures; nevertheless, they can 

https://www.rcsb.org/
https://www.rcsb.org/
https://www.rcsb.org/structure/7DEH
https://www.rcsb.org/structure/1LFC
https://www.rcsb.org/structure/1E4S
https://www.rcsb.org/structure/1G89
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have chemical modifications such as amidation, sulfonation, phosphatisation, bromination, or glycosylation; 

examples of this family are indolicidin, LL-37 and magainins.24 

 
Figure 4. Classification of AMPs based on the connection patterns of the polypeptide chain. Adapted from ref.31 Guangshun 

Wang, “Improved Methods for Classification, Prediction and Design of Antimicrobial Peptides” Methods Mol. Biol., Vol. 

1268, Page 57, (2015). Reproduced with permission from Springer Nature. Copyright © 2015, Springer Science Business 

Media New York. 

1.2.1.5 Antimicrobial mechanism of action 
Based on their direct killing antimicrobial mechanism of action, AMPs are classified as membrane-targeting and 

non-membrane-targeting. Membrane-targeting AMPs exert their antimicrobial activity primarily by interacting 

with and disrupting the microbial cell membrane, leading to increased membrane permeability, membrane integrity 

loss, and cell death. In non-membrane mechanisms, the AMP targets are the cell wall or intracellular processes 

(Figure 5).33 

 
Figure 5. Antimicrobial mechanisms of AMPs. Reprinted from ref.33 Na Chen and Jiang Cheng, “Antimicrobial peptides: 

Structure, mechanism, and modification”, European Journal of Medicinal Chemistry, Vol 255, Page 115380, (2023), with 

permission from Elsevier. © 2023 Elsevier Masson SAS. All rights reserved. 

1.2.1.5.1 Membrane targeting mechanism of action 

Independently of the microbial cells and the AMP, the first step of the AMP-mediated activity is its attraction to 

the microbial cells via electrostatic interactions. These interactions are primarily driven by the cationic nature of 

AMPs and anionic moieties on the bacterial membrane, such as lipopolysaccharides (LPS) in Gram-negative 

bacteria and teichoic acids in Gram-positive bacteria.40 Once attracted to the bacterial membrane, AMPs attach or 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4578715/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4578715/
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=9b206c43-a8df-4e4d-8b31-55abc7b32f31
https://www.sciencedirect.com/science/article/pii/S0223523423003434
https://www.sciencedirect.com/science/article/pii/S0223523423003434
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=6af98278-0e72-48dd-a5e1-38ff87e05a98
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bind to the lipid bilayer, favoured by the distribution of AMP’s polar and hydrophobic residues, resulting in 

pronounced interactions of the peptides with the phospholipid membranes.41 Upon binding to the membrane 

surface, AMPs adopt an energetically advantageous secondary structure determined by their hydrophobicity. For 

instance, α-helical peptides typically exhibit consistent hydrophobicity along their α-helical axis, compelling them 

to adopt orientations relative to the membrane that are either parallel or perpendicular to its surface.42 

Further, the AMP/lipid ratio dictates the orientation of the AMPs on the membrane. Low AMP/lipid ratios cause 

AMPs to embed parallel to the lipid head groups, stretching the membrane. As the ratios increase, pores start to 

form due to membrane thinning. Pores become more prominent at high AMP/lipid ratios, and the peptides insert 

themselves perpendicularly into the bilayer.43 

After attachment, membrane-targeting AMPs exert their antimicrobial activity by disrupting the integrity of the 

lipid bilayer. The mechanism of AMP membrane disruption involves two main models: the transmembrane pore 

models and the non-porous models. The transmembrane pore models are the barrel-stave and toroidal-pore, while 

the non-porous models are carpet-like and detergent-like.33 Figure 6 schematically represents these models. 

In the barrel-stave model, as the concentration of the monomer peptides aggregated on the membrane increases, 

they oligomerise and insert vertically into the hydrophobic core of the lipid bilayer. Then, upon oligomerisation 

and insertion in the membrane, the AMPs adopt an α-helical structure where the hydrophobic side of the peptide 

aligns with the central lipid region, arranging themselves in a cylindrical fashion with the hydrophilic side facing 

the inner surface of the water-soluble pore. Further peptide recruitment increases the size of the pore, forming a 

stable channel (barrel) through which cytoplasmic contents can flow out, leading to membrane collapse and rupture 

and resulting in cell death.44 

The toroidal-pore model suggests that the AMPs attach to the lipid bilayer at low concentrations and vertically 

insert into the membrane at higher concentrations. The hydrophilic segments of the peptide interact with the 

phospholipid's polar portion, inducing the lipid monolayers to bend and form annular pores.45 During pore 

formation, the peptide's hydrophilic region aligns with the lipid's hydrophilic head group. Thus, the toroidal pore 

model involves creating a pore where the AMPs and bacterial membrane contribute to the pore structure; the AMPs 

and the lipid head groups form the pore lining, with the lipid tails pointing outward. Nevertheless, the pores formed 

by this model are temporary and less stable than those formed by the barrel-stave model.29 

In the carpet-like model, the AMPs aggregate on the membrane surface as monomers or oligomers and cover it in 

a carpet fashion. As the concentration of the AMPs increases, the aggregated AMPs spread out and cover the entire 

membrane surface with hydrophobic regions of the AMPs interacting with the hydrophobic lipid tails of the 

membrane. In contrast, the hydrophilic areas face outward towards the aqueous environment. Once the peptide 

concentration reaches a threshold, the aggregated peptides induce membrane permeation, leading to membrane 

rupture.43 

On the other hand, the detergent-like model is similar to the carpet-like model since it involves the AMPs binding 

to phospholipid heads and aligning on the membrane surface. As the concentration of AMPs increases, more 

peptides bind to the membrane surface and induce further lipid bilayer distortion, forming transient defects or 

pores in the lipid bilayer, similar to the action of detergent molecules in disrupting lipid membranes. These pores 

disrupt the membrane's integrity, allowing cellular contents to leak and leading to cell death.33 
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Figure 6. The membrane-targeting mechanisms of action described for AMPs are based on AMPs’ interaction with the 

membrane and membrane perturbation followed by bacterial lysis. Adapted from ref.33 Na Chen and Jiang Cheng, 

“Antimicrobial peptides: Structure, mechanism, and modification”, European Journal of Medicinal Chemistry, Vol 255, Page 

115380, (2023), with permission from Elsevier. Copyright © 2023 Elsevier Masson SAS. All rights reserved. 

Thus, the carpet-like and detergent-like models involve the initial binding of AMPs to the membrane surface, 

followed by peptide-induced distortion of the lipid bilayer and membrane disruption. The carpet-like model 

involves spreading peptides across the membrane surface like a carpet. In contrast, the detergent-like model 

consists of the formation of transient pores due to peptide-induced membrane distortion. 

1.2.1.5.2 Non-membrane targeting mechanism of action 

Regarding non-membrane mechanisms, AMP activity can target the cell wall components or intracellular processes 

without affecting membrane stability (Figure 7). 

AMPs targeting the bacterial cell walls inhibit their formation and destroy their already formed structure. This 

mechanism of action is based on the interaction of certain AMPs with lipid II, an important component of 

peptidoglycan. Lipid II is essential for transporting cell wall-building blocks across the bacterial plasma 

membrane. AMPs such as bacitracin, vancomycin and plectasin have been proven to bind to lipid II and inhibit 

cell wall formation.43 

AMPs can interact with microbial cells through mechanisms other than direct membrane disruption; AMPs may 

permeate the bacterial membrane through various mechanisms depending on the specific characteristics of the 

AMP and the microbial cell type; some mechanisms are energy-independent, such as the formation of 

instantaneous pores and translocation across the cell membrane while others involve energy-dependent 

endocytosis. Thus, upon penetration of the bacterial membrane and accumulation in the cytoplasm, AMPs directly 

https://www.sciencedirect.com/science/article/pii/S0223523423003434
https://www.sciencedirect.com/science/article/pii/S0223523423003434
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=6af98278-0e72-48dd-a5e1-38ff87e05a98
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interfere with diverse and critical cellular activities, including DNA replication, transcription, translation, protein 

synthesis, folding, and cell division.33 A few examples of AMPs targeting intracellular processes are: 

- Indolicidin has been shown to bind and wrap duplex DNA, leading to the subsequent inhibition of DNA 

replication and transcription,46 

- Buforin II inhibits cellular processes by interrupting DNA and RNA metabolisms,47 

- Microcin B17 inhibits type II DNA topoisomerase,48 

- Pleurocidin inhibits protein, DNA, and RNA synthesis,49 

- Lactoferrin B interferes with the phosphorylation of a two-component system to suppress bacterial 

growth,50 

- Histatin 5 is a potent protease inhibitor,51 

- Human α-defensin 5 disrupts cell division by forming bleb, cellular elongation, and clumping.52 

 
Figure 7. The main mechanisms of action described for AMPs for non-membrane targeting include inhibition of cell wall 

formation and membrane translocation to reach intracellular targets. Adapted from ref.33 Na Chen and Jiang Cheng, 

“Antimicrobial peptides: Structure, mechanism, and modification”, European Journal of Medicinal Chemistry, Vol 255, Page 

115380, (2023), with permission from Elsevier. Copyright © 2023 Elsevier Masson SAS. All rights reserved. 

These mechanisms illustrate the diverse manners in which non-membrane disrupting AMPs exert their 

antimicrobial activity by targeting intracellular components or critical processes for microbial survival; 

nevertheless, there is a lot of evidence indicating that a particular AMP can exert its function through different 

mechanisms of action and each AMP triggers a unique bacterial response.53 

https://www.sciencedirect.com/science/article/pii/S0223523423003434
https://www.sciencedirect.com/science/article/pii/S0223523423003434
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=6af98278-0e72-48dd-a5e1-38ff87e05a98
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1.2.1.6 Biological function 
Nowadays, the understanding of the biological function of AMPs goes far beyond their direct antimicrobial 

activity, and Table 1 resumes the biological activities reported so far for natural, predicted and synthetic AMPs 

annotated on APD3. 

Table 1. AMP functions within biological environments. AMP examples and statistics were taken from APD3. 

Biological Function Selected AMP examples Amount (%) 

Antibacterial lactoferrin B, indolicidin, hBD1, LL-37, GL13K 3588 (85.94) 

Anti-MRSA indolicidin, lactoferrin B, HNP1, nisin (Z and A), hBD3, LL-

37 

446 (10.68) 

Anti-Tuberculosis LL-37micrococcin P1, hBD10, laterosporulin 10 15 (0.36) 

Antibiofilm indolicidin, temporin B, LL-37, hBD3, BMAP (27 and 28) 112 (2.68) 

Antifungal dermaseptin B-2, indolicidin, hBD1, aurein, lactoferrin B 1399 (33.51) 

Anti-Candida dermaseptin B-2, hBD1, lactoferrin B 825 (19.76) 

Antiviral alloferon 1, lactoferrin B, indolicidin, hBD1, cecropin A, 

melittin 

244 (5.84) 

Anti-HIV lactoferrin B, indolicidin, hBD1 136 (3.26) 

Anti-endotoxin bactenecin, lactoferrin B, cecropin (A, P1, 2), magainin 2 93 (2.23) 

Anti-toxin HNP (1-4), hBD (1-5) 17 (0.41) 

Protease inhibitors HNP (1-3), LL-37, microcin H47, elafin 37 (0.89) 

Ion channel inhibitors: hBD (1-4), microcin, bldesin 11 (0.26) 

Antiparasitic cecropin A, bombinin H4, brevenin, temporin (A, B, F, L) 152 (3.64) 

Insecticidal esculentin-1, magainin 2, melittin, poneticin (W1, W3-W6) 44 (1.05) 

Spermicidal maximin (1, 3, 4), magainin 2, dermaseptin (S1, S4), LL-37 14 (0.34) 

Chemotactic bactenecin 7, temporin (A, B), HPN (1-3), hBD (2, 3, 4), LL-

37 

71 (1.70) 

Wound healing temporin A,indolicidin,magainin 2, hBD (2, 3, 5), HNP1, 

LL-37 

28 (0.67) 

Antioxidant thrombocidin, lunasin, hispidalin 33 (0.79) 

Anti-inflammatory hBD3, citropin 1.1, chicken CATH-1, cathelicidin-PY, 

GL13K 

62 (1.49) 

Anticancer 

(antitumor) 

dermaseptin-B2, alloferon (1, 2), lactoferrin B, indolicidin, 

hBD1 

290 (6.95) 

Anti-diabetic pseudin-2, amolopin, magainin-AM2, dermaseptin-B4 20 (0.48) 

Surface Immobilized cecropin (B, P1), indolicidin, LL-37, dermaseptin, GL13K 31 (0.74) 

Two-chain peptides gallocin A and D, formicin, haloduracin 39 (0.93) 

Synergistic peptides gramicidin S, nisin A, hBD1, hBD3, LL-37 52 (1.25) 

AMPs exert a broad-spectrum activity against microorganisms, including Gram-positive and Gram-negative 

bacteria,54 fungi,55 and viruses.56 AMPs such as defensins, cathelicidins, and magainins directly kill or inhibit the 

growth of microbial pathogens by disrupting microbial cell membranes, interfering with intracellular processes, or 

https://aps.unmc.edu/statistic/function
https://aps.unmc.edu/statistic/function
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targeting essential microbial components. AMP antimicrobial activity is usually reported as Minimum Inhibitory 

Concentration (MIC) with values ranging from 1 to 100 μM for most peptides against Gram-positive and Gram-

negative bacteria as well as fungi such as Candida albicans.57 In addition, several AMPs have been found active 

towards MRSA,58, 59 while others effectively prevent or disrupt biofilm formation.44, 59 

AMPs with antiviral activity target viruses by disrupting viral membranes and targeting multiple steps in viral 

pathogenesis, including viral entry and replication or modulating host immune responses to fight viral infections.60 

Moreover, several AMPs have been examined for their potential as drugs for treating infections by human 

immunodeficiency virus (HIV), influenza A and herpes viruses and SARS-CoV-2.60, 61 

At concentrations below their MIC, AMPs have been found to modulate the immune response by regulating the 

activity of immune cells, such as macrophages, neutrophils, and dendritic cells and promoting inflammation, 

enhancing phagocytosis, or modulating cytokine production and complement activation. Certain AMPs participate 

in wound healing and tissue repair by promoting cell proliferation, migration, and angiogenesis while exhibiting 

antimicrobial activity to prevent wound infections.62, 63 Moreover, AMPs exert anti-inflammatory properties by 

modulating inflammatory signalling pathways, reducing cytokine production, inhibiting neutrophil activation, and 

regulating the balance between inflammation and immune responses.44, 62 Human cathelicidin and defensins are 

among the most studied immunomodulatory AMPs.63 

AMPs with antioxidant activity scavenge free radicals and protect cells from oxidative damage, contributing to 

cellular homeostasis and reducing inflammation.64 Some AMPs exhibit cytotoxic effects against cancer cells by 

inducing apoptosis, disrupting cell membranes, or inhibiting angiogenesis. They hold great potential as novel 

anticancer drugs or adjuvants to conventional cancer therapies, including cationic peptides and lactoferrin. 

Moreover, recent findings suggest that β-defensins and the cathelicidin peptide LL37 are richly expressed in 

carcinoma, and both pro-tumoral and antitumoral activities have been described for these AMPs and their roles in 

tumour development and progression remain poorly understood; nevertheless, their overexpression in this kind 

cancer holds potentialities as biomarkers for diagnosis.63 

1.2.2 Families of AMPs in vertebrates 

Defensins and cathelicidins are the most prominent families of AMPs found in vertebrates.65 Nevertheless, other 

families have been identified across vertebrates, among them histatins from the saliva of humans and other 

primates; bombinins, buforin, dermaseptins, esculentins, fallaxin, magainins, maximins, phylloseptins, phylloxin, 

plasticins, plasturins, pseudins, and ranateurins from amphibians; hepcidins, piscidins, and histone-derived 

peptides from fish; platelet antimicrobial proteins, hepcidins, and dermcidin from mammals as well as other 

peptides derived from large proteins, such as lysozyme.29, 65 Each family encompasses several members with 

unique structures, functions, and modes of action, with essential roles in the innate immune system, collectively 

contributing to the host's defence against microbial pathogens.65 

1.2.2.1 Defensins 
Defensins have been identified in a wide range of organisms, including vertebrates, invertebrates, plants, and fungi. 

They are cationic (+1 to +11) cysteine-rich AMPs with a unique 3D structure composed of β-sheets stabilised by 

three disulfide bridges. Thus, they adopt amphipathic conformations, with one face of the molecule being 

hydrophobic and the other being hydrophilic, critical structural characteristics for defensins' ability to interact with 

and disrupt microbial membranes.65 
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Defensins are produced primarily by epithelial cells, immune cells, and specific specialised tissues in response to 

microbial infection, inflammation, or other stimuli and are often constitutively expressed at low levels. They are 

produced as pre-pro-defensins, composed of an N-terminal hydrophobic signal pre-sequence, a conserved pro-

sequence, and a mature peptide (Figure 8A). Thus, defensins are produced as inactive forms to avoid their potential 

toxicity during protein processing and intracellular transport; in pre-pro-defensins, negative charges balance the 

positive charge of the mature defensins. The pre-sequence directs the pre-pro-peptide to the endoplasmic reticulum, 

where it undergoes cleavage to remove the signal sequence. The pro-defensin peptide then undergoes further 

processing, including proteolytic cleavage and disulfide bond formation, to generate the mature defensin that is 

packaged into secretory vesicles and transported to the cell membrane for its extracellular activity, or they are 

directly released in the cytoplasm in response to cellular stress or damage.65-68 

 
Figure 8. Schematic representation of preprodefensins (A). Disulfide bridge pattern characteristic of α-, β- and θ-defensins 

(B). 

Defensins are potent AMPs effective against bacteria, fungi, and some viruses. They disrupt microbial membranes 

through electrostatic interactions, leading to cell lysis, or they penetrate the microbial cells, hindering DNA 

replication and protein synthesis. Moreover, they possess immunomodulatory functions, recruiting immune cells, 

modulating inflammation, and aiding in wound healing.65 

Three main defensin subfamilies can be distinguished based mainly on the pattern of their disulfide bridge 

connectivity (Figure 8B): 

- α-defensins are characterised by “C1-C6, C2-C4, C3-C5” disulfide bridge pattern. They are often 

constitutively expressed and primarily found in mammals' neutrophils, macrophages, and epithelial cells. 

In humans, six α-defensins have been identified; α-defensins 1 to 4 are produced by myeloid cells and are 

known as human neutrophil peptides (HNP from 1 to 4), while α-defensins 5 and 6 (HD5 and HD6) are 

expressed in paneth cells of the intestine and the epithelial cells of the genitourinary tract.69, 70 

- β-defensins are characterised by “C1-C5, C2-C4, C3-C6” disulfide bridge pattern. Different from the α-

defensins and θ-defensins, β-defensins have been identified across the animal kingdom, with a highly 

variable number of gene-encoding defensin among vertebrates and functionalities that go beyond their 

antimicrobial capacity.65 Their expression is mainly localised to epithelial and mucosal surfaces and 
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immune and reproductive tissues and is highly upregulated by pathogens.71 In humans, more than 30 β-

defensin genes have been identified; nevertheless, only a few have been studied at the protein level, 

particularly human β-defensins (hBD) from 1 to 4.72 

- θ-defensins are cyclic peptides formed from two truncated α-defensin joined through a post-translational 

head-to-tail cyclisation process and with a “C1-C6, C2-C5, C3-C4” disulfide bridge pattern. Each 

truncated chain contains nine aa, including the three cysteines.73 They are unique AMPs from neutrophils 

and bone marrow of some non-human primates, such as rhesus macaques74 and olive baboons.75 

1.2.2.1.1 Human β-defensin 1 

hBD1 is an essential AMP for epithelial defence against infection. It is the only β-defensin that is constitutively 

expressed, and it is produced across several epithelial cells, including skin, kidney, respiratory, reproductive, and 

urogenital tract. Additionally, its expression can be upregulated in microbial infection or due to inflammation.71, 76 

hBD1 exhibits a broad-spectrum antimicrobial activity, effectively preventing microbial colonisation and 

proliferation within epithelial tissues, thus maintaining tissue integrity and homeostasis. In antiviral defence, hBD1 

has been shown to directly reduce HIV infectivity up to 50% in vitro and indirectly upregulate the expression of 

human β-defensin 3 (hBD3), which has a more potent antiviral activity. Moreover, it plays multifaceted roles 

beyond antimicrobial defence, such as modulating the local immune response, acting as a selective chemoattractant 

factor, and promoting the activation and maturation of immune cells. It participates in glucose metabolism, with a 

crucial function in hypoinsulinemia. In addition, hBD1 regulates keratinocyte differentiation and acts as a tumour 

suppressor in most carcinomas, inhibiting cell growth and migration and promoting apoptosis. It is relevant in 

male fertility, increasing sperm motility and egg-penetrating ability. Thus, in the scientific literature, hBD1 is 

known as the “restless warrior” due to its constitutive expression and defensive role against external threats like 

infections and internal challenges like cancer (Figure 9). However, deficiencies in hBD1 production have been 

linked to various diseases, particularly those involving epithelial barrier dysfunction and increased susceptibility 

to microbial infections such as inflammatory bowel disease, atopic dermatitis, cystic fibrosis, periodontal disease, 

urinary tract infections, susceptibility to MRSA infections as well as infertility.77, 78 

 
Figure 9. The multifunctional role of hBD1 in preserving epithelial integrity, inhibiting microbial infiltration, coordinating 

immune responses, and maintaining tissue homeostasis. Reprinted from ref.77 Ángel H. Álvarez, Moisés Martínez Velázquez, 

Ernesto Prado Montes de Oca, “Human β-defensin 1 update: Potential clinical applications of the restless warrior”, The 

https://www.sciencedirect.com/science/article/pii/S1357272518302000?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1357272518302000?via%3Dihub
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International Journal of Biochemistry & Cell Biology, Vol 104, Page 135, (2018), with permission from Elsevier. Copyright 

© 2018 Published by Elsevier Ltd. 

hBD1 is the product of the gene DEFB1, and it is produced as a pre-pro-peptide of 68 aa, carrying a signal peptide, 

an N-terminal pro-peptide and the mature AMP.79 Its post-translational modifications (PTMs) include the 

proteolytic cleavage of the signal peptide and the pro-peptide and disulfide bridge formation. Further, the mature 

peptide is often truncated at the N-terminal, producing hBD1 active forms that range in size from 36 to 47 aa and 

with different microbicidal capacities.71, 79 Similarly to other β-defensins, hBD1 is an αβ peptide composed of three 

antiparallel β-sheets and an α-helix at the N-terminal stabilised by three disulfide bridges (Figure 3). Thus, it adopts 

an amphipathic structure crucial for its antimicrobial and immunomodulatory properties.71, 80, 81 

The antimicrobial mechanism of action of hBD1 is based on the interaction of its cationic side with the negatively 

charged microbial membranes, disrupting their integrity and leading to leakage of cellular contents and eventual 

microbial cell death. In laboratory conditions, hBD1 has a weak antimicrobial activity compared to other human 

AMPs; yet, it is effective against some Gram-negative bacteria and some fungi but less potent toward Gram-

positive bacteria.71, 82 Nevertheless, laboratory conditions do not adequately reflect the physiological environment 

of epithelial cells where hypoxia and reducing conditions are dominant; thus, for some microorganisms, including 

fungi and Gram-positive bacteria, the activity of the peptide has been reported to be significantly influenced by its 

redox state (herein we will use the terms redhBD1 and oxhBD1 to refer to the reduced and oxidised hBD1 forms, 

respectively).83, 84 

Natural and recombinant forms of hBD1 are antimicrobial against laboratory and clinical E. coli strains at 

micromolar concentrations, and their activity is not affected at low pH but is impaired at high salt concentrations; 

only the 36 aa hBD1 variant retains its microbicidal capacity in urine.79 Similarly, salt-sensitive antimicrobial 

activity has been reported towards P. aeruginosa.85, 86 In addition, hBD1 (47 aa peptide) inhibited the growth of S. 

aureus (methicillin-sensitive S. aureus and MRSA) clinical isolates with a MIC of 0.5 mg/L and topical gels with 

the peptide encapsulated in silica nanoparticles showed significantly improved wound healing when evaluated in 

vivo in an MRSA-infected wound model in rats.87 Later, the same Authors reported that among several clinical 

isolates, the MIC of hBD1 (36 aa peptide) against S. aureus is 8 (4-8) mg/L, while for E. coli, they found that the 

peptide was inactive for 10 out of the 24 strains with a MIC of 32 (14-32) mg/L against susceptible strains.88 

Schroeder et al. (2011) showed that the cysteines at the C-terminal of the peptide are critical for its bactericidal 

activity and that the reduction of the disulfide bridges turned hBD1 into a potent agent against the opportunistic 

pathogenic fungus C. albicans and anaerobic Gram-positive bacteria from Bifidobacterium spp. and Lactobacillus 

spp..83 In addition, their study revealed the ability of the thioredoxin system to reduce hBD1 in vitro. Thioredoxin 

(Trx) co-localises with redhBD1 in human epithelia, highlighting the critical cooperation between redox systems 

and innate immune defence in protecting human epithelia.83, 89 Nevertheless, despite the redox state, antimicrobial 

activity has been reported against Salmonella enteritidis, E. coli and P. aeruginosa.82 Intriguingly, other Authors 

have reported that oxhBD1 is bacteriostatic while redhBD1 has a bactericidal mechanism of action against E. coli; 

in addition, oxhBD1 was active only against some Gram-negative bacteria while redhBD1 was strongly active 

against Gram-negative (S. enteritidis and E. coli) and Gram-positive bacteria (Bacillus subtilis and S. aureus).84 

In addition, Kraemer et al. (2010) described a novel bactericidal mechanism of hBD1 in human platelets; they 

indicated that upon recognition of pathogen toxins, platelets release hBD1, which induces polymorphonuclear 

leukocytes to extrude neutrophil extracellular traps (NET) that trap and kill S. aureus.90 

https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=f4424865-7737-4e6a-bc87-24e11f2a0092
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More recently, redhBD1, but not oxhBD1, has been shown to induce cysteine-dependent self-net formation that 

entraps bacteria and prevents bacterial translocation independent of bacterial killing; E. coli entrapped in redhBD1 

nets showed extensive membrane disruption while in the case of K. pneumoniae, the nets reduced its migration 

without exerting a bactericidal activity. Moreover, they proved that free cysteines are critical for net formation 

since their substitution by α-amino butyric acid impaired the net formation capacity of the reduced peptide.84 

Interestingly, proteolysis of the redhBD1 by gastrointestinal proteases and human duodenal secretions produces 

an octapeptide composed of hBD1 C-terminal active against pathogenic and antibiotic-resistant microorganisms, 

including E. coli, P. aeruginosa, and C. albicans. Moreover, mutant peptides derived from the octapeptide where 

alanines substituted cysteines displayed no antimicrobial activity against the microorganisms tested, reinforcing 

previous observations that cysteines are essential for hBD1 activity.91 

Given its multifunctional properties and broad-spectrum antimicrobial activity, hBD1 holds immense potential as 

a therapeutic agent for combating infectious diseases and addressing various pathological conditions associated 

with epithelial barrier dysfunction and microbial susceptibility. 

1.2.2.2 Cathelicidins 
Cathelicidins are a family of small, cationic, amphipathic AMPs extensively studied in cattle and pigs; 

nevertheless, they are likely to be found in all vertebrates, and indeed, they have been identified in other organisms, 

including humans, reptiles, birds, amphibians, and fish. They are produced as precursor peptides, stored in 

neutrophils and macrophages’ secretory granules, and upon leukocyte activation, they are processed to active 

AMPs and released. The precursor peptides are characterised by the presence of three main domains: an N-terminal 

signal peptide (29-30 aa), a highly conserved cathelin-like domain (94-114 aa) and a variable AMP that is released 

from the precursor peptide by the action of proteases (Figure 10A).65 Different from defensins, cathelicidins are 

more heterogeneous, with sizes ranging from 12 to 80 aa, variable aa sequences and folding into α-helix and β-

sheet structures, loops, and unstructured linear peptides (Figure 10B). Thus, their production as precursor peptides 

carrying the cathelin domain is the unifying characteristic of this family of AMPs.70, 92 

 
Figure 10. Schematic representation of cathelicidin precursors (A). Mature cathelicidin AMPs show diverse 3D structures (B). 

The 3D structures of the AMPs were taken from the Protein Database Bank (LL-37: 2K6O; Protegrin 1: 1PG1; and indolicidin: 

1G89). 

https://www.rcsb.org/
https://www.rcsb.org/structure/2k6o
https://www.rcsb.org/structure/1PG1
https://www.rcsb.org/structure/1G89
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1.2.2.2.1 Indolicidin 

Indolicidin (ILPWKWPWWPWRR-NH2) is a short (13 aa) cationic (+4) AMP isolated from bovine neutrophils. 

Half of the aa in its primary structure are hydrophobic; among them, five tryptophans that contribute to its 

antimicrobial and hemolytic activities.93 Indolicidin's ability to adopt different secondary structures is crucial for 

its antimicrobial activity; this flexibility enables indolicidin to adapt to various environmental conditions, making 

it a broad antimicrobial agent able to recognise several targets.94 It exhibits a random coil unordered structure in 

aqueous solutions, as confirmed by NMR spectroscopy and circular dichroism.95 However, molecular dynamics 

simulations indicate it assumes a boat-shaped conformation when interacting with negatively charged lipid 

bilayers.93, 96 

Indolicidin is active against planktonic Gram-positive and Gram-negative bacteria, among them MRSA, and has 

antibiofilm activity.97, 98 The antimicrobial mechanism of action of indolicidin involves transient perturbation of 

the bacterial membrane, without inducing cell lysis, to reach intracellular targets and inhibit protein and DNA 

synthesis (Figure 11A).93 Furthermore, indolicidin structural plasticity and the presence of a high content of 

aromatic residues allow this AMP to bind and neutralise LPS, being the potential mechanism through which 

indolicidin exerts antisepsis and antibiofilm activities (Figure 11B).93 Moreover, the hemolytic activity of 

indolicidin may be attributed to its capacity to operate as an organic anion carrier (Figure 11C).93 In addition, 

antifungal, antiparasitic and antivirus activities have also been described for this AMP. Nevertheless, the 

mechanism of action remains unclear.93, 99-101 Table 2 resumes the activity of indolicidin against several 

microorganisms of interest.93 

 
Figure 11. Mechanisms of action described for indolicidin: antimicrobial activity via interaction with intracellular targets (A), 

interaction with LPS for its antisepsis and antibiofilm activities (B), and anion carrier mechanism to explain hemolytic activity 

(C). Adapted from ref.93 Batista et al., “Indolicidin revisited: biological activity, potential applications and perspectives of an 

antimicrobial peptide not yet fully explored”, World Journal of Microbiology and Biotechnology Vol. 38, Page 6. Reproduced 

with permission from Springer Nature. Copyright © 2022, by Jaqueline Batista Araujo, Guilherme Sastre de Souza and Esteban 

Nicolas Lorenzon, under exclusive licence to Springer Nature B.V. 

Considering the potentialities of indolicidin as a therapeutic agent and the possible drawbacks for its translation 

into clinical environments, several peptides inspired by the indolicidin sequence have been developed to enhance 

https://link.springer.com/article/10.1007/s11274-022-03227-2
https://link.springer.com/article/10.1007/s11274-022-03227-2
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=fc83e33f-6fce-4aa9-b930-6f3f5e5f3437
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the antimicrobial and antifungal capacity while reducing its hemolytic activity and increasing the resistance to 

proteases. Among the designs outstands: 

- CP-11 (ILKKWPWWPWRRK-NH2), an indolicidin analogous with a higher content of lysine and 

arginine that showed higher activity against bacteria and yeasts as well as less toxicity than the parental 

AMP,102 

- cycloCP-11 (ICLKKWPWWPWRRCK-NH2), a cyclic disulfide-bonded peptide with higher resistance 

to proteases while retaining the same antimicrobial and low hemolytic activity of the linear CP-11,103 

- Omiganan (ILRWPWWPWRRK-NH2, DRAMP18160) analogue of indolicidin with potent antimicrobial 

activity against a broad spectrum of bacteria, including drug-resistant strains and various Candida spp.. 

Its rapid bactericidal and fungicidal effects have been well-documented. At least sixteen clinical studies, 

currently in phase II or III, are being conducted to explore its efficacy as a topical gel formulation for 

rosacea treatment, its ability to prevent catheter-related infections, its effectiveness in managing genital 

warts, and its role in addressing acne vulgaris,104-106 

- Ld-indolicidin analogue (IlPwKwPwWpWrR-NH2) containing L and D aa alternated in its primary 

structure showed high resistance to enzymatic degradation, tolerance in mice and better capacity than 

indolicidin to enhance cell-mediated immune responses,107 

- an indolicidin pseudo-peptide containing two reduced amide bonds displaying less hemolytic activity and 

improved stability without a decrease in its antimicrobial activity.108 

Thus, indolicidin is a versatile peptide holding great promise in combating multidrug-resistant microorganisms, 

fungi, parasites, and certain viruses. Its multifaceted targets and ease of production position it as a strong candidate 

for diverse medical, biomedical, and food preservation applications.93 

Table 2. Indolicidin activity against microorganisms of interest to the present thesis. IC50 half maximal inhibitory 

concentration. Extracted from ref.93 Batista et al., “Indolicidin revisited: biological activity, potential applications and 

perspectives of an antimicrobial peptide not yet fully explored”, World Journal of Microbiology and Biotechnology Vol. 38, 

Page 4. Reproduced with permission from Springer Nature. Copyright © 2022, by Jaqueline Batista Araujo, Guilherme Sastre 

de Souza and Esteban Nicolas Lorenzon, under exclusive licence to Springer Nature B.V. 

Microorganism Activity (µg/mL) 

Gram-positive bacteria 

S. aureus MIC 2-30 

MRSA MIC 8-15 

Gram-negative bacteria 

E. coli MIC 5-30 

P. aeruginosa MIC 8-100 

Fungi 

C. albicans MIC 15-200 

Virus 

HIV IC50 70-110 

Herpes simplex virus IC50 10-50 

http://dramp.cpu-bioinfor.org/browse/clinical-information.php?id=DRAMP18160)
https://link.springer.com/article/10.1007/s11274-022-03227-2
https://link.springer.com/article/10.1007/s11274-022-03227-2
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=fc83e33f-6fce-4aa9-b930-6f3f5e5f3437
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1.2.3 Development of resistance to AMPs 

The paradigm that bacterial resistance to AMPs is highly improbable has changed in recent years. Bacteria 

encounter AMPs in their natural environment; thus, by selective pressure, they can develop several induced 

resistance mechanisms to overcome AMP activity. Among them are AMP sequestration or degradation by 

proteases, modification of the cell surface charge and composition, modification of the AMP target, overexpression 

of efflux pumps, and biofilm formation affecting AMP interaction with the microbial cells (Figure 12).17 

A very well-studied mechanism of resistance consists of the modification of the bacterial cell surface by 

incorporating positively charged molecules to reduce or abolish the electrostatic interactions and binding affinity 

of positively charged AMPs. For instance, Gram-positive bacteria, such as S. aureus, modify their cell surface by 

inducing D-alanylation of teichoic acids, incorporation of lysyl phosphatidylglycerol as well as the addition of L-

lysine to membrane phospholipids, reducing their overall negative charge. Similarly, Gram-negative bacteria also 

abolish electrostatic interactions with AMPs by modification of their lipopolysaccharide via conjugation of lipid 

A with 4-aminoarabinose, palmitate and phosphoethanolamine, as well as its monophosphorylation and 

glycylation.109, 110 

Another common mechanism is the employment of efflux pumps to deplete the bacterial cells of the AMPs. S. 

aureus and B. subtilis efflux pump systems, such as ABC transporters, actively expel the LL-37 from the bacterial 

cell.111 Efflux pumps that act on AMPs have also been identified in N. gonorrhoeae and Yersinia spp..109 

 
Figure 12. Mechanisms of bacterial resistance to AMPs. Adopted from ref.112 Joo et al., “Bacterial strategies of resistance to 

antimicrobial peptides”, Phil. Trans. R. Soc. B. Biological letters, Vol 371, Page 20150293. Reproduced with permission from 

The Royal Society (U.K.). Copyright © 2016, by Hwang-Soo Joo, Chih-Iung Fu, and Michael Otto, published by the Royal 

Society. All rights reserved. 

P. aeruginosa, Enterococcus faecalis, Proteus mirabilis and Streptococcus pyogenes secrete proteases that degrade 

AMPs, rendering them ineffective.113 S. aureus extracellular metalloproteinase aureolysin has been reported to 

cleave and inactivate LL-37,114 while a P. mirabilis extracellular metalloprotease has been reported to degrade 

hBD1 and LL-37.115 In addition, cytosolic proteases can contribute to AMP resistance; for instance, in E. coli, a 

https://royalsocietypublishing.org/doi/10.1098/rstb.2015.0292
https://royalsocietypublishing.org/doi/10.1098/rstb.2015.0292
https://marketplace.copyright.com/rs-ui-web/mp/license/bc24d249-f660-4f86-9b7f-7119b17fdf60/ad572036-ad51-40b9-9ca1-f875d387890e
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serine peptidase's overexpression reduces bacterial cells' susceptibility to proline-rich AMPs.116 Moreover, some 

microorganisms produce non-proteolytic sequestering proteins that bind to the AMPs and render them ineffective. 

For instance, S. aureus secretes staphylokinase, which can bind and inactivate cathelicidin murine AMPs and α-

defensins.117 

In addition, another common strategy employed by microorganisms to bypass AMP activity is the production of 

an anionic polysaccharide capsule that surrounds the cell, acting as a physical barrier between the microorganisms 

and the AMPs.118 P. aeruginosa has been reported to produce such a capsule to restrict the access of AMPs to the 

outer membrane and sequester AMPs through electrostatic interactions.119 

Several microorganisms, including E. coli, contrast AMP activity by forming biofilms, providing a protective 

environment where AMPs, such as LL-37, struggle to penetrate and exert their antimicrobial effects.120 For 

instance, it has been reported that in P. aeruginosa biofilm, extracellular DNA causes cation chelation, inducing 

LPS modification genes and resistance to antimicrobial agents such as polymyxin B and colistin.121 

Nevertheless, their unique mechanisms of action involve the interaction with multiple low-affinity targets rather 

than a particular one with high-affinity (characteristics of conventional antibiotics), which renders the AMPs less 

prone to induce resistance compared to traditional antibiotics. AMPs have a broad-spectrum activity targeting 

multiple microbial structures or processes, which makes it harder for bacteria to develop resistance by modifying 

a single target. They kill microbial cells quickly through membrane disruption or casing lethal intracellular effects 

within minutes, which reduces the capability of bacteria to adapt and develop resistance mechanisms. There is an 

excellent diversity of AMP structures and mechanisms of action; thus, developing a single resistance mechanism 

effective against all AMPs is highly challenging.33, 62, 122 In addition, bacterial adaptation and resistance 

development to AMPs is not a result of an accelerated mutation rate, as observed for antibiotics.110 Moreover, AMP 

functions span from antimicrobial to immunomodulatory, activating the host cell to combat the pathogens through 

a wide range of mechanisms involving immune cells, cytokines and complement effectors.57, 62 While bacterial 

resistance to AMPs can occur, the multifaceted nature of AMPs and multitarget action mechanisms make them less 

susceptible to induce resistance mechanisms. 

1.2.4 Clinically approved and submitted for approval AMPs 

Several synthetic and natural AMPs are currently under clinical trials for their potential applications as 

antimicrobial, antifungal, anticancer and immunomodulatory drugs.  The Data Repository of Antimicrobial 

Peptides (DRAMP) database reported that at least 96 AMPs have been developed by pharmaceutical companies 

and submitted so far for clinical investigation, representing around 0.43% of the total AMPs listed on DRAMP 

(this database reports a total of 22528 natural and synthetic AMPs). Among them, 49 are intended for antibacterial 

applications; four for antibacterial and antifungal properties; seven are described to have antifungal capacity, being 

one of them active against Candida spp., and other two have anti-HIV activity; four have anticancer properties; 

two are potential chemokine inducers, and only one has a broad-spectrum activity (this information is based on 

the last DRAMP updated information of clinical entries from May 17th, 2023).123 

However, most of those AMPs are still under preclinical trials (31) and between phase I and II clinical trials (32). 

Only 18 AMPs have reached phase III clinical trials, and at least four of them have been withdrawn from the AMPs 

pipeline because they did not show apparent efficacy and superiority over conventional treatments (MSI-78 

DRAMP18057, iseganan DRAMP18059 and rBPI21 DRAMP18069) or they induced severe adverse effects 

http://dramp.cpu-bioinfor.org/
http://dramp.cpu-bioinfor.org/
http://dramp.cpu-bioinfor.org/
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP18057&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP18059&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP18069&dataset=Clinical
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(murepavadin DRAMP20774). In addition, DP178 (T20, Enfuvirtide & Fuzeon DRAMP18181), a potent inhibitor 

of viral infection, has been approved by the FDA as an antiviral therapy for the human immunodeficiency virus 

(HIV).123 

Furthermore, 11 AMPs are currently on the market for treating bacterial infections. For instance, daptomycin 

(DRAMP18058, lipopeptide),124 dalbavancin (DRAMP18067, semisynthetic lipoglycopeptide derivate of 

teicoplanin),125, 126 telavancin (DRAMP18086, semisynthetic glycopeptide antibiotic derived from vancomycin),126 

oritavancin (DRAMP18159, glycopeptide),126, 127 vancomycin (DRAMP29330, glycopeptide),128 and bacitracin 

(DRAMP29315, homodetic cyclic peptide) have been employed for the treatment of Gram-positive bacterial 

infection. In contrast, colistin (DRAMP29317, polymyxin antibiotic)129 and polymyxin B (DRAMP29328, 

polymyxin antibiotic)130 have been introduced against Gram-negative bacteria. Moreover, other AMPs such as 

gramicidin D (DRAMP29333, heterogeneous mixture of gramicidins A, B and C, alternating D and L aa)131, 132 are 

active against most Gram-positive and some Gram-negative bacteria. Gramicidin S (DRAMP29332, cyclic peptide 

biosynthesised from gramicidin in B. brevis)132 and tyrothricin (DRAMP29329, polypeptide antibiotic mixture 

obtained from B. brevis),133 in addition, have antifungal activity. 

These statistics suggest that despite the vast number of AMPs discovered, designed, and characterised mainly in 

vitro in recent years, there are still many challenges and a long way to go before they can be broadly employed as 

human drugs instead of conventional antibiotics. 

1.2.5 Design of peptides with improved properties 

Many challenges still limit AMP production and widespread use as a clinical drug. For instance, high production 

costs, low stability, low bioavailability, low activity in physiological conditions, and the potential to induce 

undesired immune responses are often highlighted as critical concerns.33, 134 AMP development and production are 

reported to be costly processes compared to antibiotic production; while a gram of aminoglycoside production 

costs less than $1, the chemical synthesis of a gram of an AMP costs $50 - 400;135 therefore, there is an urgent 

need to develop other strategies for commercial-scale production. Moreover, due to low selectivity, AMPs are often 

hemolytic and cytotoxic to eukaryotic cells at antimicrobial concentrations.136 Another obstacle to the clinical 

introduction of AMPs is related to their reduced activity and stability in clinically relevant environments; some 

AMPs may be sensitive to physiological salt conditions, displaying a reduced or abolished bactericidal activity, 

serum proteins such as albumin and host cells may interact with AMPs interfering with their activity as well as the 

high susceptibility of AMPs to proteases degradation.137 The following sections (1.3) will cover the aspects of 

AMP production platforms to improve production yields while reducing costs. Herein, we briefly summarise the 

main strategies to enhance AMP activity, toxicity, and pharmacokinetics in vivo (Figure 13). 

http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP20774&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP18181&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP18058&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP18067&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP18086&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP18159&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP29330&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP29315&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP29317&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP29328&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP29333&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP29332&dataset=Clinical
http://dramp.cpu-bioinfor.org/browse/All_Information.php?id=DRAMP29329&dataset=Clinical
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Figure 13. The main challenges for AMP translation into clinical and therapeutical agents. Reprinted from ref.138 under a 

Creative Commons Attribution-NonCommercial-NoDerivs 4.0 International. Copyright © 2023 by Jiaqi Xuan, Weiguo Feng, 

Jiaye Wang, Ruichen Wang, Bowen Zhang, Letao Bo, Zhe-Sheng Chen, Hui Yang, Leming Su. Published by Elsevier Ltd. 

1.2.5.1 Modification of peptide sequence and length 

The length of AMPs is crucial for antimicrobial activity and stability; it is very well characterised that at least 22 

aa are needed to form an α-helical structure to cross the bacterial lipid bilayer for the barrel-stave model, while 

only eight aa are required for β-sheet AMPs; thus, the AMP length affects its secondary structure and mechanism 

of action. Most of the AMPs annotated so far are made of 10-50 aa, indicating that a considerable number of aa 

may not contribute to their antibacterial activity. Thus, one of the common strategies is to determine the optimal 

AMP length to obtain a balance between stability and activity while contributing to lowering the cost of production; 

nevertheless, there is no predetermined or consensus manner to establish the optimal length of the peptide and the 

implications of C-terminal or N-terminal truncation on the activity of a particular peptide.33 

In addition, modification of the peptide hydrophobic or charged aa content could also contribute to AMP activity 

while reducing its toxicity. For instance, introducing positively charged aa into indolicidin and magainin-2 has 

significantly potentiated antimicrobial activity.102, 139 On the other hand, super hydrophobic AMPs can also lead to 

decreased antibacterial activity and increased mammalian toxicity.140 

C-terminal amidation and N-terminal acetylation are common PTMs found in a wide variety of peptides and 

proteins; N-terminal acylation has been reported to increase AMP stability against protease degradation in human 

serum, while C-terminal amidation may and may not improve peptide stability. Moreover, fluorinated aa can 

enhance the stability of synthetic peptides, which is explained by the increase in size or hydrophobicity.141 In 

addition, N-methylation of backbone and side chains is reported to improve AMP activity.33 

1.2.5.2 Structural modifications 
Three main cyclisation patterns are known in natural AMPs (backbone-backbone, backbone-side chain, and side 

chain-side chain) and have been described above (section 1.2.1.4). In all cases, cyclic AMPs are more compact 

and less exposed; thus, they are expected to be more resistant to protease activity. Nevertheless, the cyclisation 

effect is only sometimes straightforward since either a decreased or increased protease susceptibility has been 

observed for cyclic peptides compared to their linear counterpart.141 Cyclic AMPs derived from melittin (side 

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.sciencedirect.com/science/article/pii/S1368764623000377?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1368764623000377?via%3Dihub
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chain-side chain) displayed increased antibacterial activity and reduced hemolytic activity.142 The cyclisation of 

arginine- and tryptophan-rich peptide (RRWWRF-NH2, backbone-backbone) showed higher antimicrobial 

activity and cell selectivity.143 Moreover, a cyclic peptide made of the C-terminal domain (RRKK) of hBD3 and 

the internal domain of hBD1 (PIFTKIQGT) retained the antimicrobial and antiviral activity of the parent peptides, 

and its oxidised form was considerably more stable in human serum.144 Conversely, a reduction of antimicrobial 

capacity and hemolytic activity has been reported for cyclic magainin 2 (side chain-side chain).142 

Substituting L-aa with D-aa can increase resistance to protease degradation while maintaining antimicrobial 

activity. For instance, engineered GF-17 (derived from LL-37) containing 3 D-aa in replacement of L-aa was toxic 

to bacteria but not human cells and structural analysis showed that this peptide adopted a non-classical amphipathic 

structure.145 

Moreover, introducing structural constraints such as α-helical or β-sheet motifs or substituting particular aa to 

modify the AMP structure can stabilise the peptide, improve its activity, and, in some cases, modulate hemolysis. 

Magainin-2 exerts its activity via amphiphilic α-helix. Thus, substituting glycine with alanine, an α-helix 

promoting aa, increased the AMP antibacterial activity.146 

1.2.5.3 Hybrid peptide and peptidomimetic design 

Chimeric peptides combine sequences from different naturally occurring AMPs to create hybrid peptides with 

improved stability, activity, selectivity and resistance to degradation. LM1, a hybrid peptide analogue obtained by 

the fusion of truncated melittin (11 aa) to LL-III (15 aa), has been reported to have high stability and great 

antimicrobial potential towards Acinetobacter baumannii and S. aureus.147 Also, a hybrid peptide obtained from 

bovine lactoferricin and buforin II resulted in potential antifungal molecules for future therapeutic applications 

against Cryptococcus neoformans var. grubii.148 Cecropin A-melittin hybrid peptide showed enhanced 

antimicrobial activity and selectivity against bacterial membranes.149 Indolicidin-ranalexin hybrid peptides showed 

potent antibacterial activity against S. pneumoniae and very low toxicity against human red blood cells compared 

to parental AMPs.150 

The hBD activities are often affected by their sensitivity to physiological salt concentration; a hybrid peptide 

composed of hBD2 and hBD3 not only showed higher efficacy in killing both E. coli and S. aureus but also showed 

improved antimicrobial behaviour in physiologic salt concentrations compared to the wild-type molecules, 

demonstrating that hybrid peptides may contribute to the search and development of novel-antibiotic agents with 

enhanced performance in physiological environment.151 Similarly, Scudiero et al. (2010) designed two analogues 

of hBD1 and hBD3 with enhanced antimicrobial activity and no salt sensitivity without affecting its chemotactic 

activity. Their findings suggest that the hBD1 internal region and the hBD3 C-terminal region are critical for 

antibacterial activity at high salt concentrations. In contrast, deletion of the N-terminal region of hBD3 increases 

antibacterial activity. Moreover, the analogue carrying the hBD1 internal region and the hBD3 C-terminal region 

showed enhanced antiviral activity against herpes simplex virus.82 

Moreover, in recent years, synthetic AMP analogues or “peptidomimetics” have been designed to mimic the AMP 

physico-chemical properties (cationic charge, hydrophobicity, amphiphilicity) and biological effects while being 

stable to enzymatic degradation, displaying potent activity against multidrug-resistant bacteria, and improved 

pharmacokinetic properties. Peptidomimetics contains in their backbones non-peptidic components;152, 153 among 

peptidomimetics, there are β-peptides which are composed of β-aa instead of α-aa,154 α -peptoids which are N-

alkylated glycine oligomers (cyclic peptoids, peptide-peptoid hybrids),155 β-peptoids which are N-alkylated β-
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alanine oligomers,155 AApeptides containing N-acylated-N-aminoethyl aa units derived from chiral PNA 

backbones,156 β-turn mimetics,157 as well as stapled peptides.158 

1.2.5.4 Lipidation, glycosylation and PEGylation 

Glycosylation involves the attachment of sugar moieties to AMPs through strategies like O-, N-, C-, and S-

glycosylation. Glycosylation enhances proteolytic stability, solubility, aggregation ability, and AMP 

pharmacokinetic properties. However, it may reduce the hydrophobicity and the overall positive charge of the 

peptides, which may only sometimes improve their antimicrobial capacity. Moreover, glycosylation holds great 

promise for developing therapeutic AMPs with decreased immunoreactivity within the host by attaching bacterial-

derived glycans like polysialic acid.159 For instance, O-glycosylated formaecin and formaecin 2 potentiated the 

antimicrobial activity towards E. coli. In addition, a glycosylated analogue of indolicidin (βGlc-T9, K7) displayed 

potent antibacterial activity with reduced toxicity against erythrocytes and macrophage cells, thereby enhancing 

therapeutic selectivity; the inclusion of sugar moiety improved peptide solubility and interestingly, despite 

glycosylation, the peptide's mode of bacterial killing, functional stability, LPS binding, and cytokine inhibitory 

potential remained unaffected.160 

Conjugation of AMPs to lipid moieties involves the attachment of a fatty acid moiety to the N-terminal or lysine 

side chains. Lipidation can increase peptide hydrophobicity and self-assembling ability, enhancing its interaction 

with the membrane and permeability and protecting the AMP against enzymatic proteolysis. Lipidated AMPs show 

an increased affinity for bacterial membranes, aiding their insertion and disrupting membrane integrity.159 For 

instance, a nanobacterial agent developed by lipidation of HD5 with myristic acid followed by non-covalent self-

assembly displayed higher antibacterial activity in the presence of nearly physiological salt concentration or serum. 

When tested in vivo, it showed a low toxicity in animals and protected mice from MRSA infection and E. coli-

induced sepsis.161 Moreover, a hybrid peptide derived from G3 with simultaneous lipidation (N-terminal 

conjugation to caprylic acid) and glycosylation (C-terminal conjugation to galactose) displayed enhanced 

antibacterial and anti-biofilm activities, as well as outer membrane permeability and reduced hemolytic activity.162 

Among the advantages of PEGylation are the increase of peptide solubility and stability in aqueous solutions, 

prolonged circulation time by reducing renal clearance, and reduced immunogenicity. Recent studies indicate that 

PEGylation does not alter the AMP mode of interaction and maintains antimicrobial activity while minimising 

tissue toxicity and improving proteolytic resistance to trypsin and proteinase K.163 Nevertheless, it remains one of 

the less explored AMP modifications. 

1.2.5.5 Computational Design 

Bioinformatics tools offer potent methods for designing and optimising AMPs, leading to the development of more 

effective and safer treatments for combating microbial infections. Over the past decade, several online databases 

and computational tools have emerged, making it easier to explore AMP diversity17 and to design AMPs with 

increased selectivity and reduced adverse effects.164-167 Thus, machine learning has become a popular approach for 

high-throughput molecular design of AMPs. Fueled by a deeper understanding of AMP mechanisms and the vast 

molecular datasets collected by researchers over decades, these algorithms learn from patterns in the data to 

identify promising candidates more quickly than traditional methods. Some commonly used machine learning 

algorithms include artificial neural networks, fuzzy K-nearest neighbour, logistic regression (LR), random forest 

(RF), support vector machine (SVM) and quantitative structure-activity relationship (QSAR),168 being the latest 
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pointed as highly effective in predicting models based on biological behaviour.169 Recently, the LR, RF and SVW 

algorithms were combined and successfully employed to accelerate the de novo design of valuable AMP 

candidates; out of the 180 peptides chemically synthesised, 18 showed antimicrobial activity against pathogenic 

bacteria, with 16 of them with MICs of less than 10 μg/mL against at least to one of the tested microorganisms.170 

QSAR is a modelling technique used to predict the biological activity of molecules based on their chemical 

structure, establishing mathematical relationships between the structural features of peptides and their activity. By 

analysing patterns in data from experimental assays, QSAR models can predict the potency, selectivity, and other 

properties of AMPs based on their structural characteristics. This approach facilitates the rational design and 

optimisation of AMPs with desired antimicrobial properties, accelerating the discovery and development 

process.164 For instance, an in silico library containing a hundred thousand peptides derived from 1018 AMP was 

employed to predict using QSAR models the probability that a peptide would possess antibiofilm activity; the 

subset of predicted peptides was SPOT-synthesized, and the assessment of their activity revealed that QSAR 

methods resulted in about 85% prediction accuracy. Intriguingly, compared to the parental AMP, one of the 

predicted peptides showed an 8-fold increased antibiofilm activity in vitro, highlighting QSAR capabilities for 

predicting improved AMPs.171 

1.3 Production of AMPs: chemical synthesis vs heterologous production 
AMPs can be isolated from their natural sources, chemically synthesised, or produced in heterologous organisms 

(Figure 14). Nevertheless, using AMPs as clinical antimicrobial agents demands cost-effective large-scale 

production and purification methods.172 

Isolation from natural sources ensures the obtention of the AMPs in their native conformation, often with PTMs 

essential for their biological activity or to enhance their functionality. However, it’s a labour-intensive process that 

requires a large amount of material from natural sources since the peptides are often produced in low quantities 

and involve complex purification steps that yield very low amounts of AMPs. Moreover, ethical and environmental 

concerns may arise depending on the source, mainly if certain species produce them. Consequently, it is not cost-

effective, hindering large-scale production and commercialisation efforts (Figure 14A). Therefore, chemical 

synthesis and recombinant technologies are the most promising platforms for AMP production for research 

purposes and translation into clinical products.172, 173 The following subsections will cover each technology's 

peculiarities, highlighting its main advantages and drawbacks for the large-scale production of AMPs needed to 

meet clinical and biopharmaceutical requirements. 
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Figure 14. AMPs can be extracted from their natural source (A), chemically synthesised (B), or recombinantly produced in 

bacteria, yeast, fungi, plant, and insect cells (C). Each production platform has advantages and drawbacks, and their 

employment is directly correlated to the AMP's characteristics and properties. The scheme in C was adapted from ref.174 

Soumya Deo, Kristi L. Turton, Tajinder Kainth, Ayush Kumar and Hans-Joachim Wieden “Strategies for improving 

antimicrobial peptide production”, Biotechnology advances, Vol 59, Page 107972 (2022) with permission from Elsevier. 

Copyright © 2022 Elsevier Inc. 

1.3.1 Chemical synthesis 

Most of the peptides currently used as therapeutic agents and those already in clinical trials have been produced 

by chemical synthesis methods (Figure 15B).175 The introduction of solid-phase techniques revolutionised the 

landscape of peptide synthesis, rendering it rapid, efficient, and reliable; nevertheless, large-scale peptide 

production is still expensive and constrained by the size of the peptides and their functional structure, among other 

factors.176 

Chemical synthesis involves the stepwise assembly of peptide sequences in a laboratory setting, offering precise 

control over peptide design and modifications. The most used method for peptide synthesis is solid-phase peptide 

https://www.sciencedirect.com/science/article/pii/S0734975022000647
https://www.sciencedirect.com/science/article/pii/S0734975022000647
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=1a963d4f-83d3-4ed6-8c3a-a91c0228984e
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synthesis (SPPS), introduced by Merrifield in 1963, allowing to obtain peptides of small to medium sizes (up to 

50 aa).177 In this methodology, the first residue of the peptide is immobilised onto a solid support, and each residue, 

in the form of protected aa, is sequentially added in a controlled manner, minimising side reactions and facilitating 

purification steps between each coupling process, leading to higher yields and purity compared to other synthesis 

methods. Moreover, it can be automated, allowing for high-throughput synthesis of peptide libraries or large-scale 

production of peptides with minimal manual intervention.178 In addition, SPPS offers excellent flexibility in 

peptide design, enabling the incorporation of several modifications, such as the incorporation of non-proteinic aa 

and D-aa, as well as the production of hybrid, lipidated, PEGylated and cyclic AMPs, to tailor their properties and 

functions specifically.173, 178-180 

Nevertheless, this technology still poses challenges for synthesising long (more than 50 aa) or highly complex 

peptide sequences due to the potential for aggregation, steric hindrance, and incomplete coupling reaction.178, 180 

Moreover, it requires expensive equipment, resins, and reagents and has relatively high purification costs, which 

are not viable for long AMPs.180 In addition, peptides containing cysteines whose 3D structure is stabilised by 

disulfide bridges are, in most cases, difficult-to-synthesise and purify, thus hampering their production or 

increasing costs.181 Peptides obtained through this method lack complex PTMs, such as glycosylation, often 

present in natural AMPs and are needed for their biological function.182 In addition, it involves using large amounts 

of highly hazardous coupling reagents and solvents and generates highly toxic waste products with a detrimental 

impact on the environment.179, 183 In summary, chemical synthesis is often employed to produce short AMPs with 

low complexity and cysteine content without PTMs.172 Thus, it is imperative to find alternatives for the large-scale 

production of complex AMPs with reduced costs and more sustainable and greener chemistries. 

1.3.2 Heterologous production 

Advances in DNA recombinant technologies have enabled the development of optimised expression systems to 

meet the demands of translating AMPs into therapeutic agents. Thus, in recent years, heterologous production 

platforms in prokaryotic or eukaryotic host cells have gained popularity due to their flexibility, scalability, and 

sustainability. They have started to be considered the most efficient platforms for peptide production in terms of 

time and cost.184, 185 Therefore, AMPs have been produced in bacteria, yeast, fungi, plants, insects, and mammalian 

cells.184, 186 In addition, cell-free systems have been employed, in a few cases, to produce AMPs.187-190 

Bacterial and yeast expression systems are the most suitable for AMP production due to their high yields, low 

costs, scalability, easy manipulation, and well-known genetics. Indeed, AMPs produced in bacteria and yeast 

represent more than 95% of the total heterologous-expressed AMPs; nevertheless, bacterial cells are more often 

used for AMP production than yeasts.172, 185 Few AMPs produced in mammalian cells have been reported; however, 

this technology is too expensive, and for most AMPs, the reason for employing this system does not justify their 

high costs.186 In addition, AMP production in plants has traditionally been used to protect themselves from 

diseases; nevertheless, they have become promising bioreactors for AMP production in recent years (Figure 

15C).174, 186 

1.3.2.1 Recombinant production in bacteria 
Bacterial expression systems have been widely used for peptide and protein production since they offer the highest 

production efficiencies. E. coli stands out as the most commonly used microorganism for heterologous protein 

production in bacteria;191 thus, it is the first choice as a host for AMP production and the one with the highest 
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reported yields.172 In addition, other prokaryotes, such as B. subtilis and Propionibacterium freudenreichii, have 

also been used.180 

E. coli offers many advantages for AMP production. It is a very well-studied bacterium in terms of genetics, 

biochemistry, and physiology; thus, it is easy to handle and manipulate for genetic engineering purposes. Indeed, 

several engineered E. coli strains have been developed to expand their biosynthetic capacities and produce, for 

instance, peptides stabilised by disulfide bridges (Origami and Rosetta-gami strains) and translate rare codons 

(Rosetta strains).191 Further optimising parameters such as growth conditions, promoter strength, and codon usage 

maximises the yields.172, 191-194 Its fast growth rate, the simple fermentation equipment needed, and the inexpensive 

media employed contribute to reduced production times and costs, making it cost-effective and efficient for 

industrial-scale production.184 

E. coli and prokaryotes, in general, also face challenges for AMP production. Many AMPs exhibit toxicity not only 

against target microbes but also towards the host cells producing them, leading to decreased cell viability, lower 

yields, and difficulties in maintaining stable production lines. Moreover, AMPs, being short and highly cationic, 

are susceptible to endogenous protease degradation, further reducing production yields.174, 180, 186, 195 Hence, several 

strategies have been developed over the last years to overcome these limitations and will be covered in the 

following subsection (1.3.2.1.1). 

Moreover, compared to other expression platforms, E. coli lacks the machinery for most of the PTMs (particularly 

glycosylation), which may impact the efficacy of the AMP.196 Nevertheless, PTMs do not seem critical for 

producing AMPs;186 hence, AMPs that strictly depend on PTMs for their activity must be produced in other 

expression systems or through semi-synthetic approaches.196 

Even though purification processes are generally straightforward, with several affinity tags available for AMP 

purification through chromatographic methods,190, 191 they account for more than 70% of the costs of downstream 

processes for AMP production.197 Thus, a promising solution to the high cost of chromatography techniques is the 

employment of Elastin-like Polypeptides (ELPs) and four-helix bundle protein DAMP4 carriers that allow protein 

isolation by non-chromatographic approaches.184, 198-201 Due to the relevance of ELP for the present thesis, the 

particularities of these carriers will be covered in detail in the following section (1.4). 

1.3.2.1.1 Strategies to hinder AMP toxicity and reduce protease degradation 

1.3.2.1.1.1 Inclusion bodies 

Overexpression of AMP as inclusion bodies (IBs) has proven effective for their production in E. coli. AMPs of 

considerable size and rich in cysteine residues are prone to aggregate and form IBs. While proteins' production as 

IBs may be detrimental and involve complicated purification and folding steps,190, 191 producing AMPs as IBs is 

beneficial since they shield AMP toxicity and hinder protease degradation.186 Moreover, in recent years, IBs have 

started to be considered active biomaterials, and several studies have highlighted the potential employment of 

AMP-based IBs against pathogenic bacteria.186 In addition, using AMP-IBs can improve the half-life of AMPs in 

vivo, modulating their release and maintaining antimicrobial potency over time.186, 202 For instance, lingual AMP 

and HD5 IBs have been reported to be strongly active against MRSA and P. aeruginosa, with antimicrobial 

activities comparable to the soluble AMPs.202 Further, surfaces covered by AMP-IBs inhibited carbapenem-

resistant K. pneumoniae biofilm formation.203 
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1.3.2.1.1.2 Production as fusion proteins 

A widely used strategy to hinder AMP toxicity towards the host cells is their production as fusion proteins, which 

directly impacts the protein solubility and stability (herein, the AMP-fusion term will refer to the production of 

AMP fused to a carrier).174, 180, 184, 204 The presence of carriers modifies the AMP properties, changing their overall 

charge and increasing their size, thus reducing their toxicity and protecting them from protease degradation.204 In 

some cases, the employment of carriers resembles the physiological production and storage of AMPs as inactive 

pro-AMPs,205 as described for defensins and cathelicidins in section 1.2.2. Thus, when exploring the designs for 

fusion AMPs, it is recommended to introduce a cleavage method to release the AMP from the AMP-fusion.180, 184, 

193, 204 Nevertheless, some AMPs must be released from the AMP-fusions to be active, while others retain their 

functionalities as fusion products.204, 206 Further, once the AMPs are released from the carriers, they are often 

purified using cation-exchange chromatography since the isoelectric point of AMPs is usually higher than that of 

the carriers.204 

Several carriers are available and have been proven to positively contribute to the successful production of AMP-

fusions in E. coli (Figure 15).184, 204 193 They can be grouped into three main classes: solubility-enhancing, 

aggregation-promoting and self-cleavage carriers.204 Consequently, diverse strategies have been developed 

employing one or multiple carriers fused to the AMP C-terminal and/or N-terminal;184, 207 for instance, a solubility 

carrier, in combination with a purification tag, is a widely used design that facilitates AMP-fusion production and 

simplifies its purification. However, no general rules can guarantee maximum productivity when selecting carriers 

and designing AMP-fusion to produce a given AMP.184 

Trx, glutathione transferase (GST) and small ubiquitin-related modifier (SUMO) belong to the solubility-

enhancing carriers.204 Trx is the most widely used carrier for producing AMPs,180 accounting for more than 25% 

of the AMP-fusions; it does not only enhance the solubility of AMP-fusions produced in E. coli cytoplasm but also 

improves the AMP yields since, given its small size, allows obtaining higher ratios AMP/AMP-fusion.208 GST 

dramatically improves the AMP-fusion solubility and can be employed simultaneously as a purification tag for 

affinity chromatography; nevertheless, in some cases, it has been found susceptible to protease degradation, thus 

ending in reduced yields.195, 204 SUMO also allows for higher ratios of AMP/AMP-fusion. In addition, it offers an 

efficient release of the AMP since it is the target of a highly specific protease.209 On the contrary, cleavage methods 

should be considered for releasing the AMP from Trx and GST fusions, and chemical or enzymatic release 

strategies have been employed. Moreover, Trx and SUMO are frequently combined with purification tags, mostly 

His6-tag, to simplify the downstream processes.184, 204 

For instance, active hBD1 has been recombinantly produced in E. coli N-terminally fused to a solubility tag and 

released from the carrier by incubation with a specific protease.210 Moreover, Maiti et al. (2014) reported high 

levels of soluble protein when a His6-Trx carrier was fused to hBD1 and hBD2, and AMPs released by incubation 

with enterokinase were active against E. coli, S. aureus and Salmonella enterica serovar Typhi.211 In addition, 

hBD3 have also been produced in E. coli as a His6-Trx fusion protein where optimisation of the culture conditions 

led to high expression levels of soluble His6-Trx-hBD3, and the released AMP demonstrated antimicrobial activity 

towards E. coli K12.212, 213 

Aggregation-promoting carriers are frequently combined with His6-tag. Oppositely to the solubility-enhancing 

carriers, they allow the production of the AMP-fusion as IBs, which protect the AMP from degradation, mask their 

toxicity to the host cells and simplify purification steps.204 The most common method for AMP release from 
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aggregation-promoting carriers is chemical cleavage using cyanogen bromide (CNBr), formic acid or 

hydroxylamine.204, 214, 215 For instance, high expression levels of hBD1 have been reported when fused to the C-

terminal of a His6-tag and PaP3.30 combined carrier, and the release of the AMP from the fusion was achieved by 

chemical treatment with CNBr.214 Also, high levels of fusion protein were detected when indolicidin was fused to 

PurF and produced in the cytoplasm of E. coli as IBs.215 

Self-cleavage carriers, like intein and Npro, allow for a simple self-cleavage strategy upon induction without harsh 

chemicals or expensive enzymes.216 Intein carriers have also been employed with ELPs and chitin-binding protein 

(CBP) carriers. For instance, a CBD-intein N-terminal carrier fused to hBD2 was successfully produced regarding 

solubility and yields and allowed for the pH-dependent release of an active AMP domain.217 Nevertheless, there 

are several limitations to their use at industrial levels, including the intein uncontrolled cleavage and Npro 

incomplete release.204 

 
Figure 15. AMPs are commonly produced as fusion proteins to hinder their toxicity toward bacterial hosts. Several carriers 

and release systems have been described and employed when producing AMP-fusions. 

Another approach is to use a toxicity quencher to hinder the detrimental effect of AMP on bacterial cells. In this 

strategy, the AMP is co-expressed with an anionic peptide that is highly prone to aggregation. Thus, like 

aggregation-promoting carriers, the AMP-toxicity quencher complex is produced in the cytosol of the bacteria as 

IBs, avoiding the lethal effect of AMP while reducing protease degradation. This system's main advantage is that 

it does not need further cleaving steps. The AMP and the quencher are not covalently linked; their complex relay 

only in electrostatic interactions. Thus, they can be easily separated by cation exchange chromatography once they 

are solubilised from IBs.218 

1.3.2.1.1.3 Multimerization and hybridisation strategies 

Multimeric expression has been demonstrated to improve the overall expression and yields of AMPs. This 

approach involves increasing the gene copy number to enhance transcription levels and express the AMPs as stable 

multidomain proteins.219, 220 APMs are produced as multimeric proteins, and once isolated from the host proteins, 

the AMP monomers are often released by chemical cleavage and further purified. Nevertheless, the protein 

expression levels are not always directly correlated to the increase of the copies of the AMPs. Indeed, it has been 

observed that the expression levels reach a maximum with certain copies of the AMP and drop dramatically if the 

copy number is further increased. In addition, the effect of multimerisation is AMP-dependent and varies for 

different expression systems.204 
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Further, multimerisation strategies have been combined with solubility carriers, where several copies of the 

peptides also increase the AMP/AMP-fusion ratio. For instance, Xu et al. (2005) studied the effect of coding hBD2 

in one, two, four and eight copies into four expression vectors and observed that the copy number, the vector choice 

and the presence of a solubility carrier impacted the expression of hBD2 multimers; in fact, expression was not 

detected from multimers cloned into pQE-30, pET-28a (one, two or four copies) and pBV220 (one or two copies) 

allowed the expression of the AMP but in low levels while only pGEX-4T-2, containing a GST carrier and one or 

two copies of hBD2, showed high expression levels. However, the Authors did not assess the antimicrobial activity 

of the monomers.221 Later, Xu et al. (2006) reported that the tandem expression of His6-Trx-2hBD2 (carrying two 

copies of the AMP) showed good solubility and volumetric productivity, and the released and pure AMP was 

efficient in inhibiting E. coli K12 growth.222 Moreover, indolicidin multimers (three copies) have also been fused 

to Trx, improving the solubility of the AMP-fusion and final yield of the AMP monomer while retaining its 

antimicrobial capacity.223  

On the other hand, hybridisation strategies aiming to improve expression levels and reduce toxicity towards the 

host cells have also been employed. Further, hybridisation strategies can increase the AMP selectivity, stability, 

antimicrobial capacity, and/or add other functionalities.219 In addition, there are reports where hybrid proteins 

obtained with high yields have been cleaved, giving rise to monomeric active AMPs or used as a hybrid protein 

with potentially enhanced activities compared to parental peptides.174 For instance, an N-terminal cecropin A 

(CecA) fragment has often been hybridised with other AMPs to reduce toxicity and improve selectivity.224 A hybrid 

CecA-forlicidin-2 peptide exhibited excellent antibacterial activity and cell selectivity toward bacterial over 

mammalian cells compared to forlicidin-2, a highly cytotoxic AMP towards eukaryotic cells.224 

Overall, E. coli offers numerous advantages for AMP production in terms of ease of handling, genetic engineering 

flexibility, rapid growth, high expression levels, simple purification, low production costs, stability, and simple 

scaling up. These advantages make it a popular choice for AMP production for research and industrial 

applications.185 However, the production of clinical AMPs in E. coli can also encounter regulatory limitations due 

to contamination with endotoxins, particularly LPS, and the release of genetically modified organisms into the 

environment.190, 225, 226 

1.3.2.2 Other production systems 

1.3.2.2.1 Yeast and fungal expression systems 

Pichia pastoris and Saccharomyces cerevisiae yeast expression systems are extensively used to produce proteins 

and peptides since they offer the advantages of unicellular organisms, including ease of genetic manipulation, rapid 

growth rates, and high protein yields as well as the secretory, post-transcriptional and PTMs machinery present in 

eukaryotes.172, 186, 227, 228 Peptides are produced intracellularly or secreted to the extracellular milieu, simplifying 

downstream purification and processing, resulting in good yields and simple scale-up processes. 186, 

229Furthermore, yeast expression systems enable the production of correctly folded and functional AMPs, including 

disulfide bond formation, O- and N-glycosylation, and accurate processing of signal sequences.193, 230, 231 Thus, 

expression systems employing P. pastoris have recently gained popularity for the extracellular production of folded 

and matured AMPs.184 Several AMPs have been produced in yeast systems, among them the members of the family 

of hBD. Properly folded and active hBD1 and hBD2 were expressed in S. cerevisiae,232, 233 and an anti-MRSA 

hBD2-derived AMP and HD5 were produced in P. pastoris.234, 235 
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Nevertheless, yeast expression systems present some challenges. Similarly to bacterial expression systems, 

producing AMPs may be toxic for the host cells, and yeast endogenous proteases may degrade them, reducing 

peptide production yields, stability and/or efficacy;232 thus, fusion strategies have been implemented for this 

expression system.174, 180, 184 Yeast glycosylation patterns, often hyperglycosylated peptides, differ from those found 

in mammalian cells, potentially impacting protein function or immunogenicity.186, 196 Moreover, even when several 

AMPs have been produced with high yields in yeast, many others have been produced in very low quantities or/and 

as inactive molecules.185 

Fungal expression systems are promising platforms for AMP production; however, they remain among the least 

explored platforms since developing fungus-based expression systems is complex and time-consuming. Among 

their advantages are their capacity to secret the AMPs to the media, their ability to produce disulfide bridges and 

superior PTMs than yeast and more similar to those of mammalian cells, their high yields (up to 25 g/L) and the 

low cost for their scalability.174, 236 

1.3.2.2.2 Plant expression systems 

Plant recombinant production systems are unique in terms of scalability, cost-effectiveness, and safety. These 

systems use plants, such as Nicotiana benthamiana, Nicotiana tabacum, Oryza sativa and Arabidopsis thaliana, 

as bioreactors to produce complex proteins at a large scale and a relatively low cost compared to traditional 

expression systems. Moreover, plant-based expression systems offer inherent safety benefits, as plants are not 

known to harbour human pathogens and do not produce endotoxins or other contaminants typically associated 

with microbial fermentation. Additionally, plants can perform many PTMs, such as glycosylation, which are 

essential for the functionality and efficacy of therapeutic proteins. AMPs overproduced in plants can often be easily 

extracted, facilitating downstream purification processes.174, 237, 238 Nevertheless, certain drawbacks still need to be 

addressed, among them their variable efficacy, stability in successive generations, and potential toxicity of the 

AMPs to plant cells and tissues.238 In addition, most plant expression systems developed so far to produce AMPs 

aim to enhance plant properties and protect themselves from diseases rather than to establish AMP production and 

purification platforms at a large scale.172, 186, 238 However, their capacities have drawn the scientific community's 

attention, and several steps have been taken to convert plants into AMP molecular farming.174, 237 An expression 

system for growing plant-derived cells in suspension combined with protein secretion and scaling up through 

bioreactors has been developed.174 

1.3.2.2.3 Insect expression systems 

Few AMPs, such as human defensins, have been successfully produced in insect cells.79, 239-241 Insect expression 

systems offer several advantages for protein production and have been primarily employed to produce insect-

derived AMPs, which can be highly toxic when expressed in bacteria and yeast hosts.242 These systems exploit 

insect cells, typically derived from species such as Spodoptera frugiperda (Sf9, Sf21), Trichoplusia ni (High-Five) 

or Drosophila melanogaster (S2), for either transient or stable production of the desired AMP.230, 242-244 Transient 

expression often involves infecting insect cells with recombinant baculovirus carrying the genes encoding the 

protein of interest. In contrast, the vector is inserted into the cell genome for stable expression.230, 243 The main 

advantage of insect expression systems lies in their capacity to perform complex PTMs, including glycosylation 

patterns, since insect cells are higher eukaryotes.243, 245 Nevertheless, insect cells produce shorter and less complex 

N-glycans than mammalian cells,196, 243 and O-glycosylation is only feasible in stable expression systems.230 
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Additionally, they offer safety benefits, as baculoviruses are specific to insects and do not infect vertebrates, 

minimising concerns related to pathogenicity.245 Still, their use for large-scale production of AMPs is limited as it 

encounters several limitations when compared to bacteria and yeast expression systems, including high production 

costs, low yields, scalability challenges, and susceptibility to infection. Moreover, another limitation is the long 

time required to go from DNA to target protein and the decay of baculovirus over time.196 Furthermore, degradation 

due to protease activity may be problematic, mainly due to the lytic cycle of the baculovirus.174, 243, 245 

1.3.2.2.4 Mammalian expression systems 

Mammalian expression systems are the preferred choice for producing biopharmaceutical and other therapeutic 

proteins, including antibodies, hormones, and growth factors, due to their ability to generate proteins with high 

fidelity to their native counterparts and compatibility with regulatory requirements for human therapeutics. These 

systems employ mammalian cells, such as Chinese hamster ovary (CHO) and human embryonic kidney 293 cells, 

to produce proteins with the notable advantage of achieving proper protein folding and PTMs, including 

glycosylation, phosphorylation, and disulfide bond formation, since they closely mimic the native environment of 

human cells.196, 246 However, mammalian expression systems’ main limitations are the high costs, long production 

times, and potential cell line stability and variability issues;186, 196 thus, they are not as popular as bacterial and 

yeast systems for recombinant AMP production. 

1.3.2.2.5 Cell-free protein systems 

Cell-free protein systems (CFPS) have been employed to produce and study AMPs, including hBD2.187-189, 247, 248 

These systems carry all the enzymes and proteins needed for gene transcription and protein translation without 

bacterial membranes or cell wall structure, affording the production of peptides with antibiotic activity.249 They 

comprise bacterial lysates or purified components that work as peptide manufacturers assembled in vitro. Further, 

protein production can be operated in either batch or continuous mode. The batch system is simple and convenient 

but with low yield. In contrast, in the continuous exchange system, high quantities of protein can be obtained due 

to the continuous replacement of substrates and the removal of side metabolic products.187, 250 Several CFPS have 

been developed in the last years based on E. coli,187-189 S. cerevisiae,251 Vibrio natriegens,252 some Streptomyces 

spp.253 and Bacillus spp.254 and CHO cells;255 however, only E. coli CFPS have been employed for AMP 

production.187-189 hBD2 has been successfully produced employing either batch or continuous E. coli CFPS, but 

high productivity, up to 2 mg/mL, was achieved only using continuous mode.187-189 Nevertheless, there is no report 

on the use of CFPS for large-scale production of AMPs, and it remains the least exploited method for peptide 

production. 

1.3.3 Semi-synthetic approach 

Semi-synthetic strategies for peptide production have emerged in recent years to overcome the difficulties faced 

during the chemical and biological production of AMPs. In this approach, recombinant or naturally produced 

peptides are modified using chemical or enzymatic methods to enhance their activity, stability, or other desired 

characteristics. This strategy is essential for peptides with difficult-to-synthesise sequences or when further 

modifications of the peptides are needed to enhance their biological activity and stability against proteases or to 

improve their pharmacokinetic properties. Moreover, it can simplify the synthesis process by modifying specific 

regions of a peptide rather than synthesising the entire sequence from scratch. It can be more cost-effective than 
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complete synthesis approaches, particularly for large or complex peptides. Among the peptides produced by semi-

synthetic methods are vancomycin analogues, glycopeptide and lipopeptide antibiotics.179 

1.4 Elastin-like polypeptides as carriers for AMP production 
Artificial bio-inspired polymers possess many favourable features that allow their use in biomedical and 

biotechnological applications, spanning from tissue engineering to drug delivery and controlled release. They 

mimic the structure and properties of natural biological materials; thus, they are highly biocompatible and 

biodegradable without releasing toxic by-products. In addition, they can be finely tuned to achieve specific 

properties tailored to the intended application and allow for precise control over interactions with biological 

systems, such as cell adhesion and protein binding. At the same time, their smart properties, i.e., their response to 

different environmental stimuli, constitute an advantage during purification, self-assembling, and drug release, just 

to mention a few.256 ELPs are among this class of biologically inspired protein-based materials.257, 258 

1.4.1 ELP structural properties 

ELPs are stimuli-responsive biopolymers based on elastin, a key extracellular matrix protein that provides 

resilience and elasticity to tissues and organs. Elastin, among the most hydrophobic proteins known, is the major 

component of elastin fibres, and it is produced by fibroblasts, smooth muscle cells, chondrocytes, keratinocytes, 

endothelial and airway epithelial cells as a soluble precursor, tropoelastin.259-261 This precursor is composed of 

alternating hydrophobic and hydrophilic domains encoded by separate exons; thus, the protein domain structure 

reflects the exon organisation of the gene.259, 262 The hydrophobic domains are rich in glycine, valine, proline and 

alanine; they are often organised in repeats of three to six residues, such as PGVGV, GGVP and PGVGVA,263 and 

are responsible for the elastin coacervation properties, concentrating and aligning tropoelastin molecules prior to 

cross-linking. On the other hand, hydrophilic domains are typically rich in lysine and alanine,263 and are often 

made of stretches of Lys separated by two or three Ala residues, such as AAAKAAKAA, and are involved in cross-

linking during the formation of mature elastin.259-261 Tropoelastin cross-linking through ε-(γ-glutamyl) lysine 

bonds is performed by lysyl oxidase enzymes, rendering elastin remarkably insoluble and stable, lasting up to 70 

years.259-261 

Thus, most of the ELPs are designed based on the repeated VPGXG motif derived from the hydrophobic domain 

of mammalian tropoelastin, where the four aa of the repeat, X, represents a guest residue that can be any natural 

or non-natural α-aa except proline.264 Further, the X aa is often employed to enhance ELP functionalities without 

affecting their thermal behaviour. For instance, introducing aa with chemically reactive side chains such as 

cysteines, glutamines, and lysines facilitates cross-linking among ELP molecules, while introducing tyrosines 

allows for spectrophotometric analysis.265, 266 

ELPs are often denoted as [(XiYjZk)n], where X, Y, and Z specify the guest residues; i, j, and k are their relative 

ratios, and n is the total number of pentapeptidic repeats, ranging from 20 to 330. Nevertheless, this designation 

does not specify the arrangement among repeats nor indicate possible additional residues at the N- or C-terminal 

ends of the ELP.267, 268 

1.4.2 ELP thermo-responsive properties 

The first reference to ELPs in the scientific literature dates to the pioneering studies by Urry and colleagues focused 

on understanding the unique properties of elastin-derived polymers carrying the basic VPGVG repeat, using first 
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synthetic and then recombinant ELP polymers. Overall, these studies significantly contributed to unveiling the 

most distinctive characteristic of this family of biopolymers: their thermo-responsive behaviour.264, 269-276 Urry's 

experiments elucidated the temperature-dependent phase transition behaviour of ELPs, characterised by reversible 

coacervation above a critical temperature, which he called inverse temperature transition (Tt),269, 273, 274 later 

recognised as lower critical solution temperature (LCST).268 Thus, below a particular Tt, ELPs are soluble and 

adopt a typically disordered hydrophilic structure, while above it, they separate into an insoluble, biopolymer-rich, 

coacervate phase characterised by regular β-spiral structures.277 He demonstrated that intermolecular hydrophobic 

interactions are predominant in the coacervate phase and revealed the effect of biopolymer concentration and 

molecular weight, among others, on temperature-response profiles.264, 269, 270, 274 In addition, he investigated the 

impact of sequence composition, particularly of the guest residue of the basic repeat, on ELPs’ thermal 

properties.264, 275, 276 

These thermo-responsive properties are closely related to the ELP chain's interactions with H2O molecules and are 

dictated by the entropy changes associated with these interactions (Figure 17). In an aqueous solution and at low 

temperatures, the change in Gibbs free energy is negative, allowing ELP and H2O to mix spontaneously. Thus, the 

arrangement of H2O molecules around the ELP chain is highly ordered, leading to negative entropy changes. 

However, as temperature increases, the mixing becomes energetically unfavourable, leading to the phase 

separation of ELPs from H2O molecules. Above the Tt, hydrophobic interactions become favourable, causing ELP 

chains to aggregate and form a coacervate phase, expelling H2O molecules and increasing entropy. This entropy 

gain drives the transition from a soluble to an insoluble state. Conversely, when the temperature decreases below 

the Tt, the hydrophilic interactions between H2O molecules and the ELP chains become dominant again, causing 

the coacervate phase to dissolve back into the aqueous solution. This re-solvation process is associated with 

decreased entropy, as H2O molecules reorganise around the biopolymer chains.278, 279 In summary, the transition 

of ELP from soluble to insoluble in H2O with increasing temperature is driven by changes in entropy and Gibbs 

free energy, reflecting the balance between ordered and disordered states in the system. 

ELP aggregation turns optically transparent solutions into cloudy mixtures (Figure 16); thus, the Tt is often 

determined by ELP turbidimetry-temperature-dependent profiles at 350 nm in the concentration range and buffer 

condition desired. Plotting absorbance values at 350 nm versus temperature, a sigmoidal curve is obtained, and Tt 

is reported as the temperature at which the optical density (OD) reaches 50% of its maximum value. In addition, 

the shape of the curve also gives information about the transition.280, 281 

The Tt at which the phase separation occurs is influenced by several parameters, such as the length of the repeat 

unit and the number of repeats, its molecular weight and concentration, as well as the composition of the guess 

residue, and the presence of specific motifs. The Tt decreases as the molecular weight and concentration in the 

solution increase; for instance, ELPs with high molecular weight show a sharper transition at lower Tt.270 In 

addition, the guess residue cannot be proline because it disrupts conformation and LCST properties,264, 282 and 

hydrophobic guest residues result in a lower Tt, while more hydrophilic residues increase the Tt.264 Further, charged 

residues in position X made ELPs responsive to pH,267 and they exhibit coacervation properties only when their 

charge is neutralised.283 In addition, among other factors, the presence of co-solutes such as NaCl also modifies 

the Tt, which is shifted to lower values with increasing salt concentration; nevertheless, the type of salt also 

influences ELP assembly and aggregation.278 
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Figure 16. LCST behaviour of ELPs. Below the Tt, ELPs are hydrated and completely soluble, resulting in clear aqueous 

solutions. However, when the temperature exceeds the Tt, the ELPs undergo phase separation and form coacervates, causing 

the solution to become cloudy. Upon lowering the temperature, the ELPs re-dissolve and become soluble again. Reproduced 

from ref.279 Anastasia K Varanko, Jonathan C Su, Ashutosh Chilkoti, “Elastin-Like Polypeptides for Biomedical Applications”, 

Annu Rev Biomed Eng, Vol 22, Page 348 (2020), with permission from Annual Reviews. Copyright © 2020 by Annual 

Reviews. All rights reserved. 

1.4.3 ELP production and purification 

Urry’s studies were initially performed with small synthetic ELP peptides obtained through SPPS and 

polymerisation methods;273, 284 nevertheless, these techniques were limited due to labour-intensive methodologies, 

reduced scalability, low yields, high costs, and macromolecular polydispersity of the polymers obtained. Hence, 

the emergence of DNA recombinant technologies addressed these issues, being considered a more practical and 

affordable way of obtaining ELPs, allowing the production of monodisperse polymers with larger molecular 

weights and suitable for industrial-scale production.285 

Thus, Urry described, for the first time, the genetic engineering of ELPs by concatemerisation of a synthetic DNA 

sequence encoding the desired ELP monomer. Therefore, monomer genes are connected at overlapping sticky ends 

within a bacterial vector, forming an ELP oligomer.285, 286 Nevertheless, due to the intrinsic limitations of the 

methods, i.e., the uncontrolled oligomerisation, this technique was later substituted by the recursive directional 

ligation (RDL) method.267 This approach entailed the sequential assembly, in a stepwise manner, of an ELP gene 

monomer with a linear plasmid vector following a seamless cloning strategy employing a single restriction 

enzyme. Further, the same group refined this method and developed PRe-RDL (recursive directional ligation by 

plasmid reconstruction), which involves pairing two ELP-plasmid halves, each one containing an ELP monomer, 

to form a dimer ELP. This approach's advantage relies on using type II restriction enzymes to obtain linear ELP-

plasmid halves with sticky ends, overcoming significant limitations of RDL, such as plasmid circularisation.287 

Altogether, these advancements laid the groundwork for the widespread recombinant production of ELPs using 

efficient and scalable platforms.  

ELP recombinant production offers precise control over sequence design and allows tailoring their chemical 

reactivity and mechanical, thermodynamic, physico-chemical, and biochemical properties, influencing ELPs' 

behaviour and determining their suitability for particular applications. So far, there are reports of the production 

https://www.annualreviews.org/content/journals/10.1146/annurev-bioeng-092419-061127
https://marketplace.copyright.com/rs-ui-web/mp/license/375ca81e-9da0-4084-8382-94b6d669283d/22e564e0-0a1e-40a3-9eca-9cebd50cb7ed
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of ELPs in several hosts, including yeasts (P. pastoris), fungi, and plants;288, 289 nevertheless, due to the advantages 

of bacterial expression systems, ELPs have been primarily produced in E. coli.257 

Further, ELPs are produced, either as IBs or as soluble biopolymers in the cytoplasm of E. coli, bacterial cells are 

lysed, and ELP thermo-responsive properties are used for their purification. This method, first used by Urry, 

exploits, in a clever manner, the reversible phase transition properties of ELPs for their isolation and purification 

from bacterial lysates, with excellent purity and low endotoxin levels.290 Further, Meyer and Chilkoty (1999) 

successfully employed simple rounds of cold and warm centrifugations for the purification of ELP-based proteins, 

a method that they coined as “inverse transition cycling” (ITC, schematically represented in Figure 17).291 

 
Figure 17. Schematic representation of one ITC cycle to purify ELP-based proteins. Reproduced from ref.292 under a Creative 

Commons license CC BY 4.0. Copyright © 2022 by Jolinde van Strien,Oscar Escalona-Rayo,Wim Jiskoot,Bram 

Slütter,Alexander Kros. Published by Elsevier B.V. 

ITC takes advantage of the reversible solubility of ELPs in response to changes in temperature and/or other external 

stimuli (i.e. salt concentrations) to efficiently separate ELPs from the host proteins by repeated centrifugation 

cycles below and above the Tt. LCST phase separation can be triggered by simple rising temperature above Tt 

and/or isothermally induced by adding salts in the Hofmeister series, such as NaCl and (NH4)2SO4, with a neutral 

and strong propensity to promote protein aggregation, respectively. For instance, NaCl concentrations ranging 

from 2-3 M or a few hundred mM of (NH4)2SO4, are sufficient to induce isothermal ELPs and ELP-based protein 

aggregation while having little or no impact on the host soluble contaminants.293 Initially, the bacterial lysate 

supplemented with salt is heated above the Tt. This causes ELPs transition from a soluble state to an insoluble 

coacervate phase, while most E. coli proteins remain soluble. Subsequently, ELPs are pelleted by centrifugation at 

temperatures above the Tt; the supernatant containing most of the host protein is discarded, and the resulting pellet, 

predominantly composed of ELPs, is resuspended in a cold buffer. Then, a round of centrifugation at temperatures 

below the Tt allows the separation of the soluble ELPs from the host proteins that co-precipitated with ELP during 

the warm step and that were irreversibly aggregated and unable to resolubilise in the cold step. Further, this cycle 

of aggregation, warm centrifugation, re-solubilization, and cold centrifugation can be repeated as many times as 

needed to achieve the desired purity.257, 291 

Altogether, these efforts extensively addressed the challenges in ELP synthesis and established a methodology for 

their purification employing a cost-effective method that does not involve expensive, complex and time-consuming 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.sciencedirect.com/science/article/pii/S0168365922008471?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0168365922008471?via%3Dihub
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chromatographic steps. This enables the efficient and scalable production of ELP with uniform and desired 

properties, paving the way for developing ELP-based biomaterials with tunable thermo-responsive properties and 

highlighting their potential as protein carriers, purification tags and versatile biomaterials. 

1.4.4 ELP applications 

1.4.4.1 ELPs for producing therapeutic agents 

1.4.4.1.1 ELP fusion carriers for bioactive domains production and delivery 

Proteins and peptides employed as clinical drugs often have poor pharmacokinetic properties, low bioavailability 

and high immunogenicity. Recent studies have demonstrated the potentiality of fusing proteins and peptides to 

recombinant carriers to produce novel therapeutic agents with enhanced properties.294 The high biocompatibility, 

lack of toxicity and thermo-responsive properties of ELP biopolymers make them ideal fusion carriers for 

producing materials for biological applications.265, 291, 295, 296 It has been widely studied that ELP fusion to bioactive 

domains does not compromise their thermo-responsive behaviour;291 nevertheless, their Tt is shifted depending on 

the surface hydrophobicity of the fusion domain, with more hydrophobic domains showing a decreased Tt.280 Thus, 

several bioactive domains have been used to functionalise ELPs; consequently, the final fusion protein carries both 

the biological activity of the domain of interest and the ELP coacervation properties in response to diverse stimuli 

(Table 3).289, 295, 297, 298 ELP fusions are often produced in E. coli due to the aforementioned properties of this 

platform for heterologous protein production or obtained by chemical conjugation using click chemistry.289 

Table 3. Examples of bioactive domains fused to ELPs. Reproduced with permission from ref.289 under a Creative Commons 

Attribution 4.0 International License CC BY 4.0 DEED. Copyright © 2023 by Yingshu Guo, Shiwei Liu, Dan Jing, Nianzu Liu 

and Xiliang Luo. 

Protein composition Tt (°C) Half-life 
(t1/2)/h 

Bioactive 
Domain 

Therapeutic effect 

IFN-ELP90 45.3 8.6 IFN Inhibit tumour growth. Prolong the survival time of 
mice. No hemolysis. 

IFN-ELP(V)90 37 280 ± 0.5 IFN Stimulate anti-tumour immune response. Inhibit the 
recurrence of glioblastoma. 

IFN-α-MMPs-ELP(V)90 < 37 422.2 ± 13.7 IFN-α Improve anti-tumour efficacy. Increase intratumoral 
accumulation. 

α-FLT3-ELP(A)192 42.3 14.7 α-FLT3 The fusion protein has high stability and specificity. 
Effective therapeutic effect on AML. 

α-CD99-ELP(A)192 45.3 15.8 α-CD99 Reduces cell viability of AML cell lines. Reduced 
leukemia burden in mice. 

DRA-ELP(V)120 25 - DRA Eliminate DRA-sensitive tumour tissue 
mini cry-ELP(S)48(I)48 30 2.8 miny cry Inhibit RPE apoptosis and caspase-3 activation and 

protect the retina from cell death. 
FGF-21-ELP120 ~ 30 16.6 ± 3.9 FGF-21 A single injection can control blood sugar for 5 days. 

vRAGE-ELP(V40C2) 30 - vRAGE Reduce expression of pro-inflammatory factors. 
Accelerate wound healing in mice. 

ELP fusions improve the stability and bioavailability of therapeutic proteins and peptides by protecting them from 

enzymatic degradation, denaturation, or aggregation in physiological environments, preserving their bioactivity 

and therapeutic efficacy and, at the same time, increasing their half-life due to the increase in size and helping to 

mask potential immunogenicity of the bioactive domain.299, 300 In addition, their reversible phase transition 

behaviour in response to external stimuli, such as temperature or pH, can be exploited to produce, under 

physiological conditions, a therapeutic protein reservoir or depot that is slowly released in a controlled manner, 

exerting their therapeutic effects for longer times while minimising systemic side effects (Figure 18).301-304 On the 

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://jnanobiotechnology.biomedcentral.com/articles/10.1186/s12951-023-02184-8#Abs1
https://jnanobiotechnology.biomedcentral.com/articles/10.1186/s12951-023-02184-8#Abs1
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other hand, the ELP moiety is biodegradable and can undergo enzymatic degradation in the body mainly due to 

elastase and collagenase activity, leading to the gradual release of the active molecule and the clearance of ELP 

by-products that have a high bioresorbability due to their biotic origin.305, 306 This biodegradability minimises the 

accumulation of carrier materials and facilitates the elimination of exogenous substances from the body, enhancing 

the safety profile of ELP-based drug delivery systems.279 

 
Figure 18. ELP fusion protein applications for the sustained release of bioactive molecules. Adapted from ref.296 Stefan 

Roberts, Michael Dzuricky, and Ashutosh Chilkoti, “Elastin-like polypeptides as models of intrinsically disordered proteins”, 

FEBS letters Vol 589, Page 2481 (2015) with permission from John Wiley & Sons – Books. 

Overall, producing therapeutic proteins and peptides as ELP fusion offers several advantages, including 

biocompatibility, tunable properties, stimuli-responsive delivery, enhanced stability, versatile delivery platforms, 

and biodegradability, making them promising candidates for advanced drug delivery applications. 

1.4.4.1.2 ELPs as purification tag 

In recent years, ELPs have attracted significant attention for protein purification due to ITC advantages compared 

to other methods relying on chromatography separation. Thus, ELPs have been employed as carriers to improve 

biological performance and deliver in vivo fused bioactive domains, as well as purification tags to allow the 

obtention of high-purity proteins and peptides using simple and cost-effective platforms.266, 280, 291, 297, 307-310 ELP 

tags have been successfully employed to purify the domain of interest produced as ELP fusions in E. coli, P. pastori 

and plants.288, 309 

Unlike other purification tags that involve chromatographic separation, which often requires expensive resins and 

specialised equipment, ELP purification primarily relies on simple reagents and equipment such as NaCl and a 

standard laboratory centrifuge. This simplicity reduces the overall cost of the purification process. It minimises 

the need for sophisticated instrumentation and reagents, making it accessible to a broader range of research 

laboratories and facilities, especially those with limited resources. Moreover, the method operates under mild 

conditions, preserving the native structure and bioactivity of the tagged proteins, making them suitable for 

biomedical applications. Furthermore, the scalability of ITC enables efficient purification of proteins at various 

production scales, from research laboratories to industrial and pharmaceutical settings, without significant 

additional cost or complexity. In addition, when needed, it can be combined with other purification techniques, 

https://www.sciencedirect.com/science/article/pii/S0014579315007292#s0050
https://www.sciencedirect.com/science/article/pii/S0014579315007292#s0050
https://marketplace.copyright.com/rs-ui-web/mp/license/d62b8933-fb93-44bb-b4ef-1f4ac72d173e/c0f24386-a475-42f5-8e06-de8d390c5337
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such as chromatography, allowing for customisation of the purification process based on specific requirements and 

desired purity levels.280, 308-310 

In addition, when ELPs are employed as purification tags, the domain of interest is often released to avoid the ELP 

moiety's interference with its biological activity. Frequently, the release is achieved by incubation with a specific 

protease that targets the linker sequence between the domain of interest and the ELP macromolecule and then at 

least one more purification step is carried out to purify the released domain. In this sense, ELP tags offer another 

advantage since after cleavage of the fusion protein, the released ELP tag and unreacted ELP-fusion proteins can 

be separated from the bioactive domain by an ITC cycle, simplifying the downstream process; nevertheless, the 

proteases remain soluble and are co-purified with the domain of interest. Other innovative approaches involve the 

use of ELPs as the carrier for the proteases (ELP-tagged protease); thus, once the ELP fusion protein is purified 

from host contaminants by the ITC method, it is incubated with ELP-tagged protease for the release of the bioactive 

domain. Thus, a subsequent purification step, exploiting ELP’s coacervation properties, allows for the selective 

separation of the bioactive domain from ELP-based macromolecules, including the ELP-tagged protease (Figure 

19).310, 311 

 
Figure 19. Schematic representation of purification of recombinant proteins using ELP-tagged proteases. Reprinted 
from ref.311 Dongming Lan, Guangrui Huang, Hongwei Shao, Lichun Zhang, Lixin Ma, Shangwu Chen, Anlong Xu “An 

improved nonchromatographic method for the purification of recombinant proteins using elastin-like polypeptide-tagged 

proteases”, Analytical Biochemistry, Vol 415, Page 201 (2011), with permission from Elsevier. Copyright © 2011 Elsevier 

Inc. All rights reserved. 

Moreover, ELPs are versatile tags that can be combined with other purification methods. For instance, an ELP-

affinity tag carrying an affinity peptide was successfully employed to selectively purify the domains of interest by 

affinity precipitation (Figure 20). Briefly, this strategy involves the fusion of an ELP sequence with an affinity tag 

(ELP-affinity tag), creating a fusion protein where the ELP retains the thermo-responsive behaviour and serves as 

a carrier and purification tag, while the affinity tag facilitates the specific binding of the target domain. Thus, the 

fusion protein is recombinantly produced in E. coli, and the ITC is exploited for purification. Then, the pure ELP-

affinity tag is incubated with a protein extract or cell lysate containing the domain of interest, which specifically 

binds to the ELP-affinity tag; thus, a stable complex (ELP-Protein) is formed. Right after, ELP’s LCST properties 

are exploited to selectively precipitate the ELP-Protein complex, which is separated from the other contaminants 

by centrifugation. Further, the ELP-Protein complex is solubilised in a suitable buffer that allows the release of the 

https://www.sciencedirect.com/science/article/pii/S0003269711002740?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0003269711002740?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0003269711002740?via%3Dihub
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=525e8d54-bcdb-46b7-ae72-25d365ec4df5
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domain of interest from the fusion protein. Finally, the domain of interest is purified from the ELP-affinity tag 

exploiting ELP’s thermal properties. Thus, this method allows for efficient protein purification via affinity 

precipitation, with high-affinity systems resulting in high purity and yield. At the same time, multivalency-based 

interactions may improve the performance of intermediate-affinity systems and low-affinity systems may pose 

challenges. Other factors, such as ELP and protein hydrophobicity and linkers between the ELP and affinity tag, 

also influence the process's success. This approach offers promises to produce new affinity strategies without 

involving complex and costly affinity chromatography procedures and allows for continuous precipitation 

processes. In addition, the interactions between the ELP-affinity tag and the domain of interest are non-covalent; 

thus, the release is achieved simply without using harsh chemical reagents or enzymes, which may complicate the 

process and increase the prices.312, 313 

 
Figure 20. Schematic representation of the sequential steps employed for the affinity-precipitation using an ELP-affinity tag 

to purify a protein of interest. Reproduced from ref.312 Akshat Mullerpatan, Divya Chandra, Erin Kane, Pankaj Karande and 

Steven Cramer “Purification of proteins using peptide-ELP based affinity precipitation”, Journal of Biotechnology, Vol 309, 

Page 62 (2019), with permission from Elsevier. Copyright © 2019 Elsevier B.V. All rights reserved. 

Furthermore, other Authors have reported organic extraction-precipitation methods to obtain biologically active 

ELP fusion proteins. These Authors reported that this method further reduced the purification times to 2.5 h while 

removing major host cell contaminants and with LPS levels below 1 EU/mL, indicating the suitability of this 

method for producing materials for in vivo applications.314 

More recently, a novel purification method combining aqueous two-phase flotation (ATPF) with ITC was 

efficiently used to purify recombinant β glucosidase-ELP-graphene binding fusion from cell lysis solution. The 

Authors demonstrated that the developed method overcame significant issues associated with non-specific 

adsorption and time-dependent denaturation in the purification of recombinant proteins by multistage 

chromatographic procedures; they did not find any adverse effect of the ATPF-ITC on the structure of the 

recombinant protein obtained.315 

Thus, using ELPs as purification tags provides an efficient, straightforward, scalable, cost-effective, mild, versatile 

and environmentally sustainable method for obtaining high-purity proteins for biomedical and biotechnological 

https://www.sciencedirect.com/science/article/pii/S0168165619309484?casa_token=MwYtgeC5mLcAAAAA:QGF-7vVIKXMe4kBRPRIAbRI6vz5VZ40-1y5fiy4rIIhhyNtiiXVr2zqtp92m_9hjDrfvWx8mkw
https://www.sciencedirect.com/science/article/pii/S0168165619309484?casa_token=MwYtgeC5mLcAAAAA:QGF-7vVIKXMe4kBRPRIAbRI6vz5VZ40-1y5fiy4rIIhhyNtiiXVr2zqtp92m_9hjDrfvWx8mkw
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=0524ee81-fdb7-4123-8d98-01ecbd499b14


 

44 

Introduction Chapter 1 

purposes. Nevertheless, there is no report on using ELP tags in industrial or pharmaceutical protein purification 

processes. 

1.4.4.2 ELP application in tissue engineering and drug delivery 
Due to their unique properties, ELPs have attracted significant interest in tissue engineering, drug delivery (Figure 

21), regenerative medicine, and biosensing, among other applications. Their reversible phase transition behaviour 

allows for the development of dynamic stimuli-responsive biomaterials that can undergo reversible changes in 

mechanical properties, porosity, or shape in situ, enabling minimally invasive procedures and dynamic tissue 

engineering applications.268, 279, 289, 298 

Similarly to other thermo-responsive polymers, ELPs can self-assemble into micelles, vesicles, and nanofibers.288, 

292 Moreover, they have low immunogenicity and low adhesion capabilities to platelets;289 thus, engineered ELPs 

are excellent biopolymers for producing smart drug carriers that encapsulate therapeutic agents and release them 

in a controlled fashion in response to diverse stimuli, such as changes in temperature, pH, or enzyme activity.292 

For instance, covalently linked ELP diblocks composed of a hydrophobic and a hydrophilic domain, each with a 

different Tt, have been employed to encapsulate bioactive molecules or cells. These diblocks are soluble below 

the critical micellar temperature, but above it, the hydrophobic domain self-assembles, creating spherical micelles 

where hydrophobic domains form the micelle core and are in contact with the drugs while hydrophilic domains 

are exposed; further, the modification of hydrophobic domain guest residue can make the diblock pH-responsive. 

Thus, controlling temperature or pH, sustained release kinetics and targeted delivery to specific tissues or cells can 

be achieved.257, 268, 292, 296 

 
Figure 21. ELP biomedical applications for drug delivery and tissue engineering. Adapted from ref.296 Stefan Roberts, Michael 

Dzuricky, and Ashutosh Chilkoti, “Elastin-like polypeptides as models of intrinsically disordered proteins”, FEBS letters Vol 

589, Page 2481 (2015) with permission from John Wiley & Sons - Books. 

Other strategies are based on the use of ELP recombinant chimeric peptides carrying small tags (i.e. cysteine 

residues) for the chemical conjugation of hydrophobic bioactive domains creating macromolecules that 

spontaneously self-assemble into nano micellar structures with the cargo drug sequestered in the core of the 

micelles.316, 317 These structures have been extensively studied and proven efficient in delivering chemotherapeutic 

drugs, improving their aqueous solubility, plasma half-life, tumour-specific uptake and therapeutic potential.257, 279 

https://www.sciencedirect.com/science/article/pii/S0014579315007292#s0050
https://www.sciencedirect.com/science/article/pii/S0014579315007292#s0050
https://marketplace.copyright.com/rs-ui-web/mp/license/d62b8933-fb93-44bb-b4ef-1f4ac72d173e/c0f24386-a475-42f5-8e06-de8d390c5337
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For instance, in cancer therapy, ELP-based nanoparticles have been designed to co-encapsulate chemotherapeutic 

drugs and targeting ligands, such as antibodies against tumour-specific antigens, allowing for precise drug delivery 

to cancer cells and minimising systemic toxicity.279, 292 In these micellar structures, drug toxicity is shielded in the 

micelle core by direct conjugation or interaction with the hydrophobic domain, while the conjugation of target 

ligands to the hydrophilic exposed domain can direct the drug to its site of action.292, 318 Further, multiple drugs or 

therapeutic agents can be co-encapsulated within these structures, contributing to synergistic effects, personalised 

treatment, and improved therapeutic outcomes for various diseases, including cancer, infections, and inflammatory 

disorders. 

ELP-based biomaterials have shown promising results in wound healing applications. ELP micelles-based 

dressings have been developed to deliver ELP-fused antimicrobial peptides, such as LL-37, and growth factors for 

re-epithelialisation and epidermal regeneration, such as KGF and SDF1, to combat infections in chronic wounds, 

promoting faster healing and tissue regeneration.319 

ELPs can be engineered to mimic the extracellular matrix proteins, providing an ideal environment for cell 

adhesion, proliferation, and differentiation.257, 279, 289 ELP-based scaffolds/hydrogels have been tailored to mimic 

the mechanical properties of specific tissues, providing a three-dimensional matrix and an ideal environment for 

cell growth and tissue regeneration.289, 320-322 ELP-based hydrogels have been engineered to respond to temperature 

changes, allowing for minimally invasive delivery and in situ gelation for tissue repair. For instance, ELP thermal 

properties can be tuned to obtain in situ scaffolds upon injection, representing an advantage to ex vivo cells loading 

into pre-formed scaffold and implantation. Thus, cells are encapsulated on ELP scaffolds upon coacervation or due 

to covalent cross-linking in the presence of chemical stimuli. Depending on the application, the uncross-linked 

scaffold may not bear the desired rheological properties. Often, scaffold structures stabilised by cross-linking are 

employed to improve the behaviour of coacervation-driven scaffolds.257, 323 

ELP scaffold properties can be tuned to mimic native tissue environments by modification of the guest residue, N- 

or C-terminal of ELP biopolymers, introducing aa with reactive side chains such as glutamine, lysine, serine, 

threonine, and cysteines as well as a linker that reacts with the functional groups on ELP side chains.324 Chemical 

cross-linking of ELP chains using genipin or UV irradiation has also been reported.325 Moreover, ELP biopolymers 

carrying lysine and glutamine can be efficiently cross-linked by transglutaminase enzymes (TGase), a mild 

reaction that does not affect cell encapsulation.326 Thus, ELP-based cross-linked scaffolds have been helpful in 

encapsulating human mesenchymal stem cells (hMSCs) and delivering them to damaged tissues, enhancing cell 

survival and promoting tissue regeneration.324 

Moreover, these scaffolds, similarly to elastin, are susceptible to elastase and collagenase enzyme activity, 

producing elastin-derived peptides similar to those produced during extracellular matrix remodelling and that may 

regulate critical cellular activities.327 

Furthermore, ELPs may serve as contrast agents for biomedical imaging modalities such as magnetic resonance 

imaging, ultrasound, and optical imaging. By conjugating imaging probes to ELPs, enhanced contrast and 

specificity can be achieved for diagnostic purposes.289, 328, 329 

In conclusion, ELPs represent a versatile class of components with unique thermal behaviour and tunable 

properties that make them attractive for a wide range of biomedical applications. From smart drug delivery systems 

to tissue engineering hydrogels and scaffolds, ELPs offer smart solutions to intricate biomedical challenges. 

However, significant research efforts are still needed to overcome existing hurdles and fully exploit the potential 
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of ELP-based materials in clinical practice. By addressing issues related to synthesis methods, structural 

characterisation, biocompatibility, long-term stability, and regulatory approval, ELPs hold promise for 

revolutionising various aspects of modern medicine. Future research directions may include the design of 

multifunctional ELPs capable of integrating multiple functionalities, such as targeting ligands, imaging probes, 

and therapeutic payloads and allowing combined and personalised therapy. 

1.4.5 Human Elastin-like polypeptides: a platform to produce smart and functional biomaterials 

Most ELPs described in the literature are built upon the mammalian pentapeptidic repeat VPGXG, with variable 

guest residues and minor modifications to fine-tune the properties of the resulting polymer to suit specific 

applications. However, there are numerous other ELPs with different repeats but similar thermal behaviour, such 

as those consisting of the pentapeptidic IPGVG, KGGVG, VGGVG, GVGVP, the heptapeptidic LGAGGAG, and 

nonapeptidic LGAGGAGVL repeat sequences.265, 266 

Remarkably, another ELP has been inspired by the hexapeptidic repeat found in human tropoelastin (VAPGVG) 

and consequently named Human Elastin-like Polypeptide (HELP). Notably, the HELP polymer mirrors the 

structure of the human tropoelastin by incorporating most of the exon 24 of tropoelastin, encoding its hydrophobic 

domain, alongside the hydrophilic domain encoded by the second half of exon 23. Consequently, HELP comprises 

eight repetitions of a block alternating hydrophilic and hydrophobic domains, closely resembling the native 

tropoelastin primary structure (Figure 22). The main motivations behind constructing an ELP biopolymer based 

on the human elastin repeats were its expected low immunogenic potential and its role, upon release, in cell 

proliferation and other critical cellular functions. In addition, including the tropoelastin hydrophilic domains in 

this ELP sets it apart from the others. Firstly, the alanine-rich domain within the hydrophilic region serves as a 

target for elastase enzymes,330, 331 facilitating their biodegradation and reabsorption within tissues, as well as 

enabling the release of any bioactive domains fused to the macromolecule, enhancing its versatility and allowing 

for the sustained and smart release of the domain of interest. Moreover, the presence of lysine and glutamine 

residues within the hydrophilic domain offers the potential for forming stable hydrogel matrices. In the presence 

of a TGase enzyme, these residues form an isopeptide bond, resulting in cross-linking; thus, herein, the alanine-

rich hydrophilic domain will be referred to as the cross-linking domain, underscoring its role in facilitating the 

formation of stable hydrogel structures.329, 332 

Hence, following an RDL method, eight repetitions of the PCR-amplified DNA fragment corresponding to the 

desired sequence from exons 23 and 24 were assembled in an expression vector, and restriction sites flanking the 

C-terminal of the HELP coding sequence were designed to insert any further domain of interest. The HELP 

biopolymer is routinely produced in E. coli and purified following an ITC method with high purity, yielding up to 

about 200 mg per litre of bacterial culture.329, 333 The physico-chemical characterisation of HELP revealed that this 

new artificial protein retained the thermal behaviour characteristic of ELPs.334 Furthermore, the biological 

characterisation of this macromolecule did not evidence any cytotoxicity when HepG2 cells were grown onto 

HELP-coated surfaces and demonstrated its capacity to support cell adhesion and growth, but with clearly different 

cellular morphologies with respect to the cells grown on tissue culture surface, at least for the assay conditions 

evaluated in those studies.329 In addition, other studies evidenced that HELP-based coatings were permissive to 

the adhesion of the SH-SY5Y neuroblastoma cell, which maintained their phenotypic features and retained the 

potential to differentiate in response to proper stimuli.334 Similarly, H9c2 myoblast cells seeded on HELP-coated 
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wells demonstrated improved cell adhesion, proliferation, and differentiation compared to tissue culture surfaces 

and collagen coatings.335 Furthermore, these coatings showed a stimulatory role in the osteogenic differentiation 

of hMSCs.336 Altogether, these results highlighted the potentialities of this polymer to produce cytocompatible 2D 

interfaces for biomedical applications.329, 334-336 

 
Figure 22. Schematic representation of the HELP biopolymer based on the gene of the human tropoelastin. Reprinted from 

ref.332 Antonella Bandiera, “Transglutaminase-catalyzed preparation of human elastin-like polypeptide-based three-

dimensional matrices for cell encapsulation”, Enzyme and Microbial Technology, Vol 49, Page 348 (2011) with permission 

from Elsevier. Copyright © 2011 Elsevier Inc. All rights reserved. 

In addition, due to the presence of the cross-linking domains, HELP and HELP-based biopolymers can be stabilised 

by intra- and intermolecular bonds, allowing the formation of 3D hydrogel matrices. This reaction is catalysed by 

TGase and occurs under mild conditions, avoiding the use of harsh chemicals and potentially allowing for cell 

encapsulation. The hydrogel matrices obtained by this method have been extensively characterised and studied for 

cell seeding and encapsulation to develop biomimetic materials for tissue engineering and regenerative medicine 

applications.332, 337 For instance, no toxicity has been observed when HELP matrices have been placed in contact 

with human umbilical vein endothelial cells, revealing their potential as biomaterials for vascular tissue 

engineering.337 Nevertheless, when using HELP hydrogel matrices as support to seed HepG2 human 

hepatoblastoma and MCF-7 human breast cancer cells, even though cells were viable, morphological changes were 

clearly visible, with a tendency to form cell clusters, and a delay in cell adhesion and, consequently, in proliferation 

was observed compared to cells grown on the tissue culture surface (Figure 23A). Similarly, encapsulating these 

cell lines on HELP matrices leads to the formation of islets of proliferating viable cells (Figure 23B).332 Overall, 

these results established the basis for developing cross-linked HELP biomaterials compatible with cell viability; 

nevertheless, the system's capacities may be further improved by tailoring specific domains that can improve cell 

adhesion or confer other functionalities. 

Indeed, more recent studies explored the capacity of a HELP fusion biopolymer carrying a domain derived from 

type IV collagen, containing two RGD motives (named HELPc), to produce 2D and 3D biomaterials and evaluate 

their effect on myoblast viability and function. HELPc-based coatings improved C2C12 myoblast adhesion, 

proliferation, and differentiation,338 while hydrogels greatly stimulated cell proliferation and partially inhibited 

https://www.sciencedirect.com/science/article/pii/S0141022911001293
https://www.sciencedirect.com/science/article/pii/S0141022911001293
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=902a3d7e-7f8f-4ac0-bf72-0b98eabcaba6
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myogenic differentiation, revealing the potentialities of the latest for in vitro expansion of muscle stem cells and 

for developing novel biomaterials for muscle regeneration.339 

 
Figure 23. Phase contrast microscopy observation of HepG2 cells seeded on HELP matrices revealed different cell 

morphologies compared to cells grown on control surfaces (A). HepG2 and MCF-7 cells embedded on cross-linked HELP-

based matrices grew as islets (B). The Bar is 100 µm. Reprinted from ref.332 Antonella Bandiera, “Transglutaminase-catalyzed 

preparation of human elastin-like polypeptide-based three-dimensional matrices for cell encapsulation”, Enzyme and 

Microbial Technology, Vol 49, Pages 350 and 351 (2011) with permission from Elsevier. Copyright © 2011 Elsevier Inc. All 

rights reserved. 

Further, HELP has been successfully employed as a carrier to produce functional recombinant fusion proteins that 

not only retain HELP's thermo-responsive characteristics and matrix-forming abilities but also preserve the 

biological activity of the bioactive domain. For instance, a fusion protein combining HELP with endothelial growth 

factor (HEGF) has been produced in E. coli, purified using the ITC method, and subsequently utilised to create 

HEGF-based coatings that stimulated myoblast proliferation and differentiation, increased the population of 

muscle stem cells, and facilitated the development of multinucleated myotubes, fostering the expansion of 

myoblasts while preserving their myogenic potential.340 In addition, a recombinant fusion protein made of HELP 

and the bilirubin‐binding protein UnaG have been shown effective in detecting bilirubin at the nanoscale and in 

samples with high noise background, unveiling the capacities of this family of biopolymers to develop analytical 

biosensors for the detection of toxicological biomarkers of clinical relevance.341-343 

Additionally, HELP-based biopolymers have also been explored for drug delivery applications. For instance, 

magnetic HELP microparticles have been developed to encapsulate a drug of interest on spherical cross-linked 

HELP microparticles. This design enables controlled delivery through their magnetic properties and sustained drug 

release at the target site. This drug delivery platform has demonstrated efficacy in encapsulating nerve growth 

factor and effectively delivering it in an in vitro neuronal cell model.344 

Other HELP-based drug delivery strategies take advantage of the ability of elastase enzymes to degrade the 

alanine-rich cross-linking domains and release short elastin motifs with known cellular activities, fused bioactive 

domains, or functional proteins embedded in HELP-derived materials.330, 331 Elastase activity is widespread in both 

prokaryotic and eukaryotic organisms, and it is implicated in several significant pathological conditions, such as 

pulmonary emphysema, cystic fibrosis, infections, inflammation, chronic wounds, and atherosclerosis.345 

Moreover, it is well documented that some pathogenic microorganisms, such as P. aeruginosa, produce elastase 

https://www.sciencedirect.com/science/article/pii/S0141022911001293
https://www.sciencedirect.com/science/article/pii/S0141022911001293
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=69bd1273-94f5-4119-91ef-65681cbd1602


 

49 

Introduction Chapter 1 

enzymes.346 HELP biopolymer and matrices' susceptibility to elastase degradation have been extensively studied 

and proposed as an effective strategy for the smart control of the release of a domain of interest under specific 

stimuli, thus offering several advantages (Figure 24).330, 331 Firstly, it enables targeted and site-specific drug release, 

particularly in response to elevated elastase levels associated with infections or inflammation. Secondly, the HELP 

carrier's gradual degradation prolongs the fused or embedded protein's release kinetics, resulting in sustained 

therapeutic effects.330 Overall, leveraging elastase's enzymatic activity to trigger drug release from HELP-based 

carriers holds promise for developing more effective and precisely controlled drug delivery systems. For instance, 

elastase proteolytic activity has been proven to effectively and sustainedly release in vitro functional EGF domains 

from 3D-printed alginate scaffolds embedded with HEGF.347 

 
Figure 24. Schematic representation of the release of bioactive domains embedded on HELP matrices. The release is triggered 

by specific stimuli, such as high elastase concentrations, due to infections or inflammation. Notably, releasing the bioactive 

domain may counteract the stimulus that initiated the process. Reprinted from ref.330 Antonella Bandiera, Ana Markulin, Lucia 

Corich, Francesca Vita, and Violetta Borelli, “Stimuli-Induced Release of Compounds from Elastin Biomimetic Matrix”, 

Biomacromolecules, Vol 15, Page 418 (2014) with permission from American Chemical Society. Copyright © 2014, American 

Chemical Society. 

In summary, the family of HELP stimuli-responsive biopolymers represents a multifaceted platform for producing 

and delivering functional domains. HELP is an efficient carrier for producing and purifying functional recombinant 

fusion proteins, preserving the fused domains' biological activity and the HELP moiety's properties. Altogether, 

recombinant production and purification by the ITC method represent a simple, cost-effective, sustainable, and 

scalable approach for bioactive domain production that are easy to implement in almost all lab settings. In addition, 

HELP's ability to form stable hydrogel matrices further enhances its utility in tissue engineering and regenerative 

medicine applications. Extensive research has demonstrated the compatibility of HELP-based biomaterials with 

cell viability and function, paving the way for their use in developing cytocompatible interfaces and scaffolds for 

tissue regeneration. Furthermore, the susceptibility of HELP matrices to elastase degradation provides a smart 

strategy for regulating drug release kinetics, ensuring localised and sustained therapeutic effects in response to 

specific stimuli. Additionally, the release of the bioactive domain often counteracts the stimulus that initiated its 

release, thereby further regulating its activity and helping to prevent toxicity and drug resistance resulting from 

the prolonged and uncontrolled release of therapeutic agents. Finely tuning the unique properties of HELP-based 

https://pubs.acs.org/doi/10.1021/bm401677n
https://pubs.acs.org/doi/10.1021/bm401677n
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carriers holds immense promise for developing stimuli-responsive advanced biomaterials for tissue engineering 

and regenerative medicine. 

1.5 Аntimicrobial interfaces for preventing orthopaedic implant-related infections 

1.5.1 Most common pathogens in orthopaedic infections 

Implant-related infections (IRIs) are the major complication during orthopaedical procedures, accounting for a 

large number of all surgical site infections and ending in secondary and revision surgeries, failure of the implants, 

and, in the worst of cases, the death of the patient.348 IRIs frequently stem from microbial contamination during 

surgical procedures or normal flora opportunistic pathogens,349 and the signs of infection may manifest as early as 

the first few weeks or months post-surgery; however, in other cases, bacterial infections can emerge long after the 

surgical procedure.350 Also, peri-operative antibiotic prophylaxis is inefficient in eradicating infections due to 

bacterial resistance to last-line antibiotics.351 

The Gram-positive cocci S. aureus, coagulase-negative Staphylococci (Staphylococcus epidermidis, 

Staphylococcus hominis and Staphylococcus haemolyticus), Enterococci (E. faecalis), and the aerobic Gram-

negative bacilli P. aeruginosa, are the most common microorganisms causing IRIs; among them, S. aureus is the 

most common pathogen and, altogether with S. epidermidis, accounts for up to two-thirds these infections.352 In 

addition, MRSA, methicillin-resistant S. epidermidis, E. coli, P. mirabilis, and Propionibacterium acnes also 

contribute to implant infections.353, 354 

IRIs are characterised by a multifaceted interplay involving the pathogen, the implanted biomaterial, and the host's 

immune response. Usually, the materials used to produce the implants are not antimicrobial themselves,355 and 

often, their surfaces are modified to increase their osteoinductive, osteoconductive, and osteointegration properties, 

with the bone tissue rising at the same time the ability of bacteria to colonise and adhere to the implants and 

enhancing biofilm formation.356 The theory known as the “race for the surface”, described by Gristina et al. (1988), 

suggests that, upon implantation, there is a competition between the host cells and bacteria for the colonisation of 

the implant surface and that the successful osseointegration with the host tissue depends on the balance between 

host cell integration and bacterial adhesion onto the implant surfaces.357 If the host cell wins the race, the implant 

starts to integrate with the bone tissue, reducing the risk of infection and contributing to the success of the implant 

and the patient’s recovery.349 In contrast, if bacteria win, they colonise the surface and begin to form complex and 

dynamic 3D structured communities of bacteria encapsulated in a self-produced extracellular matrix composed of 

proteins, polysaccharides and DNA, known as biofilm (Figure 25). If biofilm forms, bacteria in this configuration 

become highly resistant to antibiotics and to the host’s innate and adaptative immune responses.358-360 Thus, biofilm 

turns into chronic infections in around 65% of all cases, leading to implant removal as the only efficient manner 

to eradicate it.352, 360 
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Figure 25. Schematic representation of the concept of “race for the surface” showing the competition among microorganisms 

and host cells for colonisation and dominance on a surface. Microbial colonisation of the surface will lead to biofilm formation 

impairing osteointegration. Reproduced with permission of ref.361 under a Creative Commons Attribution (CC BY) license. 

Copyright © 2018 Montserrat Colilla, Isabel Izquierdo-Barba and María Vallet-Regí. Licensee MDPI, Basel, Switzerland. 

1.5.2 Implant coatings: strategies to address bacterial adhesion and biofilm formation. 

Implants are usually intended to replace and restore bone and joint functions. Among the most used materials to 

produce orthopedical implants are titanium (Ti) and Ti alloys due to their excellent mechanical, physical, and 

chemical properties and capacity to promote osteointegration. Nevertheless, they do not bear any antimicrobial 

capacity; therefore, bacterial adhesion and biofilm formation are the leading causes of Ti implant failure.362 Thus, 

the design and manufacturing of new generation implant materials not only focus on the mechanical properties of 

the materials employed but also include the modification of the device surface to render them biocompatible, to 

promote integration with the host tissue where desired and to be able to control infections both, in the acute and 

latent conditions. A good balance among these requirements could significantly enhance the success of the 

implants; however, it is not always possible to achieve them because bacteria and host cells employ similar 

mechanisms to adhere to the implants, and many antibacterial and antibiofilm coatings prevent osteointegration.363 

Diverse implant coatings have been developed recently to achieve proper implant integration while avoiding 

bacterial infection. According to their mechanism of action, they can be classified into active and passive coatings. 

Due to their surface properties, passive coatings hinder bacterial adhesion or cause bacterial death upon contact. 

On the contrary, active coatings tackle infection using bactericidal agents, such as antibiotics, antiseptics, metal 

ions, and functional peptides (Figure 26).352, 364  

http://creativecommons.org/licenses/by/4.0/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6313596/#:~:text=Oppositely%2C%20zwitterionic%20surfaces%20provide%20biomaterials,scenario%20to%20prevent%20bacterial%20infection.
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Figure 26. Active and passive antibacterial coatings protect implant surfaces from bacterial adhesion and colonisation. Active 

coatings release the antibacterial agents, while passive coatings create a physical barrier that impairs bacterial adhesion. 

Adapted with permission from.364 under a Creative Commons (CC BY 4.0 DEED). Copyright © 2023 Alireza Nouri, Anahita 

Rohani Shirvan, Yuncang Li, Cuie Wen. Published by Elsevier. 

1.5.2.1 Passive coatings 
Parameters such as surface topography, roughness, chemistry and composition, hydrophilicity, surface energy and 

potential, and conductivity play crucial roles in initial bacterial adhesion to implants and biofilm formation 

afterwards.352 Thus, passive coatings modify the implant's physico-chemical properties, creating anti-fouling and 

contact-killing surfaces that impair bacterial adhesion and proliferation, respectively (Figure 27).363-366 

Modifying the crystalline structure of the surface oxide layer and ultraviolet irradiation of titanium dioxide (TiO2) 

surfaces have been proven efficient in creating bacteria non-adhesive surfaces while preserving 

osteointegration.355, 363 

Other strategies aim to create hydrophilic surfaces, which are quickly covered by water in aqueous environments, 

acting as a barrier or shield between the surface and the bacteria, thus hindering bacterial adhesion.367 Anti-fouling 

polymeric coatings or “polymeric brushes” made of hydrophilic polymers [polyhydroxypropyl and 

polyhydroxyethyl methacrylate, polyethylene glycol (PGE) and its derivate], zwitterionic polymers 

(hosphatidylcholine, carboxybetaine, sulfobetaine, sulfonium ion and trimethylamine-N-oxide), as well as 

polysaccharides [hyaluronic acid (HA) and sodium alginate], have been proven effective in mitigating bacterial 

attachment on Ti substrates.366, 368 

While hydrophilic surfaces hinder bacterial adhesion by creating a hydration barrier, hydrophobic surfaces promote 

the detachment and cleaning of loosely bound proteins or bacteria.366 Surface laser and temperature treatments to 

produce micro- and nano-patternings modify the surface topology and its hydrophobicity, and they have been 

widely studied to generate bacteria-repulsive biomimetic surfaces, which impair biofilm formation even if a low 

number of bacteria can still attach.369 For instance, biomimetic patterning inspired by nature-occurring surfaces 

renders Ti super-hydrophobic due to the introduction of micro- and nanoscale self-organised structures by 

femtosecond laser ablation that efficiently controlled the adhesion of P. aeruginosa but not S. aureus, suggesting 

that hydrophobicity and bacterial cell size may play an essential role in bacterial adhesion to super-hydrophobic 

materials.370 Moreover, superhydrophobic Ti nanotube array surfaces created by chemical modification of the Ti 

https://creativecommons.org/licenses/by/4.0/
https://www.sciencedirect.com/science/article/pii/S2772810222000010
https://www.sciencedirect.com/science/article/pii/S2772810222000010
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surface and attachment of hydrophobic groups have been proven more efficient in preventing bacterial colonisation 

than unmodified Ti nanotube array and super-hydrophilic surfaces.371 Other Authors report that the combination of 

micro-nano topologies with super-hydrophobic surfaces, such as that achieved by the treatment of Ti with silane, 

significantly inhibited bacterial colonisation.372 

On the other hand, nano surface topographies, including nanorods, nanopillars, and nano edges, grant the surfaces 

with inherent bacterial-killing properties, thus leading to bacterial cell lysis and/or bacterial growth inhibition.327 

 
Figure 27. Hydrophilic, superhydrophobic, and nanostructure antifouling surfaces designed to impair bacterial adhesion, 

colonisation, and biofilm formation. Adapted with permission from ref.366 Ghimire, Ananta, and Jie Song, “Anti-periprosthetic 

infection strategies: from implant surface topographical engineering to smart drug-releasing coatings”, ACS Applied 

Materials & Interfaces 13.18 (2021): 20921-20937. Copyright © 2021, American Chemical Society. 

Nonetheless, these surface modifications impair bacterial adhesion and biofilm formation and, in some cases, affect 

osteoblast and fibroblast functionality. Thus, anti-fouling and bactericidal topographies can be improved by further 

functionalisation with RGD sequences that may enhance hMSCs adhesion while preserving bactericidal 

properties.363, 373, 374 

1.5.2.2 Active coatings 
Active coatings transform passive and inert implants into bioactive medical devices where the bactericidal agents 

are covalently attached to the implant surface or are passively released in the implant microenvironment. Any 

antimicrobial molecule can potentially coat surfaces, including metals (silver), organic and non-metal compounds 

(antibiotics, AMPs, chitosan), and their combinations (Figure 28).352 

Antibiotic coatings create a bactericidal environment in the vicinity of the implant, and surfaces coated with 

covalently linked antibiotics have been extensively studied.368, 375, 376 The most common antibiotics employed are 

vancomycin, gentamicin, tobramycin, amikacin, and rifampin, or a combination of them. Hydroxyapatite (HAp) 

coatings have been widely used as gentamicin and vancomycin carriers.363, 365 Poly(methyl methacrylate) (PMMA) 

bone cement has been mixed with gentamycin, tobramycin, erythromycin, cefuroxime, vancomycin, and 

colistin.377 Moreover, in recent years, antibiotics have been loaded onto implant surfaces in combination with 

biodegradable polymer materials and hydrogels that allow a localised drug delivery in the proper concentration 

and for the period necessary to avoid the infection while minimising antibiotic resistance as well as adverse 

unwanted effects in tissue integration and systemic side effects due to the formulation of the hydrogel.365, 378 For 

instance, hydrogel coatings made of HA, named disposable antibacterial coating (DAC, composed of covalently 

https://pubs.acs.org/doi/10.1021/acsami.1c01389
https://pubs.acs.org/doi/10.1021/acsami.1c01389
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linked hyaluronan and poly-D, L-lactide) loaded with antibiotic, diminished bacterial colonisation and biofilm 

formation in vitro and in vivo.378-380 

 
Figure 28. In active coatings, the bactericidal agents are covalently tethered to the surface through stable linkages (A) or 

physically encapsulated on the surface for their passive release in the implant microenvironment over time (B). Adapted with 

permission from ref.366 Ghimire, Ananta, and Jie Song, “Anti-periprosthetic infection strategies: from implant surface 

topographical engineering to smart drug-releasing coatings”, ACS Applied Materials & interfaces 13.18 (2021): 20921-

20937. Copyright © 2021, American Chemical Society. 

The most commonly used metal for producing antibacterial coatings is silver, which has a broad-spectrum 

antibacterial activity, antifungal activity, a long-term antibacterial effect and a low risk of developing bacterial 

resistance; nevertheless, silver ions can also exert toxic effects towards eukaryotic cells at high concentrations, and 

besides the efforts to mitigate its toxicity its use in clinical devices is still limited.365, 381 

Other excellent antimicrobial substances are chlorhexidine (CHX), chlorogenic acid (CGA), chloroxylenol, and 

poly-hexamethylene-biguanide. CHX-releasing coatings have been extensively used to provide long-lasting 

protection against bacterial infection.363, 382 CHX-grafted phenolamine coating has been proven effective against 

bacterial colonisation, while CHX-hexametaphosphate coatings are effective against multi-species biofilm 

formation and display good cytocompatibility.383 CGA is well known for its antimicrobial capacity;384 for instance, 

a multifunctional functional surface modification strategy by coating zirconia surface with ethylene imine, HA and 

chitosan-CGA has been found to inhibit bacterial growth without affecting osteoblast cell adhesion, proliferation, 

differentiation, and calcification.385 

In addition, Ti surfaces coated with chitosan have been proven to have excellent antimicrobial activity and can 

induce the growth and fixation of osteoblastic cells around the coated surface.365 Moreover, chitosan-alginate films 

render the final Ti surface material biocompatible and effective against E. coli.386 Chitosan gel alone or loaded 

with antimicrobial agents such as silver387 and antibiotics388-390 have also been studied to coat implant surfaces. 

Further, quaternary ammonium compounds (QACs) have been employed to produce antimicrobial coatings for 

orthopaedic implants. For example, p(DEMMP-co-TMAEMA) polymers have shown outstanding antimicrobial 

activity with limited cytotoxicity towards C2C12 cells.391 On the other hand, a self-assembly gelatin thin layer 

grafted with a mixture of diepoxide quaternary ammonium salt (QAS) and maleopimaric acid quaternary 

ammonium used to coat Ti surfaces has been demonstrated bacteriostatic and exhibited good biocompatibility and 

adhesion properties towards human cells.392 Recently, Liu et al. (2023) have reported that a hydrogel made of a 

modified photocross-linkable gelatin-based polymer (GELMA) with cationic QAS showed great bactericidal 

activity towards E. coli, S. aureus and MRSA and high mammalian cells cytocompatibility.393 

https://pubs.acs.org/doi/10.1021/acsami.1c01389
https://pubs.acs.org/doi/10.1021/acsami.1c01389
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1.5.2.2.1 Antimicrobial peptide coatings 
As stated above, AMPs have become promising novel drug candidates to fight against bacterial infection and 

antimicrobial resistance. Thus, many implant coating strategies have been developed, following the previously 

mentioned approaches and employing AMPs as bioactive and bactericidal agents. Therefore, AMPs have been 

directly immobilised onto the surfaces, using linkers, polymeric brushes, and chimeric peptides, as well as 

employed to design AMPs-releasing materials where AMPs are embedded into TiO2 nanotubes (TNTs), bone 

cement and polymeric matrices, among others (Figure 29).394 

 
Figure 29: AMPs-based strategies for coating orthopedical implants. Reproduced with permission from ref.394 Creative 

Commons Attribution (CC BY) license. Copyright © 2021 by Bruna Costa, Guillermo Martínez-de-Tejada, Paula A. C. Gomes, 

M. Cristina L. Martins, and Fabíola Costa. Licensee MDPI, Basel, Switzerland. 

1.5.2.2.1.1 AMP immobilisation strategies 

AMP-immobilised coatings offer long-lasting protection, as the peptides remain anchored to the surface, providing 

continuous antimicrobial efficacy. Nevertheless, their protection is only around the implant surface and covalently 

immobilised AMPs can be blocked by blood components, proteins, and dead bacteria, resulting in lower activities 

than AMPs in free form.394 

For instance, several AMPs have been grafted/immobilised on implant surfaces following silanisation strategies, 

taking advantage of the functional groups present or introduced on the surface. AMPs such as LL-37 (and its 

derivate peptides),395-397 GL13K,398 human lactoferrin (hLF1-11),399 melimine,400 and JH8194,401 among others, 

have been directly immobilised onto Ti surfaces396, 397 or through polymeric linkers.398 For instance, PEG linkers 

improve AMP flexibility, which, in some cases, has been reported to be essential for establishing proper 

interactions with bacterial cells.395 In addition, Acosta et al. (2020) employed an ELP as a linker to covalently 

attach GL13K (L or D) to silanised Ti surfaces and compared the antimicrobial capacity of Ti, Ti-ELP and Ti-ELP-

GL13K surfaces. They observed that the antibiofilm capacities of the Ti-ELP-GL13K surfaces were superior to 

that of Ti and Ti-ELP; nevertheless, the Ti-ELP surface hindered biofilm maturation, exhibiting a low-fouling 

behaviour. These results, combined with the excellent cytocompatibility towards primary gingival fibroblasts, 

pointed out the potentiality of ELP in the fabrication of advanced coatings.398 

https://creativecommons.org/licenses/by/4.0/
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Silanisation processes are often complex and have low efficiencies.402 Therefore, other coating approaches exploit 

chimeric peptides containing an AMP domain and either a Ti-binding domain403-405 or an HAp-binding domain.406, 

407 When using chimeric peptides, the success of the final coatings depends not only on the AMP capacity to inhibit 

bacterial adhesion and growth but also on the structural flexibility of the linker, its configuration, the 

hydrophobicity of the AMP and the bacterial target.394 

Further, polymers such as polydopamine (pDA), chitosan, and polymeric brushes have been extensively used to 

immobilise AMPs on material surfaces.394 

Ti-pDA coatings, such as KR12, cecropin B (CecB), and bacitracin, have been developed for the covalent 

attachment of AMP. Ti-pDA-CecB surface inhibited bacterial adhesion and growth, improved cytocompatibility 

and reduced inflammation responses compared to non-functionalised surface.408 On the other hand, in vitro studies 

of the Ti-pDA-bacitracin surface showed decreased S. aureus and MRSA colonisation while promoting hMSCs 

differentiation;409 moreover, in vivo experiments demonstrated antibacterial activity for up to 3 weeks and 

osteointegration over 12 weeks.410 Recently, Wang et al. (2021) have also employed pDA coatings to incorporate 

DJK-5 into porous Ti alloy; the final Ti-pDA-DJK-5 surface non only showed excellent antibacterial activity 

towards S. aureus, S. epidermidis and P. aeruginosa and reduced biofilm formation, but also improved macrophage 

capacity to uptake bacteria and suppressed inflammatory reaction.411 

Other surface functionalisation approaches employ polymeric brush coatings. They offer several advantages for 

AMP immobilisation due to the presence of a high density of functional groups on the surfaces, which increases 

the AMP conjugation density while acting as flexible linkers.394 For instance, Tet213 conjugated to different poly 

DMA-APMA [poly(N,N-dimethylacrylamide-co-N-(3-aminopropyl)methacrylamide hydrochloride)] copolymer 

brushes used to coat Ti surfaces highlighted that the conjugation of the AMP onto brushes strongly depended on 

the graft density of the brushes, further, the peptide density and graft density greatly influence their antimicrobial 

activity.412 Similarly, Tet20 and hLF1-11 have also been immobilised on Ti surfaces employing DMA-APMA 

copolymer brushes. Ti-DMA-APMA-Tet20 surface had potent antimicrobial activity in vivo in a rat infection 

model.413 In the case of Ti-DMA-APMA-hLF1-11 surface, a higher decrease in bacterial adhesion and biofilm 

formation by S. sanguinis and Lactobacillus salivarius was observed compared to hLF1-11 grafted on Ti by 

silanisation processes, highlighting the superiority of the polymeric brushes for grafting AMPs compared to 

silanisation approaches.402 

In addition, gold substrates coated by a chitosan thin film covalently bound to the AMP MSI-78 (via a PEG spacer) 

have been proven to be bactericidal towards S. epidermidis, independently of the AMP tethering site (N- or its C- 

terminal).414 Furthermore, hLF1-11 conjugated to chitosan through its C-terminal cysteine, with and without a 

PEG pacer, showed that AMP functionalisation on chitosan films significantly increases bacterial adhesion; 

nevertheless, the viability of adherent MRSA cells was decreased, especially when hLF1-11 was immobilised 

through the PEG spacer.415 Moreover, these Authors develop Dhvar-5-chitosan conjugates using either C- or N-

terminal AMP anchoring as well as different sizes spacers, demonstrating that Dhvar-5 N-terminal conjugation 

improved the coating capacity in preventing MRSA colonisation and longer spacers improved this activity 

regardless their flexibility. Moreover, N-terminal conjugation did not modify bacterial adhesion to chitosan, while 

randomly oriented Dhvar5 (physically adsorbed) induced bacterial adhesion,416 reinforcing the influence of AMP 

orientation on its activity. Anoplin-chitosan conjugates displayed enhanced antibacterial activity compared to free 

anoplin peptide, especially against Gram-positive bacteria, while exhibiting a non-hemolytic behaviour, even when 
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the free AMP was reported to have hemolytic activity; so thus, in this case, the chitosan conjugation potentiated 

not only the antimicrobial activity of the AMP but also its cytocompatibility.417 In addition, Barbosa et al. (2019) 

developed ultra-thin coatings composed of Dhvar-5-chitosan conjugates, revealing that when Dhvar-5 was C-

terminally, the coating displayed a superior antimicrobial activity against Gram-positive bacteria and reduced 

adhesion of Gram-negative bacteria, without being toxic for eukaryotic cells.418 All these studies reinforced the 

role of the spacers and the AMP orientation on their antimicrobial activity; nevertheless, no rule can be established 

for designing AMP immobilised coatings since their outcome varies for different coatings and are highly dependent 

on the AMP, the spacers and the bacterial target. 

1.5.2.2.2.2 AMPs releasing systems 

In recent years, AMP-releasing coatings have emerged as a novel approach to fight microbial infections. They 

offer dynamic protection through continuous AMP release at bactericidal concentrations for several days after 

implantation.381 Common strategies to deliver AMP in the implant's surrounding tissues include embedding into 

TNTs, bone cement, polymeric, and hydrogel matrices. 

Broad spectrum activity AMPs such as GL13K419 and HHC-36420 have been successfully loaded onto TNTs, 

displaying good antimicrobial properties and outstanding biocompatibility. Other approaches employ mesoporous 

titania-covered Ti implants to deliver AMPs (RRP9W4N) and successfully inhibit biofilm formation to a greater 

extent than traditionally used antibiotics (cloxacillin) without influencing osteointegration in vivo.421 Further, a 

more complex strategy was followed by Kazemzadeh-Narbat et al. (2013); they developed a coating where HHC-

36 was embedded in a multilayer coating made of three layers of vertically oriented TNTs, a thin layer of calcium 

phosphate (CaP) and a phospholipid film. This coating was highly effective against Gram-positive and -negative 

bacteria without being toxic to host cells.422 

The most employed bone cement for AMP loading are CaP and PMMA. Andrea Volejníková et al. (2019) reported 

that AMP-loaded PMMA bone cement can protect or significantly reduce surface colonisation and biofilm 

formation by Gram-positive and -negative bacteria.423 In addition, different studies have demonstrated the potential 

of hLF1-11 incorporated into CaP424, 425 and calcibon bone cement in reducing bacterial growth and enhancing 

osseointegration;426 moreover, in vivo studies did not show any toxicity associated with the release of hLF1-11 and 

vascular ingrowth into the CaP cement was observed indicating the potentialities of the coatings for complete bone 

remodelling.427 Other Authors studied the combination of CaP with Tet213 to develop Ti coatings by electrolytic 

deposition of CaP, showing that none of them had any cytotoxicity for osteoblast-like cells while displaying 

antimicrobial activity against Gram-positive and Gram-negative bacteria.428 Later, they compared the cytotoxicity 

of coatings made of CaP loaded with Tet213 or HHC-36, demonstrating that CaP-HHC-36 coatings have superior 

biocompatibility.429 Furthermore, one of these studies demonstrated the antibacterial superiority of CaP-Tet213 

coatings compared to CaP-MX226, CaP-hLF1-11 or even CaP-tobramycin.428 Another research group reported 

that CaP and PMMA loaded with AMPs were able to control MRSA and S. epidermidis infections to a greater 

extent compared to gentamicin and vancomycin, highlighting once more the superiority and the potential of AMPs 

in the treatment and control of infections caused by antibiotic resistance bacteria compared to conventional-

antibiotics.430 

Many polymers and hydrogels have been reported as potential antibacterial coatings for titanium surfaces. Several 

cases described embedding the AMPs into polymeric matrices; in others, the AMPs are covalently attached to the 

polymers. Moreover, in some cases, besides being the AMP carrier and creating the matrix structure, the polymers 
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also bear antimicrobial properties that contribute in an additive or synergetic manner to the antimicrobial capacity 

of the final coatings.394 It has been reported that hydrogel coatings for Ti alloy surfaces comprised of a mixture of 

alginate and Pluronic polymer with the AMP cateslytin displayed strong antimicrobial activity against 

Porphyromonas gingivalis with no sign of toxicity towards human fibroblasts.431 In addition, hydrogels made of 

gelatin methacrylate chemically conjugated to dopamine (GelMA-DOPA) loaded with HHC-36 and silica 

nanoparticles have been described as efficient in preventing bacterial infection and promoting osteogenesis of 

hMSCs.432 

A multi-layer PLEX-coating (Polymer-Lipid Encapsulation MatriX) has been described to be an efficient 

polymeric matrix to encapsulate and then sustainably deliver bioactive molecules for up to 4 weeks; thus, PLEX-

coatings containing an AMP derivated from LL-37 reduced bacterial growth up to 38 % in an infection model in 

vivo.433 Other Authors have reported the employment of polyelectrolyte multilayer to cover Ti discs and deliver 

the antimicrobial molecule. For instance, a stable β-aa-based peptidomimetic AMP embedded in cross-linked 

layer-by-layer chitosan-HA hydrogels reduced about 60% of S. aureus biofilm formation without impairing 

preosteoblast cell function.434 

Even though the use of AMP-releasing systems has clear advantages and provides good antimicrobial solutions to 

contrast infections, they face several concerns, mainly due to their transient antibacterial activity, which may 

primarily prevent early post-surgical infection caused by contamination during the surgical procedures but may 

not be very effective for preventing secondary infections due to opportunistic bacteria. Additionally, developing 

coatings that can consistently load and release the AMPs at bactericidal concentrations throughout the implant's 

lifetime remains challenging.381 

1.5.2.3 “Smart release” coatings 
Nowadays, the concept and the use of “smart coatings” or “self-defensive” coatings have become popular due to 

their high sensitivity and responsiveness to diverse stimuli, including the presence of bacteria and innate immune 

system factors. Moreover, physical stimuli, such as pH, temperature and ionic strength, and photothermal and 

photodynamic therapy, have been used to trigger the release of bactericidal agents (Figure 30).366, 368 These coatings 

are designed to optimise the delivery of the antimicrobial agent, enhance its stability, and avoid undesired side 

effects on the patients. In most cases, “smart release” coatings are designed to have no anti-infection properties 

under physiological conditions. In contrast, they release the bioactive molecule upon the proper stimulus and tackle 

the infections.435-439 These coatings exploit the implant microenvironment changes produced due to bacteria 

colonisation and biofilm formation, such as the reduction in the pH and the increase in the concentration of specific 

enzymes or virulence factors.440, 441 In addition, some others are produced to maintain the implant surface sterile 

before implantation and to block the release of potentially toxic antimicrobial compounds into the body upon 

surgery.442 

In this sense, smart coatings made of branched PEG-poly-propylene-sulfide have been designed to passively and 

actively deliver tigecycline and vancomycin and have been proven effective against S. aureus.435-437 Other 

strategies employ enzyme-sensitive peptide linkers to covalently attach antibiotics to the Ti surface and achieve 

an infection-dependent drug release behaviour in the presence of an S. aureus protease.439 

For instance, a novel antibacterial Ti surface to sense hyaluronidase-secreting bacteria has been developed. The 

coatings were made of TNTs loaded with CecB and then coated, layer by layer, with five layers of chitosan/sodium 

hyaluronic [(CH/SH)5] or chitosan/sodium hyaluronic-CecB [(CH/SH–CecB)5]. In this design, CecB remains 
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trapped within the TNTs due to the presence of CH/SH and CH/SH–CecB layers; CecB release was triggered by 

the presence of S. aureus and exogenous hyaluronidase that degraded the blocking layers, thus facilitating the 

release of CecB from TNTs. Both surfaces had good short- and long-term bactericidal capacity against S. aureus 

and S. epidermidis and osteoblast compatibility, even in the presence of S. aureus co-cultures.443 

Yan et al. (2016) developed a pH-responsive hierarchical surface based on multilayer polymeric brushes made of 

polymethacrylic acid (PMAA). While the PMAA outer layer granted the coating with antifouling surfaces, the 

PMAA inner layer contained CecB covalently immobilised. In this design, the PMAA hydration layer renders the 

surface resistant to initial bacterial attachment and biocompatible under physiological conditions. Still, if bacteria 

colonise the surface, the pH of the surrounding microenvironment is reduced, inducing outer PMAA chains 

collapse and exposure of inner layers containing the bactericidal AMP. Moreover, once bacteria are dead, the pH 

returns to physiological values and the hydrophilicity of the PMAA is restored, releasing dead bacteria due to its 

anti-fouling properties. This strategy demonstrated the capabilities of reversible and on-demand antibacterial 

coatings to prevent bacterial colonisation (anti-fouling layer) and biofilm formation (pH-triggered exposure of 

PMAA-CecB layer) for producing non-leaching surfaces without additional reloading of the antibacterial agents. 

Nevertheless, no studies have indicated its employment in implant coatings, even when this surface had excellent 

biocompatibility.444 

 
Figure 30. Smart coatings ensure local protection by releasing bactericidal agents in response to stimuli generated by the 

microorganism. Adapted with permission from ref.366 Ghimire, Ananta, and Jie Song, “Anti-periprosthetic infection strategies: 

from implant surface topographical engineering to smart drug-releasing coatings”, ACS Applied Materials & interfaces 13.18 

(2021): 20921-20937. Copyright © 2021, American Chemical Society. 

A novel strategy to encapsulate an AMP for its subsequent smart release was described by Chen et al. (2020). They 

created a sort of “Pandora Box” made of TNTs loaded with HHC-36 closed with a gate made of a pH-responsive 

PMMA that, under physiological conditions (pH 7.4), swells and blocks HHC-36 release from TNTs but in the 

presence of bacterial infections (pH below 6) collapses and releases the AMP. The “Pandora box” was bactericidal 

against the most common pathogens associated with implant infections, S. aureus, E. coli, P. aeruginosa, and 

MRSA, and at the same time, promoted osteogenic differentiation of hMSCs.438 

Zhan et al. (2018) developed a different strategy for the smart release of an AMP based on temperature and before 

implantation to avoid cytotoxicity due to the AMP release after implant allocation in the body. They developed a 

Ti-pDA coating conjugated with a temperature-sensitive polymer, poly(N-isopropylacrylamide) (pNIPAM), 

followed by AMP conjugation through a click chemistry reaction. The temperature-sensitive property of pNIPAM 

https://pubs.acs.org/doi/10.1021/acsami.1c01389
https://pubs.acs.org/doi/10.1021/acsami.1c01389
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allowed the release of the AMP domain, preferably at room temperature (25 °C) rather than at body temperature 

(37 °C). Thus, Ti-pDA-pNIPAM-AMP coating strongly inhibited the bacterial growth of S. aureus and E. coli. The 

Authors demonstrated that the smart behaviour improved the surface biocompatibility of the surface in vitro and 

in vivo at body temperature when compared to the substrates unmodified or modified by AMPs or pNIPAM 

alone.442 

Thermo-responsive bactericidal surfaces employing pNIPAM have also been developed by Wang et al. (2017). 

These Authors develop a hierarchical structure containing an antifouling outer layer made of vancomycin 

covalently immobilised on pNIPAM and an inner layer composed of poly(sulfobetaine methacrylate) (pSBMA) 

polymeric brushes. At room temperature, the pNIPAM-based layer was stretchable, allowing vancomycin-

mediated contact killing of bacteria. In contrast, the pNIPAM-based layer collapsed at physiological temperature, 

triggering vancomycin occlusion and exposing zwitterionic pSBMA brushes. This hierarchical surface effectively 

killed bacteria at room temperature and, at physiological temperature, turned into a zwitterionic anti-fouling 

surface, releasing dead bacteria and inhibiting subsequent planktonic bacteria adhesion and improving surface 

biocompatibility. Once more, the potentiality of hierarchical surfaces with switchable bioactivity was 

demonstrated, and the door was opened for their use in manufacturing infection-resistant medical devices.445 

Overall, AMP coatings provide practical strategies to contrast orthopaedic implant infections, biofilm formation 

and antimicrobial resistance. However, challenges such as limited protection over time and susceptibility to 

biological interference persist. Even though immobilisation strategies demonstrate promising outcomes, they 

encounter issues due to the in vivo interaction of AMPs with host proteins, which affects their activity. On the 

other hand, AMP-releasing systems provide sustained antimicrobial efficacy, but face challenges related to their 

transient activity and loading-release profiles. Thus, “smart release” coatings hold promise in addressing these 

challenges by delivering antimicrobial agents in response to environmental stimuli or bacterial presence, 

improving implant safety and efficacy. Nevertheless, the strategies reported have been mainly studied in laboratory 

conditions; their clinical evaluation is still limited and further studies about long-term effectiveness and safety are 

needed. In addition, collaborations among multidisciplinary academic and medical teams as well as industrial 

partners are mandatory to develop advanced implantology techniques that, for instance, incorporate 3D printing 

for manufacturing personalised and functionalised orthopedical implants.
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Chapter 2. Aims and Objectives 

As stated in the previous sections, antimicrobial peptides (AMP) are a promising alternative to traditional 

antibiotics, mainly due to their broad-spectrum activity and low propensity to induce resistance mechanisms. 

Moreover, their recombinant production has gained relevance in recent years as it is a more sustainable and 

environmentally friendly technology than chemical synthesis. Thus, taking advantage of the recombinant Human 

Elastin-Like Polypeptides (HELP) platform developed in our laboratory, and its employment as a carrier for the 

production in Escherichia coli of functional and bioactive domains, we decided to explore its capabilities for the 

production of antimicrobial domains as well as derived materials that could be employed to coat implant surfaces 

and improve their antimicrobial properties. 

Thus, the first aim was to define the strategies already employed to produce antimicrobial peptides fused to Elastin-

Like Polypeptide (ELP) carriers. The objectives were to analyse the AMPs and ELPs employed, the AMP 

orientation, the characteristics of the expression system, the production yield, and the methods for releasing the 

AMP from the fusion proteins. 

A second aim was to obtain a proof-of-concept related to the use of HELP as a multifunctional and antimicrobial 

delivery platform to produce biomimetic materials endowed with antimicrobial activity. The objectives were to 

design, produce and functionally test a HELP-Indolicidin (HIn) fusion construct. The production of 2D and 3D 

HIn-derived materials would allow the assessment of their functionality and their capacity for the “smart release” 

of the antimicrobial domain. This fusion biopolymer will serve as a model for subsequent constructs. 

The third aim was to employ the HELP functionalisation model already developed. The objectives were to produce 

a fusion construct carrying the difficult-to-synthesise sequence of human β-defensin 1 and assess the biological 

properties of the fusion biopolymer as well as those of the derived materials. 

The final aim was to develop a new ELP with optimised compatibility while maintaining the potential as a fusion 

carrier. Thus, the objectives were to design, produce, characterise, and biologically test a universal ELP obtained 

from an elastin consensus sequence and following a biomimetic strategy. The physico-chemical and biological 

properties of the new ELP will be compared to those of HELP.
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Chapter 3. Smart tools for antimicrobial peptides expression and 

application: the elastic perspective 

This chapter introduces a review article published in the Biotechnology and Bioengineering Journal (Wiley). 

Colomina-Alfaro, L., Marchesan, S., Stamboulis, A., & Bandiera, A. (2023). Smart tools for antimicrobial 

peptides expression and application: The elastic perspective. Biotechnology and bioengineering, 120(2), 323–

332. https://doi.org/10.1002/bit.28283. Reproduced with permission from John Wiley and Sons. Copyright ã 

2023. 

The first aim of the thesis was to evaluate the strategies already employed and described to produce antimicrobial 

peptides fused to the ELP carriers. Thus, a literature research was performed to identify the approaches adopted to 

recombinantly fuse and chemically conjugate different AMPs with several ELPs. The nature of the AMPs and the 

ELPs was examined, as well as the main features of the expression and production systems. In total, 20 ELP-AMP 

constructs were analysed and classified as C‐terminal ELP-AMP fusion proteins, N‐terminal AMP-ELP fusion, 

ELP-AMP-ELP fusion proteins, and ELP-AMP conjugated by chemical methods. In all cases, the recombinant 

fusion proteins were successfully expressed with variable yields, and the presence of the ELP carrier was reported 

to increase the final construct solubility and mask the toxic effect of the AMPs on the expression hosts. Moreover, 

some AMPs conferred antimicrobial activity to the whole fusion constructs irrespective of the N‐terminal or C‐

terminal position of the AMP. In contrast, in some cases, the antimicrobial activity was displayed only after their 

release and purification of the AMP from the carrier. Nevertheless, the use of ELP as carriers for functional AMP 

production is still limited. So far, a few ELP sequences and production systems have been employed and described. 

At the end of this process, beyond acquiring the functional information for designing a novel HELP-AMP fusion 

to achieve the following objectives, we realised that the information collected could be helpful for other researchers 

in the field. Thus, we decided to use the data collected to write a review paper to define the state‐of‐the‐art in this 

cutting‐edge technology and address its possible future development directions. My contribution to this journal 

article is as follows: systematic literature research, data collection for graphical representation, preparation of 

schemes, figures and tables, as well as original and revised draft writing.

https://doi.org/10.1002/bit.28283
https://s100.copyright.com/CustomerAdmin/PLF.jsp?ref=8bb7a9ca-229c-4d18-bc2c-6c5232a3a8af
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Abstract

In recent years, antimicrobial peptides (AMPs) have become a promising

alternative to the use of conventional and chemically synthesized antibiotics,

especially after the emergence of multidrug‐resistant organisms. Thus, this

review aims to provide an updated overview of the state‐of‐the‐art for

producing antimicrobial peptides fused or conjugated with the elastin‐like

(ELP) peculiar carriers, and that are mostly intended for biomedical application.

The elastin‐like biopolymers are thermosensitive proteins with unique propert-

ies. Due to the flexibility of their modular structure, their features can be tuned

and customized to improve the production of the antimicrobial domain while

reducing their toxic effects on the host cells. Both fields of research faced a huge

rise in interest in the last decade, as witnessed by the increasing number of

publications on these topics, and several recombinant fusion proteins made of

these two domains have been already described but they still present a limited

variability. Herein, the approaches described to recombinantly fuse and

chemically conjugate diverse AMPs with ELPs are reviewed, and the nature of

the AMPs and the ELPs used, as well as the main features of the expression and

production systems are summarized.

K E YWORD S

antimicrobial peptides, conjugation, elastin‐like polypeptides, recombinant expression

1 | INTRODUCTION

In the last decades, the sudden rise of bacterial resistance against

conventional chemically synthesized antibiotics has boosted the seek

for novel molecules and strategies to fight infections. This defensive

response of bacteria underpins the occurrence of the so‐called

superbugs that cause infections that are hard to treat and eradicate,

mainly due to the emergence of new resistance mechanisms that

quickly spread globally. Alternative treatments based on innovative

antimicrobial mechanisms are urgently required to withstand the

threat of multi‐drug resistant (MDR) bacterial and nosocomial

infections.

Antimicrobial peptides (AMPs) naturally occur as a component of

innate immunity, and are widely produced by many diverse

organisms. They represent the earliest physiological response of

living entities (animals and plants) and were evolved by them in the

fight for survival (Magana et al., 2020). For this reason, they seem to

be less prone to give rise to bacterial resistance. Thus, using these

peptides instead of chemically synthesized antibiotics is considered a

powerful tool to counteract the phenomenon of bacterial resistance.

There is a general agreement that AMP's multiple site‐targeting

mechanisms of action, together with the rapid microorganism killing

capacity, hinder the development of resistance, in contrast to what

happens for conventional antibiotics. In addition, some AMPs exhibit

Biotechnol Bioeng. 2023;120:323–332. wileyonlinelibrary.com/journal/bit © 2022 Wiley Periodicals LLC. | 323
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other favorable properties, such as anti‐inflammatory, regenerative

and anticancer capacities that extend their opportunity to be

employed in many other clinical applications (Rai et al., 2022; Ramazi

et al., 2022).

However, there are still several concerns that hinder the

introduction of AMPs into the market soon, such as the risk of

toxicity and adverse reactions, often linked to the issue of finding an

adequate delivery route to the infection site as well as the high costs

for their production on a commercial scale (Wibowo & Zhao, 2019).

The feasibility of AMP employment as antibiotics is strictly connected

with the peptide availability in an appropriate amount, and in a cost‐

effective manner (Li, 2011). Moreover, to optimize the therapeutic

use of AMPs, the conjugation and functionalization with other

polymers or macromolecules have been proven as effective strate-

gies able to fully exploit their antimicrobial activity, the mode of

action, the route of delivery as well as the half‐life (Bellotto et al.,

2022) minimizing their systemic toxicity (Cui et al., 2021). Many

AMP conjugation strategies based on chemical and biotechnological

approaches have been described and were recently reviewed

(Silva et al., 2022).

The recombinant approach is considered an efficient alternative

for peptide production on a large scale, offering several advantages

with respect to conventional methods, such as the labor‐intensive

isolation from natural sources and costly chemical synthesis (Li,

2011). Most of the described recombinant systems are based on

expression in Escherichia coli and AMPs are often expressed as fusion

proteins, with several advantages ranging from masking the

potentially lethal effects on the host microorganism to protecting

the peptides from proteolytic degradation (Li, 2009). However, an

ideal platform for AMP functionalization and large‐scale production is

not established yet. Among those described, the recombinant elastin‐

like polypeptides (ELPs) fusion technology still appears the least

exploited. ELPs are macromolecules modeled after elastin first

described by Urry (1988).

ELPs primary structure is characterized by the presence of

repeated motifs, typically the pentapeptidic VPGVG sequence found

in the bovine elastin homolog, where the fourth position can be

replaced by any “guest” amino acid except proline (Luan et al., 1992).

They retain several biophysical properties peculiar of the native

tropoelastin, mainly the lower critical solution temperature (LCST)

phase behavior. Above their LCST, also known as the inverse

transition temperature (Tt), these polypeptides coalesce, forming

insoluble, aggregates that result in a coacervate phase (McDaniel

et al., 2013). The Tt is a function of several intrinsic and extrinsic

factors that can be controlled, like the amino acid composition of the

“guest” residue position, the chain length as well as the polypeptide

concentration, and the concentration of other solutes in the buffer.

This feature allowed to set up of a procedure designated as the

inverse transition cycle (ITC) that is a time‐saving and cost‐effective

way of purifying the recombinant ELP‐based proteins (Figure 1).

The unique ELPs properties, including their minimal immunogenicity,

make them ideal candidates for a variety of biomedical applications,

since they benefit from recombinant synthesis and genetically

encoded design that enable control over their size, sequence, and

consequently, thermo‐responsive behavior (Varanko et al., 2020).

Currently, ELPs are considered a strategic fusion partner for

components of biological origin (Yeboah et al., 2016).

This review aims to provide an updated overview of the

described AMP fusion proteins that use ELP carriers. All

the constructs reported were analyzed, keeping into account the

structure, the features of the expression systems, the antimicrobial

activity, and the potential applications of this approach. This

analysis will be functional to define the state‐of‐the‐art in this

cutting‐edge technology and, thus, identify its possible future

development directions.

2 | AMP SEQUENCES SELECTED FOR
RECOMBINANT FUSION WITH ELPS

Antimicrobial peptide research is currently one of the most active

fields of investigation, as witnessed by the huge number of reviews

on this topic in the last decade. It is reported that approximately

6000 of AMPs have been either isolated from natural sources or

chemically synthesized. Less than 100 peptide drugs have reached

the market, but several hundreds of novel therapeutic peptides have

undergone the route for drug development (Boparai & Sharma,

2020). However, according to the FDA database, less than 10 are

currently approved for clinical applications (Rai et al., 2022).

Many approaches were described for biotechnological AMP

production routes, such as the fusions with many different carriers

(reviewed in Li, 2009), expressed mainly in the E. coli bacterial system

(Li, 2011). The first report of a recombinantly AMP expressed as an

ELP fusion dates back to 2008, and from 2010 to the present 20

F IGURE 1 Schematic representation of the purification process
based on the ITC. The use of ELPs as a purification tag exploits the
thermo‐responsive properties of the elastin‐like domain. 1.
Supernatant obtained after centrifugation of bacterial cell lysate; 2.
Phase transition after heating to 37°C and 3. after NaCl addition; 4.
Pellet obtained after centrifugation at 37°C; 1a. Pellet resuspension
in cold water.
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constructs of this kind have been successfully produced mainly using

bacterial recombinant systems, whereas five of them were produced

in a plant expression system (see Table 1).

An analysis of the AMP sequences that were selected as ELP

fusion partners reveals that their size ranges from 12 to 69 amino

acids, and with respect to the total fusion protein, they represent

from about 1/70 to 1/3 of the whole macromolecule mass (Table 1).

The majority of the selected AMP sequences were cationic as most of

the AMPs, with the net charge ranging from +1 to +7. Among them,

about half presented the amphipathic α‐helical structure and the

others are cathelicidin and defensin‐like peptides (Table 1).

All the anionic AMPs described as ELP fusion partners are

characterized by the presence of intra‐chain disulfide bonds, showing

a cysteine knot, which is typical for defensin‐like structures. Only one

was expressed as an ELP fusion in a bacterial recombinant system

(Table 1, #5), whereas the other negatively charged AMPs were

successfully expressed as ELP fusions in a plant system, (Table 1, #14

to #18) according to the finding that, in general, AMPs of plant origin

are significantly less cationic than the others (Ghidey et al., 2020).

3 | STRATEGIES EMPLOYED FOR ELP
FUSION AND ELP FUNCTIONALIZATION
WITH AMP

Three main approaches for positioning the AMP domain within the

ELP fusion construct were described (Figure 2a–c).

Seven AMPs were placed at the C‐terminus of the ELP region

(ELP–AMP). Five of them were placed after an intein domain to

trigger their release from the expressed construct by self‐splicing of

the intein (Figure 2a, Table 1, #1). Inteins are indeed widely used as

auto‐processable tools for protein splicing so that adjacent domains

are post‐translationally linked together with the extrusion of the

intein domain (Shah & Muir, 2014). The other two were preceded by

the enterokinase proteolytic domain, to be enzymatically released

without additional amino acids at their N‐terminus (Figure 2a).

Several ELP fusion constructs carrying the AMP at the N‐terminal

end (AMP–ELP) were described (Figure 2b). Three of them were

placed before a chemical cleavage site to release the AMP (Table 1,

#2a, #8, and #9) whereas two were fused to functionalize the ELP

moiety for the realization of biomaterial endowed with antimicrobial

properties (Table 1, #10 and #11). The last four fusion constructs were

based on a modified ELP domain containing alternate blocks of silk‐

derived repeats (Table 1, #2b, #9a–11a). In addition, other N‐terminal

AMP–ELP fusion constructs produced in a plant expression system

were described (Table 1, #14–#18).

In the third approach, the AMP domain was embedded in the

middle of the ELP moiety (ELP–AMP–ELP). In this configuration, the

N‐terminal ELP domain is intended as a protective “sacrificial block”

which is subsequently cleaved by CNBr to release an N‐terminal

AMP fusion with ELP (Figure 2c and Table 1, #12, #13, and #13a).

In addition, ELP conjugation with AMPs was reported (Figure 2d).

Two different chemical methods were employed. In one of them,

a synthesized D‐AMP enantiomer was covalently bonded to the

expressed ELP by “click chemistry” (Table 1, #19) and in the other

ELP was functionalized with the AMP by the EDC/NHS chemistry

(Table 1, #20).

Overall, it emerges that AMPs belonging to different classes and

spanning the entire range of length were successfully expressed as

N‐terminal and C‐terminal ELP fusions, as well as in the middle of the

ELP moiety (Figure 2). Most of the described constructs were aimed

to obtain the AMP without any modification as an alternative route

to the chemical synthesis. The maximum yield reported for purified

AMPs released from the ELP fusion construct was almost 100mg/L

(Table 1, #4).

Interestingly, in some cases, the whole ELP fusion construct

showed to possess the antimicrobial activity conferred by the AMP

domain, (Table 1, #5, #14–#18). On the other hand, in several cases,

the ELP fusion protein was designed with the aim of obtaining a

bioactive component endowed with antimicrobial properties for the

realization of biomaterials, matrices, and surfaces (Table 1, #10, #11,

#13, and #13a).

The yield of the AMPs that were released by different means and

purified ranged from 0.5mg/L to above 100mg/L under optimized

expression conditions (Table 1). However, it should be noted that all

of the reported recombinant fusions (except those expressed in

plants) were produced by the T7 expression system using vectors of

the pET series. From this point of view, there is likely room for further

improvement in production.

4 | ELP SEQUENCES EMPLOYED AS
FUSION PARTNERS

The interest that AMPs rise as an alternative approach to antibiotics

of chemical synthesis is linked to their potential application as novel

antimicrobial therapeutics. However, this implies that they should be

produced cost‐effectively. The recombinant expression is still

considered one of the most appealing routes to meet the needs for

large‐scale peptide manufacturing. Although the AMPs recombinant

expression is described, the strategy of the antimicrobial domain

fusion with a carrier protein has been largely adopted to circumvent

toxicity towards the bacterial host and to prevent proteolytic

degradation of the peptides themselves (Li, 2009). In this regard,

ELPs with their peculiar properties, represents a still underexploited

fusion partner for the AMPs. Among the reported ELP constructs

with AMPs, it is interesting to analyze the elastin‐like sequences that

were employed.

The five ELP‐AMP fusion constructs based on intein as the

system to release the bioactive domain were constituted by an

N‐terminal ELP region of the VPGXG pentapeptidic repeats ranging

from 300 to 550 aa where X was V, G, and A or L. These constructs

ranged from about 50–72 kDa, carrying an intein domain of about

200 amino acids (Figure 2a). Successful expression was reported for

each construct (Table 1, #1–#5). The ELP carrier was expected to

facilitate the purification of the AMP domain after intein cleavage.
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It was removed by the ITC (Inverse Transition Cycling) procedure,

without the need for further downstream processing (Table 1,

#1–#4). Intriguingly, one of these ELP‐AMP fusion proteins was

described as endowed with antimicrobial activity (Table 1, #5).

Two of the other ELP‐AMP reported fusions carried the cationic

elastin‐like polypeptide (CELP) made of 36 pentapeptidic repeats

adjacent to an enterokinase proteolytic site for the AMP release

(Figure 2a). In both constructs, the composition of the ELP domain

was the same, where the X guest residue was V, F, and K (7:1:1) and,

the presence of lysine conferred the cationic feature to the ELP

backbone. The yield of the released and ITC‐purified AMPs per

100ml of culture were comparable (Table 1, #6, and #7).

Analyzing the described AMP–ELP constructs (Figure 2b), one of

them showed an ELP backbone of 90 pentapeptidic repeats where

X was V, A, and G (Table 1, #8, and Figure 2b). It was reported that

the ELP length had a dramatic effect on the fusion protein products

and, in this case, the longest ELP domain was selected (Hu et al.,

2010). The yield of this fusion protein was 69mg/L of culture and the

AMP recovery after the hydroxylamine chemical cleavage and

purification was 1.7 mg/L (Table 1, #8).

The other four AMP‐ELP fusion constructs were designed and

produced with a very long ELP backbone of 1000 aa made of 200

pentapeptidic repeats where X was A (Figure 2b). Two of them

carried the formic acid chemical cleavage site to release the

N‐terminal AMP (Table 1, #2a, and #9). Thus, ELP was used as the

purification tag as in the previous examples. However, in this case,

after the chemical cleavage and the ITC purification, a chromato-

graphic step was required to improve the recovery of the AMPs

(Pereira et al., 2021). This approach showed a yield about 2‐times

higher for the Moricin CM4, relative to that obtained with the ELP‐

intein‐AMP fusion setup (Table 1, #2 and Figure 2a). The other two

AMP‐ELP fusion proteins were intended as a kind of AMP

“conjugates” to obtain materials endowed with antibacterial activity,

such as micro‐particles and free‐standing films since it was described

that the whole AMP‐ELP macromolecules possessed antibacterial

activity when tested by a modified agar diffusion method. The yield

was 50 and 108mg/L for each fusion protein, respectively (Table 1,

#10, and #11).

The last approach for ELP fusion with AMP consisted in

placing the AMP between two ELP blocks (Figure 2c). The

N‐terminal ELP is described as a “sacrificial” 50 repeats penta-

peptidic block that is expected to protect the host from the toxic

side‐effects of the AMP while increasing the expression levels as

well as enabling the site‐specific CNBr cleavage (Table 1, #12 and

#13). In this block, the X guest residues were V and E conferring an

acidic nature to this domain. Following this strategy, these authors

designed and produced several constructs, bearing this sacrificial

block followed by the AMP. Two different C‐terminal ELP domains

were selected for the fusion, one with an amphiphilic di‐block

structure and the other with a cationic nature (Figure 2c). These

products were expressed at higher yields compared to the other

reported fusion constructs, ranging from 380 to 600 mg/L (Table 1,

#12, #13, and #13a).T
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The last strategy consisted of the chemical conjugation

between ELP and AMP by click chemistry and by EDC/NHS

coupling (Figure 2d). In both cases, a cationic ELP was selected

for conjugation and it was employed as a scaffold on which the

chemically synthesized AMP was covalently bound to confer

antimicrobial properties to the derived material (Table 1, #19,

and #20).

The AMP‐ELP fusion expressed in plants had the shortest ELP

domains corresponding to 28 repeats (Table 1, #14 to #18).

Unexpectedly, only the uncleaved AMP‐ELP fusions showed anti-

microbial activity, whereas after enzymatic cleavage no activity was

detected. The authors ascribed the loss of activity of the released

AMP to a loss of structural integrity maintained by the ELP fusion

partner close to the smaller AMP (Ghidey et al., 2020).

5 | CONCLUSION AND FUTURE
PERSPECTIVE

Most of the studies described the use of the ELP as a tag either to

purify the whole fusion protein or to selectively isolate the AMP from

the ELP itself exploiting the ITC. Different strategies to release the

AMP from the fusion protein were described, e.g., the intein‐based

excision as well as the chemical and the enzymatic cleavage (see

Table 1). The employment of the ELP carrier as an alternative and

effective route for active AMPs production was proposed in most

cases. The other expected applications are related to the employment

of the ELP fusion proteins as the basic components for new

biomaterials endowed with antimicrobial activity. Table 2 briefly

summarizes the possible applications.

Several AMPs with diverse features were selected from different

authors for the fusion with the ELP carrier. Their lengths span from

one to six dozens of amino acids. Most of them are cationic and they

show different secondary and tertiary structures. Almost all the

described recombinant fusions of AMPs with ELPs were successfully

expressed in T7‐based expression systems.

In the described constructs, the bioactive AMP domain was

placed at either the N‐terminus or C‐terminus end of the ELP, as well

as in the middle of two ELP blocks. All these fusion proteins were

successfully expressed with a variable yield, depending on the

recombinant construct and culture conditions. Most of them resulted

in the active AMP domain recovery and, intriguingly, some fusion

proteins showed antimicrobial activity too, irrespective of the N‐

terminal or C‐terminal placement of the AMP. All the AMP‐ELP

uncleaved fusion constructs that were expressed in plants demon-

strated strong antibacterial activity.

In summary, the structure of the ELPs employed for the fusion

with AMPs consisted of repetitions of the pentapeptidic motif

VPGXG from bovine elastin ranging from 36 to 200 repeats and

resulting in fusion constructs of the total mass varying from about

20–90 KDa. From the point of view of the amino acid composition,

only a few types of ELP carriers were employed. The guest X amino

acid was mainly V, G, and A, sometimes L and F were introduced,

and K and E were used to confer basic or acidic nature to the ELP

block, as well as to allow for chemical conjugation. Other described

variations in the pentapeptidic motif were VPAVG, VPGSG, and

IPGVG. A hybrid ELP containing blocks of silk‐derived repeats (SELP)

was also described as the carrier for AMPs.

ELPs were reported to be effective to avoid the adverse effect of

the fused AMPs on the expression host as well as to improve the

F IGURE 2 Schematic representation of the recombinant elastin‐like polypeptide (ELP) fusion constructs and ELP conjugation with
antimicrobial peptides (AMPs) that are reported in the literature. (a) C‐terminal ELP–AMP fusion proteins, (b) N‐terminal AMP–ELP fusion
proteins, (c), ELP–AMP–ELP fusion proteins, and (d) ELP conjugated by chemical methods. Black box, antimicrobial domain; white box,
elastin‐like domain; gray box, intein domain; hatched box other domains. The name of AMP and the respective construct number correspond to
those reported in Table 1.
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expression yield. However, the length of the ELP domain was

recognized as a key parameter affecting the yield of the fusion

proteins. The presence of the ELP domain was described to facilitate

protein solubility, avoiding inclusion body formation.

Overall, ELPs have been shown to be a versatile platform to

express different kinds of AMPs and recover their functionality.

However, the reported examples showed little variability regarding

both the ELP sequences that were employed and the expression

systems that were used for their production. The interesting finding

that some AMP domains conferred antimicrobial activity to the whole

fusion construct points to ELP as a versatile scaffold to support the

AMP itself, opening the way to the realization of new materials

endowed with antimicrobial properties.

From this point of view, the potential of ELPs as modular carriers

for AMPs appears still underdeveloped so there is room for the

design of unexplored combinations to improve the production and

the performance of new constructs and their derived materials. New

approaches offer intriguing opportunities, such as machine‐learning

algorithms, to optimize the antimicrobial sequences by improving the

activity and avoiding microbial resistance. New technologies such as

3D printing are also attractive to make a qualitative leap in

manufacturing. The adoption of such modern techniques spanning

from in silico to experimental production holds the key to the wide

application of this kind of versatile recombinant fusions in the field of

active materials and coatings for medical devices and beyond.
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Creative Common Attribution license CC BY 4.0. Copyright © 2023 by the Authors. Macromolecular Bioscience 

published by Wiley-VCH GmbH. 

The second objective of the present thesis was to develop a model to employ the HELP carrier to produce AMP 

fusions. For this purpose, indolicidin, a fluorescent and well-characterized AMP, was chosen as an example of an 

antimicrobial functional domain to be produced as a C-terminal fusion of the HELP carrier. In the coding sequence 

design, a linker was added between indolicin and HELP coding sequences, and just before the indolicidin coding 

sequence, a triplet coding for a unique glutamic acid was introduced. This was expected to allow the specific 

release of the AMP domain from the fusion protein since glutamic acid is the target site of Glu-C, a highly specific 

endoprotease. The treatment of the fusion protein with this protease will trigger the release of the AMP domain for 

further characterisation. Following established procedures, indolicidin was cloned in the E. coli HELP expression 

vector, and the fusion protein, named HIn (HELP-indolicidin), was produced as a soluble protein in the bacterial 

cytoplasm and purified, exploiting the thermo-responsive properties that characterise the HELP moiety. Then, the 

physico-chemical and antimicrobial properties of the biopolymer in solution, as well as the antimicrobial behaviour 

of the 2D and 3D derived materials, were assessed. In addition, the proteolytic release of bioactive AMP from the 

3D materials was evaluated either by incubating with a specific endoprotease or in the presence of elastase, an 

enzyme that can be secreted by bacteria or that is produced during the inflammation process in response to 

infections and other stimuli. 

My contribution to this journal article is as follows: investigation, conceptualisation, methodology, formal data 

analysis and validation, graphical representation, and original & revised draft writing. The following experiments 
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- Antimicrobial HELP cloning, expression, and purification 

- Assessment of antimicrobial activity of the HIn biopolymer and of the derived materials 

- Antimicrobial activity of HIn coatings 

- Antimicrobial capacity assessment of the HIn matrix 

- Specific release of the In antimicrobial domain by Glu-C endoprotease from the HIn 

biopolymer 

- Specific release of the In domain by Glu-C endoprotease from the HIn matrix 

- Release of the In domain from the HIn biopolymer by elastolytic activity 

- Release of the In domain from the HIn matrix by elastolytic activity
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A Versatile Elastin-Like Carrier for Bioactive Antimicrobial
Peptide Production and Delivery

Laura Colomina – Alfaro, Paola Sist, Silvia Marchesan, Ranieri Urbani,
Artemis Stamboulis, and Antonella Bandiera*

Elastin-like polypeptides are biotechnological protein and peptide carriers that
offer a vast scope of applicability. This work aims to build a model for the
expression of antimicrobial peptides (AMPs) by genetically engineering the
Human Elastin-like Polypeptide platform developed in the lab. The
well-characterized AMP indolicidin is selected as an example of an
antimicrobial domain for the recombinant fusion at the C-terminus of the
carrier. The fusion construct has been designed to allow the release of the
antimicrobial domain. The expression product has been purified and its
physicochemical and antimicrobial properties has been characterized. Taking
advantage of the self-assembling and matrix-forming properties of the
recombinant biopolymer, the materials that are obtained have been evaluated
for antimicrobial activity toward bacterial-strain models. This approach
represents a cost-effective strategy for the production of smart components
and materials endowed with antimicrobial capacity triggered by external
stimuli.

1. Introduction

The issue of antimicrobial resistance is considered amajor threat
to human health and new strategies as well as multidisciplinary
approaches are necessary to face this global emergency.[1,2 ] The
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host defense peptides, which are part
of the innate immune response and are
widespread throughout all living organ-
isms, constitute the first barrier against at-
tack by pathogens. These naturally occur-
ring peptides, also known as antimicrobial
peptides (AMPs), were selected by evolu-
tion and have recently raised great inter-
est as a promising alternative to synthetic
antibiotics.[3 ]

They have broad-spectrum activity
against multiple types of microorganisms,
yet there are several limitations to their
employment as drug candidates, mainly re-
lated to their stability, solubility, cytotoxicity,
and bioavailability.[4 ] One strategy to im-
prove the delivery of these biodrugs is the
conjugation with polymers that may extend
their half-life, protect them from degrada-
tion, and increase their solubility.[5–7 ] The
recombinant fusion approach offers several

advantages, being a cost-effective means for large-scale pep-
tide manufacturing. Among the described fusion partners, the
elastin-like polypeptides (ELPs) carriers are still underexplored
and offer a wide scope in terms of applicability.
ELPs are protein-based biopolymers inspired from mam-

malian tropoelastin. They can be chemically synthesized, how-
ever, the expression of recombinant products coded by easily cus-
tomizable synthetic genes is preferred to overcome chain length
limitations. They are generally comprised of repetitive VPGXG
motifs, X being any amino acid except proline, which charac-
terizes the bovine homolog.[8 ] They display a reversible thermo-
responsive behavior, similar to tropoelastin, that renders them
promising candidates for the development of advanced materials
for controlled drug delivery, tissue engineering, and regenerative
medicine.[9 ]

Up to now, roughly twenty ELP fusion constructs with AMPs
have been described, and recently reviewed.[10 ] These ELP car-
riers are substantially based on the artificial repetitions of the
canonical pentapeptidic motif. In our lab, synthetic genes cod-
ing for ELPs inspired by the sequences of the human homolog
and thus named HELPs (Human Elastin-like Polypeptides) were
assembled and expressed in Escherichia coli.[11 ] Compared to
the other described ELPs, our HELP biopolymer contains not
only the hydrophobic elastin-like sequences, but also the elastin-
derived cross-linking domains, mimicking the human tropoe-
lastin structure.[12 ] This feature enabled the setup of an enzy-
maticmethod to cross-link the biopolymer chains to yield a stable
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Figure 1. Schematic representation of the HIn construct structure. The
theoretical molecular mass is 49 kDa. Dark grey, His-tag; hatched, linker;
black, In domain; light grey, cross-linking domains; white, elastin-like
hexapeptidic repeats.

hydrogel matrix.[13 ] Thus, our HELP carrier is a multifunctional
fusion partner that strategically displays thermo-responsive be-
havior with dual function. First, it simplifies the purification of
the expression product, and second it endows the resulting ma-
trix with responsivity to release the bioactive motif upon prote-
olytic stimuli.
The aim of the work described in this paper is to apply our

technology to produce AMPs therefore establishing a model for
bioactive AMP production. Indolicidin (In) is a thirteen amino
acids long cationic peptide belonging to the cathelicidin family,
first isolated from bovine neutrophils.[14 ] Showing a broad spec-
trum of biological activity against a wide range of targets, it was
often chosen as a model.[15 ] We selected this AMP as the antimi-
crobial domain and the fusion partner of HELP. The synthetic
gene was specifically tailored, introducing some functional ele-
ments like the proteolytic cleavage site and the linker, thus giving
an example of the broad range of customization options that our
platform offers.
We report the new construct expression, purification, and char-

acterization of its biochemical properties as well as the realization
of the derived matrix and the evaluation of the antimicrobial ac-
tivity toward Staphylococcus aureus, Pseudomonas aeruginosa and
Escherichia coli strains.

2. Results and Discussion

2.1. Antimicrobial Help Fusion Construct Production and
Characterization

Indolicidin (In) is a well-described and characterized 13-residue
cationic AMP that is often selected as amodel peptide, since it has
a broad spectrum of biological activity, and is effective against a
wide range of bacteria.[15,16 ] Moreover, its high tryptophan con-
tent confers it with fluorescence, facilitating its localization. We
selected this AMP as the bioactive fusion domain with HELP for
these reasons. In Figure 1, the schematic structure of this new
construct named HIn is shown, and a short linker region was
placed between HELP and the In domain. We decided to insert
a glutamic acid residue just before the In sequence to obtain a
unique specific proteolytic cleavage site to release the AMP, since
neither In nor HELP possess this amino acid in their sequence.
However, different specific proteolytic sites, like those for the
TEV protease and factor Xa, rather than amino acids for specific
chemical cleavage as well as linkers, spacers, and other functional

Figure 2. Production and characterization of the HIn construct. A) Rep-
resentative SDS-PAGE analysis of the HIn construct. Lane 1, total pro-
tein content of the bacterial lysate before IPTG induction; lane 2, total
protein content of the bacterial lysate 5 h after IPTG induction; lane 3,
HIn construct purified by inverse phase transition cycling; lane 4, puri-
fied HELP biopolymer. Molecular masses of the protein markers (M) ex-
pressed in kilodaltons (kDa), are bovine serum albumin (66 kDa), oval-
bumin (45 kDa), carbonic anhydrase (30 kDa). Coomassie blue staining.
B) Absorbance spectra of HELP (grey) and HIn (black) biopolymers. C)
Spectrofluorimetric analysis of aqueous solutions of different concentra-
tions of HELP (grey bars) and HIn (black bars). The values represented
the mean ± SD, n = 4.

sequences may be introduced depending on the requirements of
the desired application.
HIn was expressed on a lab scale with a high efficiency of the

purified product obtained by exploiting the reversible thermo-
responsive behavior that characterizes HELP and that was main-
tained by this construct (Figure 2A and Supporting Informa-
tion). Due to the presence of tryptophan in the antimicrobial do-
main, the absorbance spectrum ofHIn showed a peak centered at
280 nm, that is considerably reduced in HELP (Figure 2B). This
was confirmed by the fluorescence analysis, where HIn showed
clear dose-dependent signals relative to HELP, which did not
show such behavior, as expected (Figure 2C).
Table 1 reports the features of the secondary structure of

HELP and HIn biopolymers obtained with the Expasy tools.[17 ]

The physicochemical parameters for the biopolymers were cal-
culated from their primary structure. Only a slight difference
in the hydropathy index (Table 1) between the two biopolymers
was predicted. In the same table, the results of the deconvo-
lution of the CD spectra of Figure 3A for HIn and HELP are
shown, and they are consistent with the theoretical predictions.
The CD spectra of HELP and HIn did not show any significant
change when 0.15 M NaCl was added to both biopolymer so-
lutions (Figure S1, Supporting Information). However, despite
these similarities between HIn and HELP, HIn showed a signif-
icant difference in the thermal transition properties with respect
to HELP. Turbidity measurements were performed to investigate
the thermo-responsive behavior of the biopolymers undergoing
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Table 1. Chemico-physical parameters were obtained using Expasy Tools (ProtParam on-line software) and the prediction of secondary structure using
GOR IV was compared to the values obtained from CD measurements.

p.I. Hydropathy Index (GRAVY) % Polar a.a. % Charged a.a. Α (%) 𝛽 (%) Random coil (%)

HIn 12.2 0.97 2.5 4.4 GOR IV 27 5 68

CD 30 6 74

HELP 11.7 1.10 1.9 3.2 GOR IV 26 4 70

CD 29 10 61

Figure 3. Physicochemical characterization of the HIn biopolymer. A) CD
spectra recorded at 25 °C for HIn (black line) and compared with that
of the HELP biopolymer (dashed line) in NaPi buffer solution at 0.1 mg
mL−1. B. Optical density profiles of 2 mg mL−1 solutions of HIn in NaPi
buffer (black circle) and NaPi/0.15 M NaCl buffer (black triangle) solu-
tion as a function of temperature. HELP behavior in NaPi buffer (open
circle) and in NaPi/0.15MNaCl buffer (open triangle) is also reported for
comparison.

the inverse temperature transition in the absence and in the pres-
ence of near-physiological salt concentration. It has to be taken
into account that HELP, different from most of the other ELPs,
possesses also cross-linking domains, mimicking the tropoe-
lastin structure. It is described that the optimal tropoelastin
coacervation occurs in the presence of the near-physiological
salt concentration.[18 ] We already reported that the presence of
the cross-linking domains in the HELP biopolymer affected its
phase transition behavior and that the presence of a nearly

physiological salt concentration fully restored the transition
capacity.[19 ]

Figure 3B shows the turbidity profiles of 2 mg mL−1 HIn in
buffer solution with and without 0.15 M NaCl as a function of
temperature. HIn showed no thermal transition up to 45 °C in
the absence of salt, while in the presence of 0.15MNaCl, a sharp
increase in turbidity ≈31.8 °C was observed. In the presence of
NaCl, HIn showed a sharper transition curve that occurred 10 °C
earlier with respect to HELP (Figure 3B).
DSC peaks and onset temperatures of the inverse transitions

are listed in Table 2 (see also Supporting Information) and were
in agreement with those observed in the turbidity analysis. As
already reported, the transitions of HELP and its modifications
are always characterized by a broad peak extending over 10 °C
or more[19,20 ] In the analysis presented here, especially in the
presence of NaCl, the two biopolymers showed significant differ-
ences, confirming those observed in the turbidity experiments.
Again, HIn in the absence of salt did not show any transition,
even when heated at 90 °C (Table 2), confirming the results re-
ported above by turbidimetric analyses. The possible explanation
is based on the observation that the In domain contains several
highly hydrophobic tryptophans and charged lysine and arginine.
Being these amino acids endowed with diametrically opposed
properties, the HIn hydropathy index resulted diminished re-
spect to HELP (Table 1). In general, the Tt of the ELPs is lowered
when the hydrophobicity of the chain is raised, for example, by
substitution of the fourth, “guest” residue of their pentapeptidic
motif.[21 ] On the other hand, an analogous but distinct effect was
also observed, consisting of the decrease of the ELP Tt by the fu-
sion with hydrophobic moieties.[22 ] Consistent with these obser-
vations, the increased sharpness of the HIn transition profile as
well as the decreased transition temperature suggested that HIn
responded more promptly than HELP to temperature rise, likely
due to the hydrophobicity increase of the macromolecule. How-
ever, due to the presence of the cross-linking regions in HELP
domain, this behavior is evidenced only when the charges are
shielded avoiding repulsion, such as in the presence of salt.
In summary, the HIn construct carrying the antimicrobial do-

main placed at the C-terminus of HELP was successfully pro-
duced by recombinant methods. This construct was fluorescent,
due to the presence of the tryptophan-rich In domain. This conve-
nient feature allowed the tracking of the domain after its release
from the HIn biopolymer. The phase transition behavior con-
ferred by the HELP domain was maintained and even enhanced
in the fusion construct, as demonstrated by the physicochemical
characterization. Consequently, the purification of the construct
by exploiting this property resulted in an average yield on the lab
scale of more than 200mg per liter of bacterial culture.

Macromol. Biosci. 2024, 24, 2300236 2300236 (3 of 11) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Table 2. DSC onset and peak inverse transition temperatures for the 8mg
mL−1 solutions of HIn and HELP biopolymers in the absence and in the
presence of 0.15M NaCl.

T [°C] NaPi buffer NaPi buffer / 0.15M NaCl

HIn onset – 19.4

peak – 29.8

HELP onset 16.2 31.4

peak 29.5 35.6

2.2. Antimicrobial Activity of HIn

Around 10 ELP fusion constructs carrying the AMP at the N-
terminus have been described to possess antimicrobial activity
without the need to leave the antimicrobial domain ([10 ] and ref-
erences herein). By contrast, only one ELP fusion carrying the
AMP at the C-terminal was described to be active.[23 ] In our sys-
tem, the In domain is placed at the C-terminal part of the fusion
protein exploiting the features of the HELP vector (see Support-
ing Information). Thus, we assayed the whole construct for the
activity against bacterial models that are commonly used as ref-
erence strains for antibiotic susceptibility testing.
The activity of the purified HIn biopolymer, as well as that of

the HELP alone, was assayed toward S. aureus, P. aeruginosa, and
E. coli. The results are presented in Figure 4A. At the concentra-
tion of 20 µM, HELP did not affect the growth of the tested mi-
croorganisms. On the contrary, efficient antimicrobial activity of
theHIn biopolymer was observed at this concentration against P.
aeruginosa (Figure 4A). One possible explanation is that P. aerug-
inosa, under certain growth conditions, can secrete elastolytic
enzymes,[24 ] that may trigger In release in the medium, thus hin-
dering themicroorganism growth. This observation prompted us
to select this microorganism as the model for this study, and we
performed the mInimum inhibitory concentration (MIC) assay
with the HIn biopolymer (Figure 4B). No significant effect was
observed for any concentration of HELP relative to the untreated

control, whereasHIn displayed the inhibitory effect on this strain
at the concentration of 1.25 µM.
After the finding that HIn biopolymer maintained the activ-

ity conferred by the fusion AMP, we explored the opportunity to
prepare antimicrobial surfaces. To coat the surface, aqueous solu-
tions of HIn and HELP were deposited and dried on the bottom
of 24-well plates. P. aeruginosa cells re-suspended in NaPi buffer
(detailed in the Materials and Methods section) were deposited
on each coating or on the untreated control surface. HELP-coated
surfaces did not affect bacterial growth compared to the uncoated
surfaces, whereasHIn-coated surfaces showed a bacterial growth
reduction of ≈30%, suggesting a bactericidal activity due to the
presence of the In domain (Figure 5A). SEM analysis was per-
formed on these samples to observe any effect of the contact be-
tween the bacteria and the coated surface (Figure 5B). The bac-
teria deposited and incubated on HELP coating showed the mor-
phology expected for healthy growing cells (Figure 5B left panel)
whereas most of the bacteria deposited on the HIn-based coating
showed extended membrane blebbing, indicating that cells un-
derwent disruption (Figure 5B right panel). These results clearly
showed that In, although in fusion with HELP, was able to dis-
play its effect at least toward P. aeruginosa, opening the possibil-
ity to employ HIn to realize materials and surfaces endowed with
antimicrobial activity.

2.3. Specific Release of the In Domain from the HIn Biopolymer

Ourmodel for AMP production in fusion with an ELP carrier was
designed to allow the specific release of the bioactive domain us-
ing a specific endoprotease, the Glu-C enzyme that cleaves the
proteins after the glutamic acid (Figure 1). Since HELP does not
contain any glutamic or aspartic acid, no cleavage of theHELP do-
main is expected after the treatment with this enzyme, and this
was confirmed by the SDS-PAGE analysis (not shown).When the
reaction was performed in solution, the release of In could not be
followed by fluorescence since HIn shares the same fluorescence

Figure 4. Antimicrobial activity of the HIn biopolymer. A) Comparison of the effect on bacterial growth of 20 µM of HELP and HIn biopolymers toward
three bacterial strains. White, S. aureus; dotted, P. aeruginosa and hatched, E. coli. B) Antimicrobial activity evaluation of the HIn (black) fusion protein
compared to the HELP (grey) biopolymer toward P. aeruginosa. The values were expressed as the percent respect the growth of the untreated control
and represented the mean ± SD, n = 4; **p ≤ 0.001.
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Figure 5. Antimicrobial capacity of HIn-based coatings. A) Effect of HELP and HIn coatings on P. aeruginosa growth. Results were expressed as the
percent respect the growth of the control on the uncoated surface and represented the mean ± standard deviation (SD) of at least three replicates. ***p
≤ 0.0001. B) Representative images of the SEM analysis of P. aeruginosa deposited on the HELP and HIn-based coatings.

property of In. For this reason, SDS-PAGE analysis was per-
formed to assess the release of In. After Glu-C reaction, an elec-
trophoretic band migrating faster than the front was clearly visi-
ble, suggesting the release of the In domain (Figure 6A, lane 2).
At first, the thermo-responsive behavior of HELP was em-

ployed for the Inverse Transition Cycling (ITC) purification of the
released In domain (Figure 6B). However, after the addition of
NaCl and warming to 37 °C to elicit the phase transition ofHELP,
and with subsequent centrifugation, no electrophoretic signal
was detected in the supernatant (Figure 6A, lane 3) whereas
both HELP and In were found in the pellet (Figure 6A, lane 4).
This indicated that, in these conditions, the highly hydrophobic,
tryptophan-rich, poorly soluble In domain remained in the pel-
let, likely due to hydrophobic interaction with the HELP moiety.
In fact, when the phase transition was induced in the presence
of detergent, after the centrifugation, the band corresponding to
the In domain was clearly visible in the supernatant (Figure 6A,
lane 5) and it was totally absent in the pellet constituted by HELP
alone (Figure 6A, lane 6). Quantification of In in the supernatant
with the BCA assay resulted in an average of 35 µg of In permg of
HIn, very close to the theoretical yield value, keeping into account
that In represents ≈1/27 of the whole macromolecule. However,
due to the presence of the detergent, it was not possible to assess
the antimicrobial activity.

2.4. HIn Hydrogel Matrix Production and Bioactivity

The matrix-forming property of HELP has already been de-
scribed. The method is based on the covalent binding of the

biopolymer chains.[13 ] Since theHELP cross-linking domains are
the main target of the transglutaminase enzyme that forms the
matrix network, it is likely that any domain in fusion with HELP
will not significantly affect the reaction, since most probably it
is not the preferred substrate of the enzyme, even if it contains
a few lysines and glutamines. Thus, the enzymatic cross-linking
of a solution of 4% of HIn was performed, showing the same
macroscopic aspect of the 4%HELPmatrices that were prepared
in parallel as the control (Figure 7A, see Materials and Methods
for details).
The use of the specific endoprotease Glu-C was expected to

trigger the release of the In domain from the HIn matrix. Fol-
lowing the cross-linking and extensive washing, and after assess-
ing the absence of any unreacted substrate by fluorescence, the
HIn matrix was treated with Glu-C. After the proteolytic reac-
tion, all the matrices were macroscopically intact, indicating that
the cleavage was specific, as expected (Figure 7A). The super-
natant was collected and analyzed by fluorescence, SDS-PAGE,
and mass spectrometry. Comparing the wash of the matrix be-
fore Glu-C addition with the supernatant after the proteolytic re-
action, a fluorescence signal was detected in the latter, suggest-
ing the presence of the In domain in the solution (not shown).
The ESI-MS confirmed the presence of one predominant com-
ponent of 1907.02 Da in the supernatant, corresponding to the
expected value of 1907.30 Da calculated based on the amino acid
sequence of In (Figure S3, Supporting Information). The super-
natant was then tested for antimicrobial activity against P. aerugi-
nosa, and a MIC value of 3 µMwas determined, corresponding to
the same order of magnitude of the data reported in the literature
for In.[25 ]
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Figure 6. Release of In domain by specific enzymatic cleavage of HIn. Representative image of SDS-PAGE analysis of the HIn biopolymer treated with
the Glu-C endoprotease. Lane 1, untreated HIn biopolymer; lane 2, HIn biopolymer treated with Glu-C; lane 3, supernatant after the precipitation and
centrifugation at 37 °C; lane 4, pellet after the precipitation and centrifugation at 37 °C; lane 5, supernatant after the precipitation and centrifugation
at 37 °C in the presence of detergent; lane 6, pellet after the precipitation and centrifugation at 37 °C in the presence of detergent. B. Scheme of the
purification process based on the ITC method of the HELP biopolymer, which is soluble in a cold solution and precipitates after temperature and ionic
strength increase. Molecular masses of the protein markers are indicated on the right. Bovine serum albumin (66 kDa), ovalbumin (45 kDa), carbonic
anhydrase (30 kDa), lysozyme (14 kDa). Coomassie blue staining.

Macromol. Biosci. 2024, 24, 2300236 2300236 (6 of 11) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 7. Antimicrobial activity of the HIn matrix. A) Macroscopic aspect of the HIn and HELP matrices before and after Glu-C reaction (top) and
schematization of matrix treatment to test the activity toward the bacteria (bottom). B) Antimicrobial activity of the HELP (grey) and HIn (black) matrix
toward P. aeruginosa. C. Antimicrobial activity of the HELP (grey) and HIn (black) matrix toward E. coli. D. Antimicrobial activity of the HELP (grey) and
HIn (black) matrix toward S. aureus. The values were expressed as the percent respect the growth of the untreated control and represented the mean ±
SD, n = 4; *p ≤ 0.01, ***p ≤ 0.0001.

The antibacterial capacity of HIn matrices was assayed. After
the cross-linking reaction, both 4%HELP andHInmatrices were
extensively washed with water to remove any unreacted substrate
and then they were lyophilized (Figure 7A). Thematrices were re-
hydrated in bacterial culture, maintaining the same conditions
of the MIC assay (detailed in the Materials andMethods section).
Despite the fact that the uncleaved HIn biopolymer displayed an-
timicrobial activity toward P. aeruginosa (Figure 4), both HELP
and HIn matrices allowed bacterial growth, suggesting that teth-
ering of the In domain in a matrix may inactivate it. This was
described for cationic peptides, since it was observed that pep-
tide immobilization on a surface could result in a pronounced ac-
tivity decrease.[26 ] Thus, the cleavage with Glu-C was performed
on the HIn as well as the HELP matrix. All the samples were
lyophilized, to be re-hydrated in the presence of P. aeruginosa,
as described above for the undigested matrices. The results are
shown in Figure 7B. The untreated and the Glu-C treated HELP
matrices as well as the untreated HIn matrix did not show any
significant effect on bacterial growth. On the contrary, the HIn
matrix treated with Glu-C drastically reduced the growth of P.
aeruginosa, suggesting the release of the active antimicrobial do-
main from the HIn matrix. Since it is described that In has a
broad activity toward bacteria, we repeated the same assay with S.
aureus andwithE. coli. The results in Figures 7C,D clearly showed
that the In activity toward these two strains was restored after the
cleavage with Glu-C of the HIn matrix.
Overall, the fusion of In with HELP has demonstrated the ver-

satility of this peculiar elastin-like domain as a valuable carrier.
First, the cleavage of In from the matrix and its release was suc-

cessfully performed representing a convenient and smart alter-
native option with respect to ITC to obtain the bioactive AMP
domain. Second, although the matrix resulted not active after the
cross-linking, we demonstrated that the antimicrobial property
was restored after the specific proteolytic cleavage. Since In to ex-
ert its effect has to penetrate inside the bacterial cell, the antimi-
crobial activity was just hindered when the AMP resulted immo-
bilized within the matrix.
This is consistent also with the observation that the HIn coat-

ing was toxic for bacterial cells. In the coating HIn is not cross-
linked, thus it is likely that it could re-dissolve in aqueous solution
to some extent and, in consequence, it can be internalized by the
bacteria exerting the observed growth inhibition (Figure 5).
The features of the HELP fusion with an AMP domain can

be exploited to realize smart stimuli-responsive materials with
antimicrobial properties that can be triggered on/off on demand.

2.5. Release of the Antimicrobial Activity by Elastase

An interesting feature of HELP biopolymer is its elastin-
mimicking structure, which is composed of both elastin-like and
cross-linking domains. It has already been reported that HELP is
particularly susceptible to elastase activity, likely due to the pres-
ence of the cross-linking domains that represent one of the main
targets of this enzyme.[27 ]

This property is valuable to realize stimuli-responsive sys-
tems for the sustained release of active AMPs, especially in the
presence of elastolytic activity, a condition occurring during

Macromol. Biosci. 2024, 24, 2300236 2300236 (7 of 11) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 8. HIn biopolymer and HIn matrix degradation by elastase and release of the antimicrobial activity. A) Representative SDS-PAGE analysis of
elastolytic degradation of the HIn biopolymer. HIn (lane 1) was treated with 0.4, ng µL−1 of elastase (lane 2), 0.2, ng µL−1 of elastase (lane 3), and 0.1,
ng µL−1 of elastase (lane 4). In the same conditions, BSA (lane 5) was treated with equal amounts of elastase, 0.4, ng µL−1 of elastase (lane 6), 0.2, ng
µL−1 of elastase (lane 7) and 0.1, ng µL−1 of elastase (lane 8). Molecular masses of the protein markers expressed in kilodaltons (kDa) are indicated on
the right, Coomassie blue staining. B. Effect on bacterial growth of HELP (grey) and HIn (black) biopolymer solution treated with 0.4 and 0.2 ng µL−1 of
elastase (ELA). C. Effect of HELP (grey) and HIn (black) matrix degradation by elastase on bacterial growth. The values were expressed as the percent
respect the growth of the untreated control and represented the mean ± SD, n = 4; ***p ≤ 0.0001.

neutrophil activation due to inflammation processes, for in-
stance. Therefore, we assessed the release of In by elastase by
first testing the HIn biopolymer in solution (Figure 8A). Elastase
concentrations of 0.4 and 0.2 µg mL−1 were necessary to degrade
all the HELP domain of the HIn biopolymer, releasing the In
product (Figure 8A, lanes 2 and 3), whereas the same enzyme
concentrations did not degrade bovine serum albumin (BSA) at
all (Figure 8A, compare lane 5 with lanes 6–8), confirming the
reaction specificity.
The antimicrobial activity of these reactions’ products was as-

sessed against P. aeruginosa and the data showed that the pres-
ence of the products of the elastolytic degradation of HIn biopoly-
mer resulted in a marked inhibition of bacterial growth. In con-
trast, the degradation products of HELP had only a minor effect
(Figure 8B).
Moreover, the 4%matrix ofHIn and that ofHELP, were treated

with elastase. The reaction completely degraded the matrices,
as already reported.[27 ] The obtained supernatants were then as-
sayed with P. aeruginosa, showing that HIn matrix degradation
was sufficient to allow the release of an amount of In that was
effective in inhibiting bacterial growth (Figure 8C).
These data showed that our HIn construct might be employed

to obtain smart materials that, upon the proper stimuli, trigger
the release of a bioactive compound that may interfere with the
process that provoked the release, possibly leading to the attenu-
ation of the process itself. The concentration of the enzyme that
showed to be sufficient to release an amount of bioactive domain,

was ineffective on the BSA, suggesting that the high susceptibil-
ity of HELP to elastase is a valuable feature to exploit for the pro-
duction of antimicrobial materials that may be well tolerated by
the tissues.

3. Conclusion

The HELP fusion platform described in this work was suc-
cessfully employed to produce a model construct bearing the
bioactive antimicrobial domain indolicidin. The synthetic gene
was further tailored to introduce a specific cleavage site, giving
an example of the versatility of our system. TheHIn recombinant
biopolymer retained both the properties of the elastin-like carrier,
as demonstrated by the physicochemical characterization, and
those of the antimicrobial domain, displaying growth inhibitory
activity at least towards one of the model strains tested. The
exploitation of the HIn thermo-responsive behavior allowed its
production with very good purity and yield on a lab scale and can
be further scaled up. The matrix-forming property of HELP was
also maintained by HIn. Two ways were evaluated to produce
indolicidin by a specific enzymatic cleavage route. To purify the
In released from the reaction the ITC was exploited to deplete
the supernatant of the HELP moiety. Although this method
showed some limitations due to the high hydrophophobicity
and poor water solubility of In itself, the bioactive AMP was
successfully recovered by cleaving theHInmatrix and recovering
the supernatant. Overall, the recombinant platform described
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herein showed valuable versatility and opened the door to the
production of materials endowed with antimicrobial proper-
ties that might be integrated into engineered multifunctional
bio-systems capable of sensing and actively responding to their
surrounding environment. Due to the strict control of the amino
acid sequences, this platform can also be exploited to better
elucidate the still poorly characterized mechanism of action of
the AMPs at the molecular level.

4. Experimental Section
Antimicrobial HELP Cloning, Expression, and Purification: The sequence

coding for indolicidin (In, GenBank: AAB21494.1) was in-frame cloned at
the C-terminal region of HELP gene exploiting the unique DraIII – HindIII
restriction sites.[12 ] The positive clones were sequenced to verify the open
reading frame and then the E. coli C3037I (New England Biolabs Inc., Ip-
swich, MA) expression strain was transformed with the plasmid carrying
the new HIn construct. The expression and purification of the recombi-
nant HELP and HIn biopolymer were performed in standard conditions,
as described previously.[28 ]

The purified biopolymers were analyzed by a 9% acrylamide SDS-PAGE
stained by Coomassie blue using a reported procedure.[19 ] The purified
products were lyophilized for long-term storage.

Physicochemical Characterization: The spectrophotometric analysis of
2 mg mL−1 aqueous solution of the pure samples was performed in the
range of 𝜆 = 250 – 300 nm using a Jenway scanning spectrophotometer
(Model 7205, Jenway, Staffordshire UK). The fluorescence of aqueous so-
lutions of the biopolymers at different concentrations was measured in a
96-well black polystyrene microplate (Nunc, Sjelland, Denmark), analyz-
ing 50 µL well−1 and detecting the emission fluorescence at 𝜆 = 350 nm,
following excitation at 𝜆 = 280 nm by a microplate reader (Synergy H1,
BioTek, Winooski, VT).

The secondary structure was evaluated using the ProtParam (Expasy)
program available on the SIB Swiss Institute of Bioinformatics website.
The grand average of hydropathy value (GRAVY) for proteins was calcu-
lated as the average of hydropathy values of all the amino acids in the
sequence. The prediction of secondary structures of HIn was based on
the primary amino acid sequences of the polypeptides by using GOR IV
software from the Expasy Web site (http://www.au.expasy).

Circular dichroism (CD) spectra were recorded on protein solutions
with a concentration of 0.1 mg mL−1 in NaPi (10 mM sodium phosphate
pH = 6.8) or NaPi / NaCl (10mM sodium phosphate/ 0.15MNaCl pH =
6.8) buffers. The CD Spectra were recorded at 25 °C in a 200- to 500-nm
thermostatic cell on a Jasco J-710 spectrometer under constant nitrogen
flow, and the data were expressed as the mean molar ellipticity [𝜃] of the
residue (mdeg-cm2-dmol−1).

By using a turbidimetric method, the optical density (OD) of HIn sam-
ples was measured at 𝜆= 350 nm in the range of temperature 20−50 °C at
a heating scan rate of 0.2 °C min−1 on a Jenway 6300 spectrophotometer.
The inverse transition temperature (Tt) was obtained as the temperature
corresponding to 50% of the maximum OD value. The purified proteins
were dissolved in NaPi buffer to a final concentration of 2 mg mL−1. The
solutions were equilibrated at 4 °C for 16 h before analysis.

The thermal properties of lyophilized proteins in solution were eval-
uated by Differential Scanning Calorimetry (DSC) using a Setaram Mi-
croDSC III DSC model. Stainless steel cells were filled by weight with pro-
tein samples (4 mg mL−1, in NaPi or NaPi /NaCl buffers) and then her-
metically sealed and equilibrated for 16 h at 4 °C. The calorimeter was
pre-equilibrated at 5°C for 10min, followed by heating from 5 to 70 °C at a
scan rate of 0.5 °C min−1. The solvent was used as a reference. The calori-
metric area, the onset, and the peak inverse transition temperatures (Tt)
were determined by a homemade software written in Fortran code.

Assessment of Antimicrobial Activity of the HIn Biopolymer and of the De-
rived Materials: The bacterial strains used to assess the antimicrobial ac-
tivity of the HIn recombinant biopolymer were S. aureus ATCC 25 923, P.
aeruginosa ATCC 15 692, and E. coli ATCC 25 922. The antimicrobial activ-

ity was assessed using a modification of the broth microdilution method,
according to Bera et al.[29 ] using 2.1% (w/v) Mueller-Hinton broth (Merck
Millipore, Massachusetts, USA). The bacterial cells were incubated with
the biopolymers in the NaPi buffer (10 mM sodium phosphate, pH 6.8)
before broth addition and incubation at 37 ˚C. The minimum inhibitory
concentration (MIC) was taken as the lowest concentration of the biopoly-
mer that completely inhibited the growth ofmicroorganisms was assessed
as follows. Briefly, 300 µL of overnight bacterial culture were diluted in
10 mL of 2.1% (w/v) Mueller-Hinton broth and incubated at 37 ˚C with
continuous shaking (150 rpm) for ≈2–2.5 h, until OD ≈ 0.5 was reached.
At this point, 50 µL of the bacterial culture were diluted in 10 mL of NaPi
buffer, corresponding to ≈2.5 × 106 CFU mL−1 (bacterial working solu-
tion). Lyophilized biopolymers, previously sterilized by 0.22 µm filtration,
were re-dissolved to a concentration of 100 µM in sterile NaPi to prepare
two-fold serial dilutions that were deposited (10 µL per well) in a sterile 96-
well polystyrene U-shaped bottomwells microplate (Sarstedt, Numbrecht,
Germany).

Right after, 20 µL of bacterial working solution were added per well and
incubated for 1 hour at room temperature (21–23 °C). Sterile NaPi buffer
was used as the control. Then, 70 µL of 3% (w/v) Mueller–Hinton broth
were added to each well to a final volume of 100 µL of 2.1% (w/v) Mueller-
Hinton broth (final concentration). The final concentration of the biopoly-
mers ranged from 10 to 0.038 µMand the final seeding density was 5 × 105

CFUmL−1. The microwell plates were incubated at 37 °C for 20 hours, and
then they were analyzed at 600 nm in a microplate.

Antimicrobial Activity of HIn Coatings: Coatings were prepared either
in the bottom of the well of 24-well tissue culture-treated polystyrene mi-
croplates (Sarstedt, Numbrecht, Germany) for assessment of antimicro-
bial activity, or in 13mm-diameter sterile plastic coverslips (# 83.1840.002,
Sarstedt, Numbrecht, Germany) for SEM analysis. Lyophilized HELP and
HIn biopolymers were re-dissolved in water and sterilized by filtration
(0.22 µm). Coatings were prepared in the form of thin films by deposi-
tion of 50 µL of 2 mg mL−1 biopolymer sterile solution, thus covering a
surface of 1 cm2 with 100 µg of biopolymer. Samples were dried allowing
water to evaporate at room temperature under a sterile hood.

To evaluate the antimicrobial capacity of the biopolymer coatings, a
modification of the antimicrobial assay described above was set up. Briefly,
20 µL of 10mMNaPi buffer containing approximately 2,5 × 106 CFUmL−1

of P. aeruginosa ATCC 15 692 strain were deposited within the coated sur-
faces of the 24-well polystyrene microplate and were incubated for 1 hour
at room temperature (21–23 °C). Right after, 300 µL of 2.1% (w/v)Mueller-
Hinton broth were added to the wells and the microplate was incubated
at 37 ˚C for 20 h. The bacterial growth was determined by reading 50 µL of
each sample in a U-shaped 96-well polystyrene microplate at 600 nm in a
microplate reader.

For SEM analysis, P. aeruginosa ATCC 15 692 culture was diluted to
2 × 108 CFU mL−1 in NaPi buffer, and 20 µL were deposited onto the
coated surface of the plastic coverslips and incubated for 1 hour at room
temperature. After incubation, the solution was removed by washing twice
with 50 µl PBS. The samples were fixed at room temperature for 30 min
using 50 µL of 2.5% (v/v) glutaraldehyde in PBS. After glutaraldehyde re-
moval, the coverslips were rinsed again by soaking in PBS. Samples de-
hydration was performed with increasing concentrations of ethanol/water
(30%, 50%, 70%, 90%, and 100%) using for each Step 1 mL of solution
and 5min of incubation. Subsequently, samples were dried under the hood
flow, mounted on aluminum stubs covered with a double-sided carbon
tape and coated with chromium using a Q150T ES plus sputter coater
(Quorum Technologies Ltd., UK). The morphological analysis was then
performed with a scanning electron microscope (Gemini 300, Zeiss, Ger-
many) working in secondary electron detection mode. The working dis-
tance was set at about 8.5 mm to obtain the appropriate magnifications,
and the acceleration voltage was set at 5 kV.

Antimicrobial Capacity Assessment of the HIn Matrix: To assess the an-
timicrobial activity of the HInmatrix, conditions similar to those described
above for the MIC assay were adopted.

HELP and HIn hydrogel matrices were prepared in a sterile 96-wells
polystyrene V-shaped bottom microplate (Sarstedt, Numbrecht, Ger-
many). 10 µL of 4% (w/v) sterile aqueous solutions of HELP and HIn

Macromol. Biosci. 2024, 24, 2300236 2300236 (9 of 11) © 2023 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH

 16165195, 2024, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

abi.202300236 by L
aura C

olom
ina-A

lfaro - U
niversita D

i T
rieste , W

iley O
nline L

ibrary on [20/03/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



 

88 

Chapter 4 A Versatile Elastin-Like Carrier for Bioactive Antimicrobial Peptide Production and Delivery 

 

www.advancedsciencenews.com www.mbs-journal.de

were deposited in the well bottom and were enzymatically cross-linked us-
ing microbial transglutaminase (N-Zyme Biotec GmbH, Darmstadt, Ger-
many) at a final concentration of 2 µg µL−1. Cross-linking was carried out
for 1 hour at room temperature (21–23 °C) and after three washes with
excess of water, the matrices were directly lyophilized or treated with Glu-
C. For this latter reaction 25 µL of 100 mM ammonium bicarbonate pH
8 with 10 ng µL−1 Glu-C were added to each matrix, whereas the control
samples were treated with 25 µL of buffer alone and incubated overnight
at 37 °C. After this reaction, the microplate was transferred at −80 °C and
lyophilized.

Subsequently, each matrix was re-hydrated with 20 µL of bacterial work-
ing solution (2.5 × 106 CFU mL−1 in 10 mM NaPi buffer) and incubated
for 1 h at room temperature before the addition of 100 µL of 2.1% (w/v)
Mueller-Hinton broth. The microplate was incubated for 20 h at 37 °C and
then the supernatants were transferred in a U-shape microplate to be read
at 600 nm.

Specific Release of the In Antimicrobial Domain by Glu-C Endoprotease
from theHIn Biopolymer: The reactions with theGlu-C enzyme (NewEng-
land Biolabs, #P8100S) were set up in parallel with the HELP and the HIn
biopolymers at the final concentration of 6 mg mL−1 in 100 mM ammo-
nium bicarbonate buffer, pH 8, with of Glu-C 10 ng µL−1. After the incuba-
tion at 37 °C for 5 h, 1.5 µL of the reaction were added to the same volume
of Laemmli loading buffer for the SDS-PAGE analysis.

To separate the In peptide from the HELP moiety, a purification exploit-
ing the inverse transition cycling was performed, adding to the reaction
NaCl to 1.5 M, Triton-X100 to 1% (v/v), and warming at 37 °C for 5 min.
After the centrifugation for 5min at 10 000 rpm. The supernatant and the
pellet were separated and subjected to SDS-PAGE analysis.

Specific Release of the In Domain by Glu-C Endoprotease from the HIn
Matrix: The In domain was released from the 4% (w/v) HIn matrix by
incubation with Glu-C. Matrices of 150 µL each were incubated overnight
at 37 ˚C with 500 µL of 100mM ammonium bicarbonate buffer pH 8 with
10 ng µL−1 of Glu-C enzyme. The control samples were incubated in the
buffer alone.

After the overnight incubation, the supernatant was collected. Then,
each matrix was washed twice for 1 h with 1 mL of 20% (v/v) acetonitrile
in water. A third wash was performed overnight. The washes that showed
fluorescence emission were pooled together with the supernatant to be
frozen and lyophilized. The lyophilized material was re-suspended in wa-
ter to be assayed by Bicinchoninic acid assay (Pierce BCA Protein Assay
Kit), SDS-PAGE, and ESI mass spectrometry. For the antimicrobial activity
assessment, the lyophilized material was re-suspended in NaPi and ster-
ilized by 0.2 µm filtration.

Release of the In Domain from the HIn Biopolymer by Elastolytic Activ-
ity: The HIn biopolymer was sterilized by filtration and a 100 µM solu-
tion in NaPi buffer was treated with 0.4, 0.2, and 0.1 ng µL−1 of elastase
(Sigma, elastase from porcine pancreas, #E7885) for 3 h at 37 °C in a final
reaction volume of 30 µL. In parallel, the same conditions were adopted
to set up equivalent reactions with the bovine serum albumin (BSA) as
well as the HELP biopolymer. A 2 µL of each reaction were analyzed in
SDS-PAGE. The antimicrobial capacity of 10 µL of the elastase reaction
mixtures were assessed towards P. aeruginosa ATCC 15 692 as described
above.

Release of the In Domain from the HIn Matrix by Elastolytic Activity: 4%
(w/v) HIn hydrogel matrices (10 µL each) were prepared in sterile condi-
tions as described above. After the cross-linking, the matrices were exten-
sively washed with sterile NaPi buffer and then incubated with 15 µL of
8 ng µL−1 elastase solution in NaPi buffer at 37 °C for 3 h. These reactions
were then incubated with 10 µl of P. aeruginosa ATCC 15 692 bacterial so-
lution diluted to 5 × 106 CFU mL−1 in NaPi buffer for 1 hour at room tem-
perature before the addition of 70 µL of 3% (w/v) Mueller–Hinton broth.
The microwell plates were incubated at 37 °C for 20 h, and then they were
analyzed at 600 nm in the microplate reader.

Statistical Analysis: One-way analysis of variance (ANOVA)was carried
out to compare the means of different data sets within each experiment. A
value of p < 0.05 was considered statistically significant. All experiments
were performed at least in triplicate.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Chapter 5. Materials derived from the human elastin-like polypeptide 

fusion with an antimicrobial peptide strongly promote cell adhesion 

This chapter introduces a research article already published in the Journal of Material Chemistry B (Royal Society 

of Chemistry). 

Colomina-Alfaro, L., Sist, S., D’ Andrea, P., Urbani, R., P., Marchesan, Stamboulis, A., & Bandiera, A. (2024). 

Materials derived from the human elastin-like polypeptide fusion with an antimicrobial peptide strongly 

promote cell adhesion. J. Mater. Chem. B, 2024, Advance Article. https://doi.org/10.1039/D4TB00319E. 

Reproduced with permission under a Creative Commons Attribution 3.0 Unported Licence. Copyright ã 2024 by 

the Authors. Journal of Materials Chemistry B published by the Royal Society of Chemistry. 

The third objective of this thesis was to follow the strategy adopted to realise HIn model to produce another HELP 

fusion construct carrying the β-defensin 1 (hBD1) and to assess its biological properties. hBD1 was successfully 

fused at the C-terminal of HELP, and the fusion protein was named HhBD1. Specific endoprotease sites within the 

fusion protein sequence were introduced to release the two most active domains of hBD1. Once more, the fusion 

protein was produced in E. coli, purified following the ITC method and physico-chemically characterised by 

turbidimetric techniques. The biological characterisation of the biopolymer and its release products reveals that 

their antimicrobial properties against E. coli ATCC 25922 depend on the redox state. Moreover, the cytotoxicity 

assays of the biopolymer in solution showed a high cytocompatibility towards osteoblastic and fibroblastic cells. 

In addition, the possibility of developing coatings, thin films, and hydrogel matrices based on this biopolymer was 

explored, and their adhesion properties were assayed. Unexpectedly, 2D and 3D HhBD1-based materials showed 

a strong cell pro-adhesive capacity that, to our knowledge, has not been previously described for hBD1. 

My contribution to this journal article is as follows: investigation, conceptualisation, methodology, formal data 

analysis and validation, graphical representation, and original & revised draft writing. The following experiments 

have been carried out by myself: 

- Production of the recombinant HhBD1 fusion biopolymer 

- Cloning, expression, and purification  

- Specific release of hBD1 domains from the HhBD1 fusion biopolymer  

- Antimicrobial and biological evaluation of HhBD1 

- Radial diffusion assay 

- Cell culture and viability assay 

- HhBD1 3D matrix production and characterisation 

- 3D matrix production 

- Oscillatory rheological analysis 

- Cell culture on HhBD1-based substrates 

- Preparation of the coatings 

- Adhesion and viability assays of cells cultured on coatings 

- Cell culture on HELP and HhBD1 matrices 

- Fluorescence analysis

https://pubs.rsc.org/en/content/articlelanding/2024/tb/d4tb00319e#!divRelatedContent&articles
https://www.rsc.org/journals-books-databases/author-and-reviewer-hub/authors-information/licences-copyright-permissions-journal-articles/#acknowledgements
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Materials derived from the human elastin-like
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peptide strongly promote cell adhesion†
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Protein and peptide materials have attracted great interest in recent years, especially for biological

applications, in light of their possibility to easily encode bioactivity whilst maintaining cytocompatibility

and biodegradability. Heterologous recombinant expression to produce antimicrobial peptides is

increasingly considered a convenient alternative for the transition from conventional methods to more

sustainable production systems. The human elastin-like polypeptide (HELP) has proven to be a valuable

fusion carrier, and due to its cutting-edge properties, biomimetic materials with antimicrobial capacity

have been successfully developed. In this work, we have taken advantage of this platform to produce a

difficult-to-synthesise sequence as that of the human b-defensin 1 (hBD1), an amphipathic cationic

peptide with structural folding constraints relevant to its bioactivity. In the design of the gene, highly

specific endoproteinases recognition sites were introduced to release the active forms of hBD1. After

the expression and purification of the new fusion construct, its biological activity was evaluated. It was

found that both the fusion biopolymer and the released active forms can inhibit the growth of

Escherichia coli in redox environments. Remarkably, 2D and 3D materials derived from the biopolymer

showed a strong cell adhesion-promoting activity. These results suggest that HELP represents a

multitasking platform that not only facilitates the production of bioactive domains and derived materials

but could also pave the way for the development of new approaches to study biological interactions at

the molecular level.

1. Introduction
Protein and peptide materials have become very popular over
the last decade for a wide variety of biological uses and beyond,
thanks to their inherent bioactivity, cytocompatibility, and
biodegradability.1–3 In particular, those containing antimicrobial
peptides (AMPs) are highly attractive in light of the emergence of
antimicrobial resistance against traditional antibiotics, although
their design entails a set of challenges to maintain their
bioactivity.4,5 Recombinant fusion biotechnology has emerged as

a promising platform to produce antimicrobial peptides. Standard
chemical synthesis encounters several burdens that lead to
increased production timelines and costs. These challenges
include the hurdle of synthesising difficult sequences or
lengthy peptides, inefficient purification processes due to the
primary structure of the AMPs, and the need for the proper
folding (e.g., the occurrence of disulfide bridges, post-
translational modifications, etc.) to maintain the antimicrobial
efficacy.6,7 In contrast, the recombinant production in Escherichia
coli offers cost-effectiveness, scalability, and efficient expression
systems, resulting in high yields and establishing the basis for
large-scale protein production.8 To date, many fusion carriers have
been developed and used for AMP production. Nevertheless, the
elastin-like polypeptides (ELPs) are still the least exploited.9

ELPs are a class of recombinant biopolymers inspired by
elastin and therefore endowed with the inverse transition
property, a thermo-responsive behaviour that allows these
components to shift from the solvated form to the suspension
state, depending on the temperature of the environment.10

The human elastin-like polypeptide (HELP) fusion carrier
developed in our laboratory differs from most other ELPs
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described in the literature as it possesses the cross-linking
domains characteristic of tropoelastin.11 These domains can
be cross-linked by an enzymatic reaction, resulting in the
formation of cytocompatible hydrogel matrices. This mild
process does not affect cell viability, allowing its use for cell
encapsulation and culture.12 Notably, the cross-linking
domains are also the main target for elastase, an enzyme secreted
by activated polymorphonuclear leukocytes during inflam-
mation.13 Consequently, the presence of elastolytic proteases of
different origins can trigger the release of any domain fused to
HELP, as well as any compound embedded in the gel matrix.14

Recently, a HELP-AMP fusion with the antimicrobial peptide
indolicidin has been described. In addition to the successful
high-yield expression, the HELP-AMP fusion product retained
both the HELP thermo-responsive properties and the AMP activity,
demonstrating the advantage of using this carrier for the produc-
tion of AMP domains.15

The human b-defensin 1 (hBD1) belongs to the defensins
family, a class of small, cationic antimicrobial peptides with a
well-defined tertiary structure stabilised by three specific dis-
ulfide bridges that are conserved among all b-defensins.16

hBD1 is constitutively expressed and produced by several types
of epithelial cells, such as those of the urinary tract, pancreatic
duct, respiratory tract, and intestine, as well as by keratinocytes.17

Recent evidence suggests that the members of the b-defensin
family are multifunctional peptides that not only have functions
related to host defence,18,19 but are also involved in cell prolifera-
tion and migration,20 wound healing, tissue regeneration,21,22 and
tumour inhibition,23 positioning them as attractive components for
translational applications. hBD1 plays a critical role in the innate
immune system’s defence against microbial infections and consti-
tutes one of the body’s first lines of defence against pathogens.
It is well-known for its broad-spectrum antimicrobial activity
against various bacteria, fungi, and viruses.24 However, the length
of the sequence, the presence of six cysteine residues essential for
the correct folding, as well as the need to increase hBD1 availability
to produce multifunctional and biomimetic materials are the main
challenges for its production by chemical synthesis. This has led us
to employ the HELP carrier for the recombinant expression of
hBD1 as an alternative andmore sustainable route for the synthesis
of this peptide.

This work describes the design, the production, the bio-
chemical characterisation of the HELP-hBD1 fusion biopolymer
(HhBD1) and the derived hBD1 peptides, as well as the bio-
logical assessment of their activity towards model microorgan-
isms and cell lines. Derived materials such as coatings and
matrices based on this new fusion biopolymer are evaluated for
their interaction with biological systems.

2. Results and discussion
2.1 Production and characterisation of the HELP
recombinant fusion with hBD1

hBD1 was employed to functionalise HELP to develop biomi-
metic components with antimicrobial properties. It has been

described that this AMP is physiologically synthesised as a 68-
residue prepropeptide (GenBank: CAA63405.1), the product of
the DEFB1 gene.25 However, this product is further processed to
originate functional domains ranging from 36 to 47 amino
acids, which differ from each other by N-terminal truncation.26

Two major fragments endowed with antimicrobial activity have
been described; one of 47 amino acids,27,28 and another one of
36 amino acids, which is described as the most active domain
against bacterial cells.29,30 For this reason, the fragment of
47 amino acids was selected as the fusion partner at the C-
terminus of the HELP carrier (Fig. 1). Remarkably, this last
sequence does not contain any acidic residue.11 Thus, the
unique aspartic acid at the beginning of the 36-residue hBD1
domain represents a specific target for the Asp-N endoprotei-
nase, allowing the release of this active peptide from the
recombinant fusion biopolymer. Following the same strategy,
the addition of a triplet encoding a glutamic acid just before the
open reading frame of the 47-residue hBD1 domain resulted in
the presence of a second specific cleavage site, in this case for
the Glu-C endoproteinase, as schematically shown in Fig. 1.

After cloning, the fusion biopolymer, named HhBD1 (HELP-
hBD1, MW 50694.45 Da), was expressed and produced in E. coli
following a recombinant approach and purified by the inverse
transition cycle, taking advantage of the thermo-responsive
behaviour of the elastin domain, which is well described for
the purification of ELP and ELP-based biopolymers (Fig. S1,
ESI†).33,34 On average, more than 250 mg of pure HhBD1 were
obtained per litre of bacterial culture using our lab-scale
production system, which is in agreement with yields reported
for other ELP-AMP fusions.35 Electrophoretic analysis of the

Fig. 1 Schematic representation of the recombinant HhBD1 fusion bio-
polymer. The hBD1 sequence (grey-blue, 47 amino acids) is fused at the
C-terminus of HELP (black, his-tag; green, cross-linking domains; red,
hydrophobic domains of the human elastin). The hBD1 sequence is flanked
by a glutamic acid residue, the specific proteolytic cleavage site for Glu-C
(purple scissors). The 36 amino acids domain (blue) can be obtained by
cleavage with the Asp-N specific protease (pink scissors). The image of the
hBD1 fusion domain was generated with Mol*Viewer31 from the PDB entry
1E4S.32

Paper Journal of Materials Chemistry B



 

95 

Chapter 5 Materials derived from the human elastin-like polypeptide fusion with an antimicrobial peptide 
strongly promote cell adhesion 

 This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. B

pure HhBD1 (Fig. S1, lane 3, ESI†) showed the presence of
additional bands that exhibited slower migration than that
expected for the HhBD1 monomer, suggesting the presence of
multimeric HhBD1 forms due to the formation of interchain
disulfide bridges given that the primary structure of hBD1
contains six cysteine residues. The stability of the fusion
protein at different pH values (see ESI,† Table S1) and the
susceptibility to proteolysis by elastase were tested, and results
are reported in Fig. S2 and S3 (ESI†). The HELP biopolymer was
unaffected by both acidic and basic conditions. Intriguingly,
prolonged incubation of HhBD1 in basic conditions resulted in
the formation of a hydrogel-like layer on the bottom of the
recipient with the consequent decrease in the concentration of
HhBD1 in the supernatant.

As described above, the primary sequence of the HhBD1
biopolymer contains unique glutamic and aspartic acid resi-
dues, which are the recognition sites for highly specific endo-
proteinases. Therefore, the purified HhBD1 was treated with
Glu-C and Asp-N to verify the release of the two hBD1 fragments
(5069.42 Da and 3934.57 Da, respectively). The electrophoretic
analysis (Fig. 2) showed that after the endoproteolytic reactions,
most of the HhBD1 signal disappeared, accompanied by the
formation of two new bands. The most prominent one
migrated at the same level of the HELP band (about 50 kDa)
and the other one ran along with the electrophoretic front
(Fig. 2, boxed in purple), suggesting that the cleavage converted
most of HhBD1 into HELP and hBD1. Both endoproteolytic
reactions were performed on HELP as control and no effect on
this biopolymer was observed, as expected (Fig. 2).

Turbidimetry analysis of the pure fusion biopolymer
showed that, although no temperature-dependent transition

was observed when the biopolymer was dissolved in buffer
alone (Fig. 3, blue open symbols), in the presence of a nearly
physiological concentration of NaCl, HhBD1 showed a sharper
transition at a lower temperature (Tt 28 1C) compared to HELP
under the same conditions (Tt 37.3 1C) (Fig. 3, compare red
filled with blue filled symbols). This effect was already observed
when HELP was fused with indolicidin.15 It has been described
that the fused domains, when folded, may act providing a
surface in close proximity to the carrier and that the surface
properties, rather than the overall hydrophobicity of the
domain, play a dominant role in modulating the Tt of elastin-
like carriers.36 hBD1 exhibits an amphipathic conformation
endowed with a predominantly apolar surface area (see ESI,†
Table S2). This is consistent with the observed thermo-
responsive behaviour of this HELP fusion biopolymer, which
exhibits a lower Tt than the HELP carrier alone.

These data showed the successful expression of the HhBD1
fusion biopolymer, which retained the thermo-responsive beha-
viour of HELP and displayed the expected cleavage pattern
established in the design of the synthetic gene.

2.2 Biological activity evaluation of the HhBD1 biopolymer

After the production of purified HhBD1 exploiting the thermo-
responsive behaviour of the HELP carrier, the first concern was
to verify whether the fusion biopolymer retained the anti-
microbial properties of the hBD1 domain. Although it was
reported that the minimum inhibitory concentration of hBD1
(MIC) against Staphylococcus aureus and E. coli strains was
4–8 mg L!1 and 16–32 mg L!1, respectively,30 we could not
detect any activity of HhBD1 following this method. Many
reasons withstand behind this observation, especially the
uncontrolled redox state of the fusion biopolymer in which
the disulfide bridge formation is uncontrolled and unspecific
and cannot be blocked due to the recombinant nature of
HhBD1, and the impossibility of performing MIC assays adding
reducing agents to the media, as these are toxic to the bacterial

Fig. 2 Representative image of the 10% SDS-PAGE analysis of Glu-C and
Asp-N specific cleavage of HhBD1 and HELP biopolymers. The electro-
phoretic signals corresponding to HhBD1 (blue arrow), HELP (red arrow),
and the released hBD1 domains (boxed in purple) are indicated. Molecular
mass markers (MM): bovine serum albumin, 66 kDa; ovalbumin, 45 kDa;
carbonic anhydrase, 30 kDa and lysozyme, 14 kDa. Coomassie blue
staining.

Fig. 3 Turbidimetric analysis of the HELP and HhBD1 biopolymers at
2 mg mL!1 as a function of temperature. HELP (red symbols) and HhBD1
(blue symbols) were dissolved in 10 mM Tris (open symbols) and 10 mM
Tris/0.15 mM NaCl (filled symbols) buffers, pH 8.
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cells in solution. It has been described that the presence of
cysteines is crucial for the antimicrobial activity of hBD1,
especially the C-terminal cysteines, and that its antimicrobial
capacity is closely related to the reduction of the disulfide
bridges, and thus it can be evidenced in reducing environ-
ments.29 Following a modification of the radial diffusion assay
described by these authors, in the presence of 2 mM DTT, we
were able to detect the antimicrobial activity for the HhBD1
fusion biopolymer towards E. coli ATCC 25922 strain when 100
mg of HhBD1 were deposited (containing approximately 10 mg of
hBD1). In contrast, no inhibition halos were observed in the
absence of the reducing agent (see ESI,† Fig. S4). This activity
was also retained after the cleavage of HhBD1 with Glu-C and
Asp-N, and no significant differences were observed when
comparing the diameters of the inhibition zone of the digestion
mixtures with those of the fusion biopolymer (Fig. 4). HELP
alone did not show any antimicrobial activity in any of the
tested conditions (see ESI,† Fig. S1B and C), confirming that the
antimicrobial activity of the HhBD1 fusion biopolymer is due to
the presence of the hBD1 domain.

The effect of HhBD1 on the viability of eukaryotic cells was
tested using the WST-1 viability assay, in which the metabolic
activity of osteoblastic (Fig. 5(A)) and fibroblastic (Fig. 5(B))
cells in the presence of different concentrations of HhBD1 and
HELP was assessed. The viability assays did not evidence
cytotoxicity on the tested cell lines. Rather, as already reported
for HELP,37 they revealed a moderate pro-proliferative effect of
both biopolymers.

The evaluation of the biological activity of the HhBD1
biopolymer revealed that the fusion construct retained the
antimicrobial activity, depending on the redox condition of
the environment, as already described for hBD1. Furthermore,
no cytotoxic effects on eukaryotic cells were detected at any of
the concentrations tested (up to 500 mg mL!1).

Taken together, these data point to HhBD1 as a non-
cytotoxic candidate component to produce biomaterials and
composites endowed with antimicrobial activity that can be
specifically triggered in a reducing environment.

2.3 HhBD1-based 3D matrix production and characterisation

The presence of cross-linking domains in the HELP carrier has
been demonstrated as a valuable prerequisite for preparing
hydrogel matrices endowed with biological functionality.15

Following an already described enzymatic method,12 the
matrix-forming capacity of HhBD1 was explored and compared
with that of HELP. 4% (w/v) aqueous solutions of HhBD1 in the
presence of transglutaminase showed a capacity to form a
porous, spongy, hydrogel-like matrix indistinguishable from
that of HELP, as shown by scanning electron microscopy
(SEM) analysis (Fig. 6(A)).

Oscillatory rheology was performed on 4% biopolymer solu-
tions containing 2 mg mL!1 transglutaminase to follow the
kinetics of the cross-linking reaction (Fig. 6). Although the
gelation point is similar for the HELP and HhBD1 systems,
the storage modulus of HhBD1 is anticipated compared to
HELP, indicating faster enzyme kinetics (Fig. 6(B)). This could
be due to the presence of additional glutamine and several
lysine residues in the hBD1 domain which may be randomly
involved in the cross-linking reaction, or higher solvent expo-
sure of the cross-linking sites for HhBD1 relative to HELP. Both
samples displayed elastic (G0) and viscous (G00) moduli reaching
a plateau after about 90 minutes, resulting in very similar
storage moduli (1.0 " 0.1 kPa) for both matrices. This fact
indicates that the HELP cross-linking domains in both bio-
polymers are the main target of the transglutaminase rather
than the hBD1 domain. It is worth noting that the presence of
the hBD1 domain lowered the Tt of the HhBD1 fusion biopo-
lymer (Fig. 2(B)), likely favouring the proximity of the HhBD1
chains and resulting in a more efficient cross-linking process,
which is in agreement with the faster gelation kinetics. Both
HELP and HhBD1 samples formed strong gels, with elastic
moduli that were over two orders of magnitude higher than the
viscous moduli. The stress sweep analyses supported the main
findings of the time sweep tests, with both gels showing a
remarkably wide linear viscoelastic range (up to nearly 1 kPa)
and with the fracture point of the HELP matrix being slightly
anticipated at 1.2 " 0.3 kPa (Fig. 6(C), red arrow) compared to

Fig. 4 Antimicrobial activity of HhBD1. (A) Radial diffusion assay per-
formed in the presence of 2 mM DTT by incubating E. coli ATCC 25922
strain with the untreated HhBD1 biopolymer and with HhBD1 cleaved with
Glu-C and Asp-N. Lysozyme was used as the positive control. (B) The
diameter of the inhibition zones was measured and statistically analysed
using a one-way ANOVA test. No significant differences (n.s.) were found
with p o 0.05.

Fig. 5 Viability of (A) MG-63 osteoblast and (B) NIH-3T3 fibroblast cell
lines treated with HELP (red bars) and HhBD1 (blue bars) biopolymers at
different concentrations. Values were normalised to the untreated control
culture (black dotted lines).
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that of the HhBD1 gel at 1.8 ! 0.5 kPa (Fig. 6(C), blue arrow),
suggesting more cross-linking points in the latter. The stability
and nature of the hydrogels were further confirmed by fre-
quency sweep analyses, which showed that the storage and loss
moduli of both biopolymers were not affected by the applied
frequency (see ESI,† Fig. S5). In summary, SEM and oscillatory
rheology analyses evidenced that the HELP and HhBD1
matrices are comparable, although the addition of the anti-
microbial domain slightly increased the cross-linking points
and strength of the HhBD1 matrix.

The ability of HhBD1 to form a matrix was used as a
convenient method to verify the specificity of the endoproteo-
lytic cleavage by Glu-C and Asp-N. As described in the ESI,†
each enzymatic reaction was performed on the matrix to cleave
the fragments, which became soluble and were then recovered
in the supernatant. The supernatant from each reaction was
analysed by ESI-MS without further purification. The masses
detected were consistent with those calculated for the two
expected fragments, confirming the correctness of the amino
acid sequence of the peptides and the high specificity of the
reactions (see ESI,† Fig. S6A and B for Glu-C and Asp-N released
fragments, respectively). Furthermore, these results confirmed
the versatility of HELP fusion and the derived matrix to produce
bioactive peptides.

2.4 Cell culture on HhBD1-derived substrates

2.4.1 Cell culture on HhBD1-based coatings. Components
of the extracellular matrix send signals to cells and influence
their ability to survive, divide, and exhibit certain developmen-
tal phenotypes. The cytocompatibility of the HELP and its
derived materials has already been documented.12,38 HELP
has never shown cytotoxicity towards the tested cells; however,
despite supporting cell adhesion, it does not accelerate it.39

Previous results demonstrated a high cell viability of osteoblast

and fibroblast cells in the presence of HhBD1 in the culture
media (Fig. 5), thus, we decided to study its effect on cell
adhesion and spreading. To evaluate the cell behaviour towards
the HhBD1 fusion biopolymer, we prepared different surfaces
based on this new construct to compare its effect with that of
HELP. To analyse the cell response, HhBD1 and HELP were
adsorbed on a substrate that does not support cell culture like
the non-treated polystyrene, which here is referred to as NP (see
also Experimental Section 4.4). BothMG-63 osteoblast and NIH-3T3
fibroblast cell lines were cultured on the coated and uncoated NP
surfaces. Cells were also cultured on the standard tissue-plastic (TP)
surface as the 100% adhesion control. Unexpectedly, the observa-
tion by optical microscopy showed that HhBD1 coating on NP
significantly enhanced osteoblast and fibroblast cell adhesion, at
the difference of the HELP coating on NP (Fig. 7(A) and 8(A)). This
was confirmed by assessing both cell adhesion and viability of the
two cell lines. The adhesion assay on the osteoblast cells showed
that coating the NP surface with HELP only slightly improved cell
adhesion (less than 20%), while the NP coating with HhBD1
increased adhesion to approximately 60%, demonstrating a
remarkable ability to promote cell attachment (Fig. 7(B)). The
viability assay showed that the cells that adhered to these surfaces
were metabolically active (Fig. 7(C)). A similar effect was observed
for the fibroblastic cell cultures. Approximately 90% of the cells
remained attached to the HhBD1-coated NP surface (Fig. 8(B)),
being metabolically active (Fig. 8(C)). For both cell lines, these
assays showed that although the HELP coatings were able to
slightly improve cell adhesion respect to the untreated NP surface,
the HhBD1-coated surfaces demonstrated a higher capacity to
enhance cell adhesion.

To further confirm these observations, thin-film coatings
on NP were prepared with HELP and with HhBD1 to ensure a

Fig. 6 4% HELP and HhBD1 hydrogel matrices. (A) SEM analysis of the
freeze-dried elastin-based hydrogel matrices. The bar is 40 mm. (B)
Oscillatory rheological time sweep and (C) frequency sweep analyses of
HELP (red) and HhBD1 (blue) matrices. G0, elastic or storage modulus; G00,
viscous or loss modulus.

Fig. 7 HhBD1 promoted the adhesion of osteoblastic cells. (A) Represen-
tative contrast phase microscopy images of MG-63 cultures on HELP- and
HhBD1-coated NP surfaces. Cells cultured on untreated NP and TP
(boxed) surfaces were the negative and positive controls for cell adhesion,
respectively. (B) Adhesion assay using crystal violet staining and (C) viability
assay of the attached cells. Values were normalised to the control cell
culture on the TP surface and statistically evaluated using a one-way
ANOVA test, ***p o 0.001. The bar is 200 nm.
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controlled coverage of the cell seeding surfaces with the two
biopolymers (see Experimental Section 4.4). Fluorescence ana-
lysis was performed on the two cell lines cultured on the thin-
films (Fig. 9(A) and (B)). To better highlight the pro-adhesive
effect, cells were analysed 5 hours after seeding to prevent them
from producing their extracellular matrix and starting
to adhere to the substrate. Actin filaments were stained with
Alexa Fluor 594 phalloidin, and nuclei were counterstained
with DAPI. Consistently with previous results, only a few cells
showed adhesion to the NP surface and to the HELP thin-film,
whereas the HhBD1 thin-film coating strongly promoted cell
adhesion to a level comparable to the culture on the TP control
surface (Fig. 9(A) and (B)). DAPI staining further evidenced the
difference between cultures on HELP and HhBD1 (see ESI,†
Fig. S4). These results showed that the presence of the hBD1
domain on the surface has a robust pro-adhesive effect. In both
cell lines, the morphology of the cells cultured on HhBD1 thin-
films resembled those cultured on the control TP surface
(Fig. 9). The cells cultured on the HhBD1 substrate showed
highly organised actin meshwork. A slightly lower degree of
spreading with respect to the cells cultured on control TP was
observed. However, this could be related to irregularities on the
surface of the thin-film as well as an uneven distribution of
hBD1 on the surface. The cells cultured on HELP showed a
different morphology, remaining rounded and showing a ten-
dency to aggregate rather than spread, resembling the cultures
on the untreated NP substrate. The DAPI staining emphasised
the difference between the cultures on HELP and HhBD1 (see
ESI,† Fig. S7).

2.4.2 Cell culture on HhBD1-based 3D matrix. The matrix-
forming capacity of HELP could provide further evidence for
the observed adhesion capacity conferred by the presence of the

hBD1 domain. It was observed that although the HELP matrix
is not cytotoxic and can be successfully used to encapsulate
cells, proliferation was delayed, and cultures resulted in the
formation of islets rather than monolayers.12 However, it has
also been reported that the fusion of adhesion signals to the
HELP promotes cell adhesion on the derived hydrogel matrix.40

To verify whether the hydrogel network derived from HhBD1
could support cell adhesion and growth, 4% HhBD1 matrices
were prepared. Before seeding, extensive washing with water
was performed to prevent the presence of the enzyme and of the
non-crosslinked biopolymer. 24 hours after seeding, the cells
cultured on these matrices were stained with toluidine blue
(Fig. 10), and the effect of the presence of the hBD1 domain
in the matrix became even more evident, especially when the
two cultures on HELP and HhBD1 matrices were compared
(Fig. 10(A) and Fig. S8A, ESI†). As previously observed,12 cells
seeded on HELP matrices remained round and aggregated,
whereas cells cultured on the HhBD1 matrices adopted the
morphology already observed for the cultures on TP and on the

Fig. 8 HhBD1 promotes the adhesion of fibroblastic cells. (A) Represen-
tative contrast phase microscopy images of NIH-3T3 cultures on HELP-
and HhBD1-coated NP surfaces. Cells cultured on untreated NP and TP
(boxed) surfaces were the negative and positive controls for cell adhesion,
respectively. (B) Adhesion assay using crystal violet staining and (C) viability
assay of the attached cells. Values were normalised to the control cell
culture on the TP surface and statistically evaluated using a one-way
ANOVA test, ***p o 0.001. The bar is 200 nm.

Fig. 9 Fluorescence microscopy analysis of (A) MG-63 osteoblast and
(B) NIH-3T3 fibroblast cell lines grown on HhBD1 and HELP thin-film
NP coated surfaces. F-actin was labelled with Alexa Fluor 594 phalloidin,
and nuclei were counterstained with DAPI. The bar is 50 mm.
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HhBD1 NP coated surfaces. To evaluate the cell adhesion
capacity of the matrices, a WST-1 viability assay was employed
as an indirect measurement of the number of cells able to
attach to the matrices. Thus, before the assay, the samples were
washed to remove the cells that were not attached to the
matrices. The results further confirmed the remarkable differ-
ence between the two culture substrates (Fig. 10(B)).

Fluorescence microscopy analysis was carried out to exam-
ine the morphology and cytoarchitecture of the cells cultured
on these matrices (Fig. 11 and Fig. S8, ESI†). Only few cell
nuclei were visualised on the HELP matrix (Fig. S8B, ESI†),
whereas on the HhBD1 matrix, the presence of a high number
of stained nuclei was evident, indicating a robust cell adhesion
of both osteoblast and fibroblast cells (Fig. S8B, ESI†). Both cell
lines cultured on the HhBD1 matrices exhibited cells with a
well-organised actin meshwork (Fig. 11), albeit cell dimensions
appeared reduced to some extent compared to cells cultured on
the standard TP surface (Fig. 9). This slight reduction in
spreading may be due to the heterogeneous and irregular
surface of the matrix as well as to the different surface stiffness
respect that of the TP surface. However, cells were firmly
attached and displayed a properly shaped cytoskeleton (Fig. 11).

These data, consistent with previous observations, con-
firmed that the presence of the hBD1 domain conferred to

the HELP matrix a strong signalling effect for cell attachment
towards both the tested lines. Interestingly, in contrast to the
antimicrobial activity, the pro-adhesive capacity toward eukar-
yotic cells did not require reducing environmental conditions,
suggesting that the peptide conformation may be a crucial
factor in modulating its bioactivity. Coatings, thin-films, and
hydrogel matrices derived from HhBD1 supported the osteo-
blasts and fibroblasts adhesion. Overall, these data revealed a
pro-adhesive activity of the hBD1 domain, which, to our knowl-
edge, is described for the first time. Although it is known that
hBD1, like other b-defensins, is a multifunctional factor,24,41 a
pro-adhesive activity has so far only been demonstrated for
hBD5.42 Notably, it has recently been described that hBD1 can
specifically bind to the pore region of the Kv1.3 potassium
channel, leading to conformational changes while retaining the
activation properties of the channel itself.43 There is now plenty
of evidence that different classes of K+ channels play a role in
integrin-dependent adhesion.44 It has been demonstrated that
these channels can be physically associated with integrins,
such that the conformational change of the channel in turn
affects the structure of the adjacent integrin subunit, leading to
activation of the latter and cell adhesion.45 Interestingly, these
channels are reported to be involved in the regulation of cell
size in non-excitable tissues.46 Our results are consistent with
these findings and may even point to a possible unexplored
mechanism related to cell adhesion.

3. Conclusions
Due to its length and conformation, the hBD1 is considered a
difficult-to-synthesise sequence. The HELP carrier has been
successfully employed as an alternative and more sustainable
system to produce large amounts of this antimicrobial peptide
with respect to chemical synthesis. The HhBD1 fusion biopo-
lymer was produced and characterised, verifying the antimicro-
bial domain(s) release capacity achieved by the appropriate
design of the synthetic gene. The analyses confirmed the
potential of the new biopolymer, which retained both the
thermo-responsive properties and the antimicrobial capacity,
holding great promise to produce biocompatible and multi-
functional materials. Furthermore, enzymatic crosslinking
yielded remarkably strong and stable hydrogels from HhBD1.
Unexpectedly, a strong cell adhesion-promoting activity was
detected for the surfaces treated with the HhBD1 biopolymer as
well as for the derived hydrogel matrix. This finding is consis-
tent with recent data that indicate that hBD1 is a multifaceted
factor with still unveiled biological functions and thus harbour-
ing promise for a variety of clinical applications. Despite the
development of countless strategies and materials for surface
engineering, achieving efficient cell adhesion still represents a
challenge. Our data indicates that the novel HhBD1 biopolymer
is a versatile component for the fabrication of coatings and
scaffolds that promote cell adhesion and that can be safely
integrated into biological systems due to their biotic origin.
In addition to being an alternative route to produce bioactive

Fig. 10 HhBD1 hydrogel matrices supported cell adhesion of osteoblast
and fibroblast. (A) Representative contrast phase images of cells cultured
on the hydrogel matrices and stained with toluidine blue. (B) Viability assay
of cells cultured on the hydrogel matrices. Values were normalised to the
TP cell growth control and statistically evaluated using a one-way ANOVA
test, ***p o 0.001. The bar is 200 nm.

Fig. 11 Fluorescence microscopy analysis of MG-63 and NIH-3T3 cells
cultured on HhBD1 hydrogel matrices. F-actin was labelled with Alexa
Fluor 594 phalloidin, and nuclei were counterstained with DAPI. The bar is
50 mm.
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peptides and an effective way to obtain materials that directly
integrate the functional domain, the HELP platform turned
out to be a valuable system to study, by a reductionist
approach, the biological interactions that are still unknown
or not fully elucidated at the molecular level. The opportunity
to embed a functional peptide in a biomimetic moiety, the
availability of a suitable inactive control, as well as the
possibility to choose between different configurations, such as
the liquid solution and 2D or 3D material settings, are the main
features of a powerful tool to decipher the complexity of biological
mechanisms.

4. Experimental
4.1 Production of the recombinant HhBD1 fusion biopolymer

Cloning, expression, and purification. The DNA sequence
coding for hBD1 (GenBank: AAB21494.1) was cloned at the
C-terminal region of the synthetic HELP gene, exploiting the
unique restriction sites. The expression and purification of the
recombinant HELP and HhBD1 biopolymers were carried out
according to established protocols (see ESI†).15 The purified
biopolymer was analysed by 9% acrylamide SDS-PAGE stained
with Coomassie blue as previously described.47 The purified
product was freeze-dried and stored at !20 1C for further use.

Physico-chemical characterization. Purified biopolymers
were dissolved in 10 mM Tris or 10 mM Tris/0.15 mM NaCl
buffer pH 8 to a final concentration of 2 mg mL!1. The
solutions were equilibrated at 4 1C for 16 hours before analysis.
Turbidimetric analysis was performed by measuring absor-
bance at l = 350 nm in a temperature range from 20 to 50 1C
at a heating scan rate of 0.2 1C min!1 using a Jenway 6300
spectrophotometer (Hong Kong, China). The inverse transition
temperature (Tt) was determined as the temperature at which
the absorbance value reached 50% of its peak. For each
biopolymer, three replicates were performed, and representa-
tive data sets were plotted using GraphPad Prism 10.1.0 (270)
software (Boston, USA).

Specific release of hBD1 domains from the HhBD1 fusion
biopolymer. The reactions with Glu-C (#P8100S, New England
Biolabs, Ipswich, USA) and Asp-N (#55576-49-3, Roche, Basel,
Switzerland) enzymes were set up for both HhBD1 and HELP
biopolymers at a final concentration of 6 mg mL!1 in 15 mL
of 100 mM ammonium bicarbonate buffer at pH 8. Glu-C
reactions were performed at an enzyme concentration of
8.3 ng mL!1 for 5 hours at room temperature, while Asp-N
reactions were carried out at a final concentration of 2.6 ng mL!1 for
18 hours at 37 1C. After the incubation with the specific endopro-
teinase, 15 mL of Laemmli loading buffer were added to each
sample to stop the reaction and 3 mL of this mixture were analysed
on 9% SDS-PAGE.

4.2 Antimicrobial and biological evaluation of HhBD1

Radial diffusion assay. Antimicrobial activity was tested for
HhBD1 and the products from the reactions with the specific
endoproteinase Glu-C and Asp-N described in the previous

section. In parallel, control reactions were performed under
the same conditions with the HELP biopolymer. All reagents
and biopolymers were sterilised by 0.22 mm filtration. The final
reaction volume was 500 mL containing 3 mg of biopolymer.
After incubation, the reaction mixture was frozen at !80 1C and
then freeze-dried. 60 mL of water were added to each freeze-
dried reaction sample to concentrate the biopolymer to
approximately 50 mg mL!1 to perform the killing assay. The
antimicrobial activity against E. coli ATCC 25922 strain was
assessed using a modification of the radial diffusion assay
described by Schroeder et al.29 Briefly, a single colony of
E. coli from a fresh agar plate was used to inoculate 3 mL of
2.1% (w/v) Mueller–Hinton Broth pH 7.3 (Merck Millipore,
Massachusetts, USA). 300 mL of the overnight bacterial culture
were diluted in 10 mL of 2.1% (w/v) Mueller–Hinton broth and
incubated at 37 1C with continuous shaking (150 rpm) for
approximately 2–2.5 hours until an optical density (OD) of
approximately 0.5 units was reached. At this point, the bacterial
cells were harvested, washed three times with ice-cold NaPi
buffer (10 mM sodium phosphate pH 7.3) and then diluted in
buffer to 0.1 OD units. For the killing assay, 450 mL of this
bacterial solution was mixed with 25 mL of NaPi containing
0.21% (w/v) Mueller–Hinton powder, 1% (w/v) low EEO-agarose
(Sigma-Aldrich, Missouri, USA) with or without 2 mM dithio-
threitol (DTT, Sigma-Aldrich, Missouri, USA). These mixtures
were poured onto 10 " 10 cm plates (# 82.9923.422, Sarstedt,
Numbrecht, Germany) and then cooled to RT to solidify before
holes of approximately 2 mm diameter were punched using a
glass Pasteur pipette connected to a vacuum pump. The holes
were filled with 2 mL of the solutions prepared as described
above containing approximately 100 mg of biopolymer. Lyso-
zyme (2 mg per well) was used as the positive control. The plates
were incubated at room temperature for 1 hour to allow the
biopolymers to diffuse, and then they were transferred to 37 1C
for up to 48 hours. Images were captured, and the diameter of
the inhibition zones was measured using ImageJ software.48

The data were statistically analysed using a one-way analysis of
variance with n = 6 and p o 0.05.

Cell culture and viability assay. MG-63 and NIH-3T3 cell
lines were routinely grown in Dulbecco’s modified Eagle’s
medium (DMEM, Sigma-Aldrich, Missouri, USA) supplemented
with 2 mM L-glutamine, 100 mg mL!1 streptomycin, and
100 units mL!1 penicillin and containing 10% (v/v) heat-
inactivated fetal bovine serum. The cells were maintained in
25 cm2 flasks at 37 1C in an atmosphere with saturated
humidity and 5% CO2. Cells were seeded in a 96-well tissue-
culture polystyrene (TP) flat-shaped bottom microplate (Sarstedt,
Numbrecht, Germany) at a density of 104 cells per cm2 in 100 mL
of supplemented DMEM and cultured under standard conditions
for 24 hours. Subsequently, the supernatant was replaced with
100 mL of fresh medium containing 2" serial dilutions starting
from 500 mg mL!1 of HELP and HhBD1, and the cells were further
cultured for 24 hours. 5 mL of WST-1 reagent (Roche, Basel,
Switzerland) were added per well and incubated at 37 1C for
60 minutes. Absorbance was measured at 450 nm using a micro-
plate reader (Synergy H1, BioTek, Winooski, USA).
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4.3 HhBD1 3D matrix production and characterisation

3D matrix production. Hydrogel matrices were prepared
following the enzymatic cross-linking method described
previously.12 4% (w/v) sterile aqueous solutions of HELP and
HhBD1 were mixed with microbial transglutaminase (N-Zyme
Biotec GmbH, Germany) to a final concentration of 2 mg mL!1

and the cross-linking reaction was carried out at room tem-
perature for 1 hour. After the reaction, the matrices were
washed with excess water to remove unreacted components
and immediately used or stored at 4 1C.

Scanning electron microscopy. 4% HELP and HhBD1 were
prepared as described above. After washing with water, they
were frozen at!80 1C and freeze-dried. Slices were carefully cut,
mounted on aluminium stubs covered with double-sided car-
bon tape, and sputter-coated with chromium using a Q150T ES
plus coater (Quorum Technologies Ltd, UK). Analysis was
performed using a scanning electron microscope (Gemini
300, Zeiss, Oberkochen, Germany) operating in secondary
electron detection mode. The working distance was 9.3 mm,
and the acceleration voltage was 5 kV.

Oscillatory rheological analysis. 225 mL of 4% (w/v) aqueous
solutions of HhBD1 and HELP were mixed, by pipetting upside-
down, with 7.5 mL of 60 mg mL!1 of transglutaminase and
transferred to a flat rheometer plate of 20 mm diameter
(Malvern Kinexus Ultra Plus Rheometer, Alfatest, Milan, Italy).
The rheometer was then lowered to a gap of 0.6 mm, and a time
sweep analysis was performed for 90 minutes (1 Hz, 1 Pa, 25 1C
with Peltier temperature controller), followed by a frequency
sweep (4 Pa) and a stress sweep (1 Hz). The storage (G0) and loss
(G00) moduli of the hydrogels were recorded from 0.1 to 10 Hz
(stress 4 Pa, within the linear regime). Each test was performed
in at least 2 replicates. For the graphical representation of the
time and frequency sweeps, the mean value of two representa-
tive data sets was plotted, while a representative data set was
used for the stress sweep analysis.

4.4 Cell culture on HhBD1-based substrates

Preparation of the coatings. Coatings were prepared either
by adsorption or by deposition of the biopolymers to obtain a
thin-film. Coatings by adsorption were done in a sterile 96-well
nontreated polystyrene (NP) flat-shaped bottom microplate
(Vetrotecnica, Padova, Italy). 100 mL of 4 mg mL!1 sterile
(by 0.2 mm filtration) aqueous solution of each biopolymer were
added per well and incubated overnight at 5 1C. Subsequently,
the solution was removed, and the wells were washed two times
with 200 mL sterile water. After the washes, the microplate was
air-dried under a sterile hood.

Thin-film coatings (100 mg of biopolymer per cm2) were
prepared depositing 10 ml (1.25 mg mL!1) of HhBD1 or HELP
sterile aqueous solution (0.22 mm filtration) on the bottom
(0.125 cm2) of the microwells of a m-slide (15-Wells uncoated
m-Slides 3D, #81506, IBIDI, Grafelfing, Germany) and then
air-dried under a sterile hood at room temperature.

Adhesion and viability assays of cells cultured on coatings.
For cell adhesion assays on HELP and HhBD1 surfaces coated

by adsorption, 5000 cells per well were seeded in a final volume
of 100 mL of supplemented DMEM. Uncoated tissue-culture-
treated (TP) and uncoated NP wells were used as controls.
24 hours after seeding, the cultures were inspected by phase
contrast microscopy (Zeiss Primovert contrast phase micro-
scope), and images were acquired using a Zeiss AxioCam 202
mono camera, coupled to Zeiss Zen 3.3 acquisition software
(Zeiss, Germany). Before the assays, each well was washed with
PBS to remove the unattached cells. Consequently, crystal violet
staining and WST-1 cell viability assays were performed on the
cells that remained on the surfaces. For the crystal violet assay,
the cells were fixed with 50 mL of 100%methanol for 10 minutes
on ice. After removing the supernatant, 50 mL of 0.5% crystal
violet in 20%methanol were added and incubated for 10 minutes.
After extensive washing with water, 50 mL of a 10% acetic acid
solution was added to lyse the cells and absorbance was measured
at 600 nm. To assess cell viability, 24 hours after seeding the
medium was changed and replaced with 100 mL of fresh medium
containing 5 mL of WST-1 reagent per well and incubated at 37 1C
for 90 minutes. Then, absorbance was measured at 450 nm using
a microplate reader.

Cell culture on HELP and HhBD1 matrices. 4% HhBD1 and
HELP matrices (w/v) were prepared as described above deposit-
ing 10 mL in the bottom of a well of a m-Slide (15-Wells IbiTreat
m-Slides 3D, #81506, Ibidi, Grafelfing, Germany). The matrices
were cross-linked for 1 hour and then washed extensively with
sterile water. 5000 cells per well were seeded in a final volume
of 50 mL of supplemented DMEM and cultured for 24 hours.
The cultures were then inspected by phase contrast microscopy.
The wells were washed with PBS. For toluidine blue staining,
cells were fixed by adding 30 mL of 2% (v/v) paraformaldehyde
in PBS per well and left at room temperature for 15 minutes.
After washing twice with PBS, cells were stained with 10 mL
of 0.5% (w/v) toluidine blue in 20% ethanol for 10 minutes.
After extensive washing with water, the samples were analysed
by phase contrast microscopy, and images were acquired. As an
alternative to the crystal violet staining, cell adhesion on
matrices was indirectly assessed by the WST-1 assay to evaluate
the number of attached cells. After washing with PBS to remove
the unattached cells, 50 mL of fresh supplemented DMEM
containing 5 mL of WST-1 reagent were added per well. After
120 minutes at 37 1C the supernatant was transferred to a
microwell plate, and absorbance was measured at 450 nm using
a microplate reader.

Fluorescence analysis. Cell morphology was analysed on the
cultures on HELP and HhBD1 thin-film coated surfaces as well
as on 4% (w/v) matrices. The thin-film coatings were prepared
in the m-slide as described above, and 5000 cells per well were
seeded on these coatings in 50 mL of supplemented DMEM.
These cultures were carried on for 5 hours. For cell morphology
analysis on the HELP and HhBD1 matrices, 10 mL of each 4%
(w/v) biopolymer solution were deposited on glass coverslips
(#01.4305.19, Vetrotecnica, Padova, Italy), and the cross-linking
reaction was carried out as described above. The coverslips
were placed in a sterile Petri dish, and 5000 cells in a volume
of 20 mL were seeded on each matrix and incubated for
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15 minutes. Then, 15 mL of supplemented DMEM were added
to the Petri dish and cultured for 24 hours.

All samples were washed three times with an excess of PBS,
and cells were fixed by incubation with 4% (v/v) paraformalde-
hyde in PBS for 15 minutes at room temperature. Samples were
then washed with PBS and blocked for 10 minutes with a
solution containing 5% normal goat serum and 0.1% Triton
X-100 in PBS. Then, 15 mL of blocking solution containing
40,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Missouri,
USA) and Alexa Fluor 594 phalloidin (Molecular Probes,
Eugene, USA) at a dilution of 100 ng mL!1 and 0.53 U mL!1,
respectively were added to each sample and incubated at 4 1C
for 2 hours. After washing three times for 10 minutes with 0.1%
Triton X-100 in PBS, the m-slide lid was sealed, and the cover-
slips were mounted on glass slides. Fluorescently labelled cells
were visualised using a fluorescence microscope (Leica DMLS),
and images were acquired with a Leica DFC450 C camera
coupled to a Leica LAS v4.13 acquisition software (Leica Micro-
systems, Wetzlar, Germany). Image cropping, superimposition,
and analysis were performed using ImageJ software.48

Statistical analysis. For graphical representation, the values
were represented as the mean " SD. Unless otherwise indi-
cated, at least three replicas were analysed. One-way analysis of
variance (ANOVA) was carried out to compare the means of the
different data sets within each experiment.
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Chapter 6. Physicochemical Characterization of a Biomimetic, Elastin-

Inspired Polypeptide with Enhanced Thermoresponsive Properties and 

Improved Cell Adhesion 

This chapter introduces a research article published in the Journal of Biomacromolecules (American Chemistry 

Society) 

Bandiera, A., Colomina-Alfaro, L., Sist, P., Gomez d'Ayala, G., Zuppardi, F., Cerruti, P., Catanzano, O., 

Passamonti, S., & Urbani, R. (2023). Physicochemical Characterization of a Biomimetic, Elastin-Inspired 

Polypeptide with Enhanced Thermoresponsive Properties and Improved Cell Adhesion. Biomacromolecules, 

24(11), 5277–5289. https://doi.org/10.1021/acs.biomac.3c00782. Reproduced with permissions under a Creative 

Commons Attribution license CC BY 4.0. Copyright ã 2023 by the Authors. Published by American Chemistry 

Society. 

The last aim of the present thesis was to develop a new ELP biopolymer with broadened and enhanced 

compatibility compared to HELP while maintaining its potential as a fusion carrier. For this purpose, eight 

vertebrates' elastin aa sequences were aligned, and the most conserved region belonging to the exon 26 of the 

human homologue was observed. The consensus sequence of 40 aa differed from the human sequence only in 5 

aa and evidenced the presence of nonapeptidic repeats composed of pentapeptidic and tetrapeptidic motifs. Based 

on this observation, and to maintain the same length of the HELP hydrophobic domain, a new elastin-like 

hydrophobic monomer consisting of 50 aa was designed. In addition, following the HELP structure, eight reiterated 

monomers were separated by cross-linking domains, and the new biopolymer was named “universal” ELP (UELP). 

The gene was assembled following the already described strategy; it was cloned in an expression vector and 

recombinantly produced in E. coli. The physico-chemical properties of this polymer were analysed and compared 

to those of HELP. In addition, the capacity of UELP to promote cell adhesion on non-adhesive surfaces was studied. 

My contribution to this journal article is as follows: investigation, conceptualisation, methodology, formal data 

analysis and validation, graphical representation, and original & revised draft writing. The following experiments 

were carried out by myself: 

- UELP biopolymer cloning, expression and purification 

- Cell culture. Cytocompatibility evaluation. Adhesion assays 

- Preparation of the coatings 

- Adhesion and viability assays of cells cultured on coatings 

 

https://doi.org/10.1021/acs.biomac.3c00782
https://creativecommons.org/licenses/by/4.0/




 

107 

Chapter 6 Physicochemical Characterization of a Biomimetic, Elastin-Inspired Polypeptide with Enhanced 
Thermoresponsive Properties and Improved Cell Adhesion 
 

 

Physicochemical Characterization of a Biomimetic, Elastin-Inspired
Polypeptide with Enhanced Thermoresponsive Properties and
Improved Cell Adhesion
Antonella Bandiera,* Laura Colomina - Alfaro, Paola Sist, Giovanna Gomez d’Ayala,* Federica Zuppardi,
Pierfrancesco Cerruti, Ovidio Catanzano, Sabina Passamonti, and Ranieri Urbani

Cite This: Biomacromolecules 2023, 24, 5277−5289 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Genetic engineering allows fine-tuning and control-
ling protein properties, thus exploiting the new derivatives to
obtain novel materials and systems with improved capacity to
actively interact with biological systems. The elastin-like poly-
peptides are tunable recombinant biopolymers that have proven to
be ideal candidates for realizing bioactive interfaces that can
interact with biological systems. They are characterized by a
thermoresponsive behavior that is strictly related to their peculiar
amino acid sequence. We describe here the rational design of a new
biopolymer inspired by elastin and the comparison of its
physicochemical properties with those of another already
characterized member of the same protein class. To assess the cytocompatibility, the behavior of cells of different origins toward
these components was evaluated. Our study shows that the biomimetic strategy adopted to design new elastin-based recombinant
polypeptides represents a versatile and valuable tool for the development of protein-based materials with improved properties and
advanced functionality.

1. INTRODUCTION
Elastin is one of the main structural components of tissues that
undergoes countless cycles of expansion and contraction
during the lifetime of vertebrates. For this reason, it represents
a valuable model to get inspiration for the design and
realization of biomaterials with advanced functionality and
properties.1
Elastin-like polypeptides (ELPs) are recombinant proteins

modeled after elastin, mimicking its repetitive structure.
Resembling the bovine elastin exon 18 sequence, the ELPs
are constituted by long stretches of the regularly repeated
VPGVG pentapeptidic motif, which is responsible for the
outstanding inverse phase transition behavior that characterizes
elastin and these polypeptides.2
In the past decade, our group focused on the human elastin

homologue that shows a regularly repeated stretch of
hexapeptidic rather than pentapeptidic motifs, these last
being less represented and interspersed throughout its primary
structure. With the aim to realize something between a protein
and a polymer, following a biomimetic approach, we adopted
the exon 23 and 24 amino acid sequences as the basic
monomer to be reiterated. The former corresponds to a cross-
linking domain, and the latter consists of the repeated
hexapeptidic VAPGVG stretch, resulting in the human
elastin-like polypeptide (HELP) family.3 These versatile
biopolymers were described and characterized, and a method

to obtain a hydrogel matrix was set up.4 HELP was also further
modified by clonal fusion with different bioactive domains,
representing a valuable carrier to increase the yield of difficult-
to-express or active peptides.5 The HELP and its modifications
showed no pro-inflammatory activity and good cytocompati-
bility, especially toward myoblast cells.5a,6 However, cell-type-
dependent adhesion on HELP-based substrates was ob-
served.6,7 Although the HELP-derived hydrogel matrices
showed no cytotoxicity, the cell adhesion on the HELP-
based scaffold was improved by the addition of pro-adhesive
sequences.6,8 Moreover, some issues may arise because the
HELP elastin-like sequence characterizing the human homo-
logue may elicit an immune response in other organisms, like
animal models being used to evaluate the compatibility of
biomaterials where this sequence is not present.9 For example,
antibodies that recognize the VAPGVG motif were successfully
raised in mice.10 Last, the chemotactic activity of this same
motif is well-known,11 and this should be considered for the
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development of new biomaterials intended for prolonged
contact with tissues and organs. The perspective to broaden
the compatibility toward as many cell types as possible and,
more generally, toward different organisms still maintaining
immunotolerance and the potential as carrier fusion partners
delineated our approach. Thus, to further extend the properties
of the biopolymer and, hence, those of the derived materials,
we undertook the assembly of a new ELP biopolymer.
In this paper, we describe the design of the sequence and the

production of this construct, as well as its physicochemical
characterization. The behavior of this biopolymer was
compared with that of the previously described HELP
prototype by analyzing it with different techniques, such as
turbidimetric analysis, circular dichroism, dynamic light
scattering, and nuclear magnetic resonance. The response of
cells to surfaces conditioned with these recombinant
biopolymers was also evaluated.

2. MATERIAL AND METHODS
2.1. UELP Biopolymer Cloning and Production. The

“universal” ELP (UELP) coding sequence was assembled following
the same strategy already adopted for the HELP synthetic gene.12
Briefly, the nucleotidic sequence of 413 bp coding for a tandem repeat
of the HELP cross-linking domain and the sequence coding for the
nonapeptidic repeats inspired by the human exon 26 were the basic
modules constituting the monomer to be reiterated. This sequence,
flanked by the BamHI and BglI restriction sites at the 5′ and by DraIII
and HindIII at the 3′ end, was designed, optimized for Escherichia coli
expression, and synthesized (Eurofins Genomics). Both the synthetic
sequence and the pEX8EL plasmid for HELP expression were
digested with BamHI/HindIII to replace the HELP gene with the first
UELP monomer. This latter was doubled by in-frame inserting
another monomer by recombination of BglI/DraIII ends, cutting the
vector with DraIII. After one more round of duplication, exploiting
the same restriction sites, the UELP gene coding for eight cross-
linking domains alternating with 8 hydrophobic domains was
obtained and verified by sequencing (Eurofins Genomics).

Expression in E. coli C3730 and purification of the recombinant
UELP and HELP biopolymers were carried out under standard
conditions as previously described.13
2.2. Physicochemical Characterization. 2.2.1. Secondary

Structure Evaluation. Using the ProtParam (Expasy) program
available on the SIB Swiss Institute of Bioinformatics (https://
www.expasy.org/) the grand average of hydropathy value (GRAVY)
for proteins was calculated. This parameter was obtained as the sum
of hydropathy values of all of the amino acids divided by the number
of residues in the sequence.

Prediction of secondary structures of UELP was based on the
primary amino acid sequences of the polypeptides by using GOR IV
software from the Expasy website (http://www.au.expasy). Moreover,
the simulation of the secondary structure of proteins was performed
on the I-TASSER-MTD server (multidomain Iterative Threading
ASSEmbly Refinement) platform using a hierarchical protocol to
predict structures and functions of multidomain (MTD) proteins
(https://zhanggroup.org/I-TASSER-MTD/). This protocol predicts
the domain boundaries based on the deep-learning contact-map
prediction and multiple threading alignments. The individual domain
models are assembled into a full-length structure under the guidance
of quaternary structural templates and deep-learning distance profiles.
The output of the I-TASSER-MTD server includes up to five full-
length atomic models (ranked based on the total energy), estimated
accuracy of the predicted models (including a confidence score of all
models, and root-mean-square deviation (RMSD) for the first model),
predicted secondary structures, and predicted solvent accessibility.
2.2.2. Turbidimetric Analysis. The turbidity of UELP and HELP

samples was measured as absorbance at λ = 350 nm in the range of
15−50 °C at a heating/cooling scan rate of 0.5 °C·min−1 on a Jenway
6300 spectrophotometer. The turbidity was compared to a calibrated

zero absorbance measured on the filtered solvent as a blank. Data
were fitted by using a Boltzmann sigmoidal function. The inverse
transition temperature (Tt) was obtained as the temperature
corresponding to 50% of the maximum absorbance value. Purified
proteins were dissolved to a final concentration of 2 mg/mL in 10
mM Tris/HCl buffer at pH = 8.0 (Tris) without and with 0.15 M
NaCl (Tris/NaCl). Solutions were equilibrated at 4 °C for 16 h
before experiments.

2.2.3. Differential Scanning Calorimetry. Thermal properties of
lyophilized proteins in solution were evaluated by Differential
Scanning Calorimetry (DSC) using a Setaram MicroDSC III DSC
model. Stainless steel cells were filled by weight with protein samples
(8 mg/mL, in Tris or Tris/NaCl buffer) and then hermetically sealed
and equilibrated for 16 h at 4 °C. The calorimeter was pre-
equilibrated at 5 °C for 10 min, followed by heating from 5 to 60 °C
at a scan rate of 0.5 °C·/ min. The solvent was used as a reference.
The inverse Tt was determined as the peak temperature (Tp). The
enthalpy (ΔHt) and entropy (ΔSt) of the transition were determined
by integration of peak area using in-house-developed graphics
software. Lysozyme solution was the calibration standard.

2.2.4. Circular Dichroism. Proteins were dissolved at a
concentration of 0.1 mg/mL in Tris/NaCl buffer. CD spectra were
recorded at different temperatures in a thermostatic cell from 200 to
500 nm on a Jasco J-710 spectrometer under constant nitrogen flux.
Data were reported as the mean molar ellipticity [θ] of the residue
(mdeg·cm2·dmol−1).

2.2.5. Dynamic Light Scattering. The thermoresponsive behavior
of human elastin-like polypeptides UELP and HELP was investigated
by dynamic light scattering (DLS) using a Malvern Zetasizer Nano ZS
instrument (Cambridge, U.K.) equipped with a 4 mV HeNe laser
operating at λ = 633 nm, with a measurement angle of 173°
backscattering (size diameter range 0.3 nm−10 μm).

DLS was performed on protein solutions at various temperatures
and concentrations (2 mg/mL in Tris and Tris/NaCl solutions). The
diffusion coefficients D and then the hydrodynamic radius Rh were
calculated from intensities (Stokes−Einstein theory) as

=D k T R/6B h

where kB is the Boltzmann constant, T is the temperature, and η is the
viscosity of the solvent. The intensity, volume, and number
distributions were calculated by nonlinear least-squares fitting
(NLLS, CONTIN algorithm) of the autocorrelation function
measured in the experiment. In the case of broader and multimodal
distributions, multiexponential fitting was used.

Through DLS analyses, the inverse transition temperature (Tt) and
the hydrodynamic diameter (Dh) of UELP and HELP aggregates in
Tris and Tris/NaCl solutions were determined on 2 mg/mL
biopolymer solutions. DLS analyses were carried out in a temperature
range between 10 and 60 °C, with temperature increments of 2 °C
and an equilibration time of 180 s for each temperature increase. The
temperature at the curve inflection point (i.e., the temperature above
which the transition to 100% of a single large particle occurs) was
taken as the inverse transition temperature, Tt.

To evaluate the stability of the self-assembled polypeptide
aggregates, particle size measurements were made at a fixed
temperature above Tt (40 °C) and repeated every 300 s over a
period of 1 h to determine the constancy of the diameters of the
particles (Table 1S, Supporting Information).

2.2.6. 1H NMR. The temperature-dependent self-assembly of UELP
and HELP was also investigated through variable temperature 1H
NMR spectroscopy. Five milligrams per milliliter biopolymer
solutions in D2O were prepared and investigated in the 10−60 °C
range with consecutive temperature increments of 10 °C, using a
Bruker Avance III 400 MHz spectrometer (90° pulse width 7.5 ms,
relaxation delay 1 s, acquisition time 1.4 s, and 128 scans).

2.3. Cell Culture. The MG-63 and NIH3T3 cell lines were
routinely grown in Dulbecco’s modified Eagle’s medium (DMEM,
Sigma-Aldrich) supplemented with 2 mM L-glutamine, 100 μg/mL
streptomycin, and 100 units/mL penicillin and containing 10% (v/v)
heat-inactivated fetal calf serum. Cells were maintained at 37 °C in a
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saturated humidity atmosphere containing 5% CO2 in 25 cm2 flasks.
To assess the cytocompatibility of recombinant biopolymers, the cells
were cultured in a 96-well microplate. Both tissue-culture-treated
(TP) and -nontreated (NP) polystyrene plates were used. The wells
were filled with 100 μL of a 0.4% (w/v) aqueous solution of each
biopolymer that was previously sterilized by 0.22 μm filtration. After
overnight incubation at 5 °C, the solution was removed, and the wells
were washed two times with 200 μL of sterile water and then air-dried
under a sterile hood. Five thousand cells/well were seeded in a final
volume of 100 μL. After 24 h, the adhesion assay was performed by
crystal violet staining.14 Briefly, each well was washed with PBS, and
the cells were fixed with 50 μL of 2% (v/v) paraformaldehyde/PBS
for 20 min. After two washes, cells were stained with a solution of
0.5% crystal violet in 20% ethanol for 10 min. After extensive washing
with water, 50 μL of a 10% acetic acid solution was added to lyse cells,
and the microplate was analyzed by an UV/vis plate reader at a
wavelength of 600 nm.

3. RESULTS AND DISCUSSION
3.1. Structure of the Recombinant Biopolymers

Inspired by Human Elastin. The design of new human
elastin homologues started almost two decades ago, and it was
initiated with a view to prepare materials with advanced
functionality based on components, possibly combining some
features of the synthetic polymers, like the very regular
structure and the controlled composition, with those of the
living organisms, like the biotic origin. Back then, collagen was
a well-established paradigm, while elastin and the pentapepti-
dic motif showing temperature-dependent inverse phase
transition behavior was an emerging model.2b15 At the time,
most of the studies were undertaken to adopt a “reductionist
approach” since each elastin exon encodes an independent
domain with its own structure so that it could be studied and
characterized by the use of synthetic peptides resembling its
sequence.16 However, the opportunity to reiterate the same
domain in long chains offered by genetic engineering allowed
us to magnify the physicochemical features of a single domain,
especially regarding thermoresponsive behavior.17

Thus, following a biomimetic strategy, Bandiera and co-
workers focused their attention on the most regularly repeated
region of the human elastin homologue. At difference with
most of the other elastin-like polypeptides described in the
literature at the time, a construct comprising both the cross-
linking domains as well as the hydrophobic domains was
produced to obtain an ELP biopolymer better resembling the
elastin structure. This construct was named HELP (human
elastin-like polypeptide).12 To characterize the physicochem-
ical properties, a second prototype was also produced3 as a
reference more closely related to most of the other described
ELPs, which were composed of just long stretches of
pentapeptidic repeats without any cross-linking domain.18
VAPGVG, the hexapeptide-based hydrophobic HELP domain
characterizes the primate elastins,9 and recently, these
sequences were described to improve skin elasticity and
reduce wrinkles.19 However, the hexapeptidic motif and its
permutations are described as matrikines.20 Although the
HELP turned out to be a valuable component in obtaining
hydrogel matrices and a versatile carrier for bioactive domains,
this factor may limit, to some extent, the applications of this
biopolymer. For this reason, a more accurate analysis of the
elastin sequence led to the selection of another monomer to
build a construct that overcomes these constraints while
maintaining the desired properties. The attention was focused
on a regularly repeated as well as much conserved hydrophobic
domain among the different organisms in the view of
producing a new human-based elastin-like polypeptide with
broad compatibility and robust immune tolerance while
maintaining the potential as a carrier fusion partner. Aligning
several vertebrate elastin amino acid sequences, a highly
conserved region is observed, corresponding to part of the
exon 26 of the human homologue, which is shown in Figure 1.
Comparing the sequences, a consensus of 40 amino acids,

differing in only five positions with respect to the human
sequence, can be outlined, evidencing a nonapeptidic repeat
composed of the pentapeptidic, VPGL/FG, and the
tetrapeptidic, L/VGAG, motifs (Figure 1A). Interestingly,

Figure 1. Comparison of part of the exon 26 sequence of elastins from different species. (A) Porcine (XP_020941438.1), ovine
(XP_042096308.1), bovine (AAA30505.1), feline (XP_019676153.1), canine (XP_048967017.1), murine (NP_031951.2), rat (NP_036854.1),
and human (AAC98395.1) homologues are aligned. In gray are the residues that are the most conserved among these species and that represent the
consensus sequence for this region. Boxed, the pentapeptidic motif is followed by a tetrapeptidic block, thus forming the nonapeptidic repeat that
characterizes this region. (B) Sequence of UELP hydrophobic domain. Gray, residues corresponding to the consensus; black, residues that are
found in the human sequence and were maintained; white, residues that correspond to the consensus and differ from those of the human sequence
and that were maintained to enhance the regularity of the repeated sequence; italics, motifs that were repeated to obtain a 50 amino acid domain;
boxed, the elastin pentapeptidic repeats.
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exon 26 was described to have a dominant role in the
temperature-driven self-assembly of elastin.21 On this basis, a
50 amino acid repeated sequence identical to the human one
except for three positions and one additional nonapeptidic
repeat was designed, maintaining the same length of the HELP
hydrophobic domain (Figures 1B and 1S). Adopting the same
sequence of the HELP cross-linking domains, a new gene that
was named “universal” ELP (UELP) with eight reiterated
monomers and a length comparable to that of HELP was
assembled. In Figure 2A, the schematic primary structures of

the two recombinant biopolymers derived from human elastin
are compared. They represent a system that allows the amino
acid sequence (Figure 1S, Supporting Information) to be
correlated with the behavior of the biopolymer as well as with
the features of the derived materials and with any biological
interaction.
3.2. Macromolecular Features of UELP. The distribu-

tion of secondary structures in the UELP polypeptide was
predicted using GOR IV based on the amino acid sequences.
The results, compared with those obtained for HELP, are
shown in Figure 2B and Table 1.
An average α-helix content of 25% for the UELP sequence,

very close to the corresponding value for the HELP one, was
predicted since, in both biopolymers, the polyalanine stretch is
present in the cross-linking domains (Figure 1S). Based on the
same calculations, the hydrophobic domains of UELP were
predicted to have a mixed, partially disordered structure
consisting of 24% β-sheet and 51% random coil regions. The β-
sheet fraction of the UELP sequence is significantly higher
than that calculated for HELP (4%), which rather possesses a

higher fraction of random coil sequences (70 vs 51% of
UELP). For both biopolymers, it was predicted that β-sheets
occur only in the hydrophobic regions (gray fractions in Figure
2B).
Table 1 also shows the distributions of secondary structures

for the UELP and HELP biopolymers obtained by
deconvolving the spectra of CD measured below the Tt
(Figure 3A,B, blue line), showing consistency between
theoretical and experimental data.22 Typical negative bands
around 200 and 222 nm (ππ* and nπ* transitions,
respectively) were observed. The difference between UELP
and HELP in the CD signal, mainly around λ = 207 nm
(Figure 3), is likely due to the large positive contribution of the
β-structure/β-turns domains of the UELP sequence compared
to HELP (Table 1), which resulted in a band with a less
negative value (cf. Figure 3A with 3B, blue lines). Interestingly,
the UELP biopolymer spectra showed a marked dependence
on temperature (Figure 3A) with a significant increase of [θ]
above the Tt temperature (>20 °C). This is likely due to the
stabilization of the β-structure assembly after the water
removal. On the contrary, this trend is not evident for the
HELP biopolymer since, increasing the temperature, the CD
spectra remained relatively constant, suggesting a predom-
inantly random coiled structure of the hydrophobic domain
(Figure 3B).
A snapshot of the two UELP and HELP protein structures

(Figure 4) was generated using multidomain I-TASSER-MTD
algorithms on the online platform server.23 The high-quality
three-dimensional (3D) model predictions of the proteins were
calculated by deep-learning contact-map prediction and
multiple threading alignments starting from the primary
structure. Figure 4 clearly shows the larger proportion of β
sheet domains of UELP compared to the HELP polypeptide,
resulting in a more compact structure, as also supported by the
calculated average gyration radii, RG, from the structures
obtained in I-TESSER-MTD simulations, which give RG = 7.3
and RG = 9.0 nm for UELP and HELP, respectively.

3.3. Physicochemical Properties of UELP and HELP.
3.3.1. Turbidimetric Analysis. The inverse thermal transition
of UELP in solution was studied by turbidimetric and
calorimetric measurements, comparing its behavior with that
of the polypeptide HELP in the absence and presence of a
nearly physiological salt concentration. It is known that the
presence of cross-linking domains among the hydrophobic
sequences of elastin strongly influences its thermoresponsive
behavior. A near-physiological NaCl concentration is required
for optimal coacervation of these types of primary structur-
es.2b,7,24 On the other hand, for ELPs, which in most cases do
not have cross-linking domains, the addition of salt lowers Tt,
so this condition is exploited for the purification of these
polypeptides.15,18,24b,25 Thus, salt concentration likely plays an
awkward role in modulating the phase transition of
polypeptides that have alternating hydrophobic and cross-

Figure 2. Comparison of the structure of the polypeptides inspired by
the elastin human homologue. (A) Schematic representation of the
primary structure of the UELP and HELP recombinant proteins.
Black, his-tag; gray, cross-linking domains; and white, hydrophobic
elastin-like domains. (B) Prediction of the secondary structure of the
two biopolymers obtained by I- TASSER simulation. Purple, coil;
light blue, helix; and gray, β-strand.

Table 1. Comparison of the Main Parameters and Distribution of Secondary Structures of UELP and HELP Biopolymers as
Predicted Using GOR IV Based on Amino Acid Sequences

pI a.a. Mw % polar a.a. % charged a.a. α % β % rc %
UELP theor 11.7 520 43050 2 4.5 25 24 51

CD 17 23 60
HELP theor 11.7 536 44885 2 4.3 26 4 70

CD 29 10 61
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linking domains in their sequence, mimicking the primary
structure of elastin. The hydrophobic folding and self-assembly
processes of UELP and HELP were followed at a specific
temperature scanning rate, as described in Section 2. Figure 5
shows the results of the turbidimetric analysis of UELP
compared to the biopolymer HELP, which was previously
characterized.7
Strikingly, in the absence of salt, the 2 mg/mL UELP

biopolymer solution (Figure 5A, open symbols) shows a
negligible turbidity variation. The Tt of about 27 °C was
determined by fitting the transition curve with a Boltzmann
sigmoidal function. On the other hand, the HELP sample
shows an increase in turbidity of the solution with a Tt of 32
°C under the same conditions (Figure 5B, open symbols).
The addition of 0.15 M NaCl to the UELP biopolymer

solutions resulted in a significant and sharp increase in
turbidity at a Tt of approximately 22 °C (Figure 5A, filled
symbols), indicating full recovery of the transition phase
property. In the case of HELP, the addition of a near-

physiological salt concentration tended to increase the Tt to
about 35 °C (Figure 5B, filled circles).
However, this is consistent with our previous observation on

dilute solutions of the biopolymer HELP.7 A polypeptide
consisting of the same HELP hydrophobic hexapeptidic
sequences but lacking the cross-linking domains showed
significantly higher Tt with respect to HELP and was not
affected by the addition of a near-physiological salt
concentration.7 In contrast, the addition of the same salt
concentration to the HELP solution resulted in an increase in
Tt, suggesting that HELP, once the effect of the presence of the
cross-linking domains is attenuated by a near-physiological salt
concentration, tends toward the Tt of the sequence without the
cross-linking domains.7
The behavior of the UELP biopolymer was markedly

different from that described above for HELP, suggesting
that the presence of the cross-linking domains alternating with
the elastin-like regions based on the nonapeptide repeats of
exon 26 had a dramatic effect that nearly abolished the ability
of UELP to phase transition. However, the addition of salt at

Figure 3. CD spectroscopic analysis of the two elastin-inspired polypeptides UELP (A) and HELP (B) at a concentration of 0.1 mg/mL as a
function of temperature: blue line: 15 °C; purple line: 20 °C; green line: 35 °C; orange line: 40 °C; and red line: 45 °C.
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near-physiological concentrations fully restored the thermor-
esponsive behavior of the UELP biopolymer, which exhibited a
sharper transition at a much lower Tt with respect to that of
HELP, confirming that this salt concentration is essential to
avoid hampering the temperature transition process of the
elastin-like sequences in the presence of the cross-linking
domains. The reversibility of the phase transition of UELP and
HELP was analyzed in the presence of a near-physiological salt
concentration by cooling the samples after the transition. A
clear difference between the two biopolymers can also be seen

in this process (Figure 5A,B, see the blue lines). In the case of
UELP, the curve obtained by cooling almost overlaps with the
aggregation curve, while HELP heating and cooling ramps lead
to two different, less steep curves that exhibit some hysteresis,
suggesting a more stable supramolecular configuration as a
function of temperature.
Taken together, these results indicate different self-assembly

behaviors of the two biopolymers. The sharper transition of
UELP and its prompt reversal compared with the slower HELP
turbidity increase with hysteresis during cooling suggested two
different aggregation and dissolution mechanisms. The
observed different values of the average gyration radii
calculated above, which are lower for UELP than for HELP
suggest different compaction capacities of the two different
hydrophobic sequences. On the other hand, the presence of
the cross-linking domains in the biopolymers may also
contribute to explaining the different hysteresis observed.
Thus, in addition to the interactions among the hydrophobic
elastin-like domains, an interplay among the cross-linking
domains may be expected.26 In the case of UELP, the
hydrophobic sequences derived from the exon 26 are
optimized to strongly promote the self−assembly to a more
compact structure,27 likely overcoming all other possible
interactions. Conversely, the delayed HELP coacervation
process may allow further interactions beyond the hydrophobic
aggregation,26 leading to a more stable final configuration.

3.3.2. Differential Scanning Calorimetry. DSC experiments
were performed to compare and further verify the inverse
phase transition properties of UELP and HELP biopolymers.
The results are shown in Table 2. The measurements were

performed under the same conditions as the turbidimetric
analyses, and the behavior of the biopolymers was analyzed in
the same Tris buffer solution with and without 0.15 M NaCl.
Except for UELP in the absence of salt, an endothermic
asymmetric peak was always observed.
According to the turbidimetric analyses, UELP in the

presence of NaCl exhibited the lowest peak Tt (23 °C) and
showed a greater tendency to transition compared to HELP.
As previously reported,7 ΔHtr can be a useful method for
studying the relative hydrophobicity of polypeptides because
the lower the transition enthalpy, the lower the hydrophobicity
of the polypeptide. Prediction from the sequence data showed
that UELP and HELP had similar proportions of polar and
charged groups (6.5 and 6.3%, respectively, Table 1), resulting
in similar ΔHtr (29 and 35 kJ/mol, respectively) and ΔStr
values (98 and 114 kJ/mol K, respectively), although UELP
always had the lowest values, indicating lower hydrophobicity
compared with HELP. The DSC data in Table 2 show good
agreement between the Tt values and those obtained by
turbidimetric analysis under the same conditions (Figure 5).
According to these analyses, the data in Table 2 show a
significant difference in Tpeak temperatures between UELP and

Figure 4. Model of the minimized secondary structure of UELP and
HELP obtained by the I-TASSER − MTD simulation.

Figure 5. Turbidimetric analysis of the human elastin-derived
biopolymers as a function of temperature. UELP (A) and HELP
(B) were solved at 2 mg/mL in 10 mM Tris buffer (open symbols)
and in Tris/NaCl (solid symbols). Cooling turbidity profiles (in blue)
were analyzed in Tris/NaCl buffer.

Table 2. Thermodynamic Results of the DSC Analysis of 8
mg/mL UELP and HELP in 10 mM Tris Buffer, pH = 8, in
the Absence and Presence of 0.15 M NaCl

T peak ΔHtr kJ/mol ΔStr J/mol K
UELP TRIS ND ND ND

TRIS/NaCl 23 29.0 98
HELP TRIS 29 198.0 655

TRIS/NaCl 34 35.0 114
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HELP proteins, probably due to the higher proportion of β-
structures in the UELP sequence. It is likely that, although
HELP shows a higher hydrophobicity with respect to UELP,
this latter has a higher propensity to adopt the β-structure,
making it the most efficient in promoting the hydrophobic
interactions and the supramolecular assembly.27,28
3.3.3. Dynamic Light Scattering Characterization. By

using the DLS technique, we measured the hydrodynamic
diameters of the biopolymers in solution and the dimensions of
the aggregate sizes as a function of temperature. Figure 2S
shows the intensity and volume size distribution of the
hydrodynamic diameter (Dh) for UELP and HELP at different
salt concentrations at 15 °C. The size distribution, determined
as the scattering intensity, showed a multimodal pattern over a
wide dimensional range, indicating the presence of particles of
various sizes, most of which were centered around 10 nm, as
confirmed by the volume size distribution (Figure 2S). This
indicates that, below the transition temperature, the smallest
biopolymer particles were predominant at room temperature,
while the proportion of the largest self-assembled particles was
low despite the total scattering intensity being the highest.
Figure 6 shows the average diameter values, Dh, of UELP

(Figures 6A,B, black symbols) and HELP (Figure 6C,D, red
symbols) in the absence and presence of a near-physiological
NaCl concentration as a function of temperature.

The percentages of the peak areas (Figure 6A−D, in the
insets), as well as the particle size values, were determined
from scattering intensity distribution. Tt was determined at the
inflection point of the DLS curve for each sample and is
evidenced in Figure 6 (vertical dashed bars).
In the absence of salt and below Tt, a multimodal size

distribution was observed for both biopolymers at a
concentration of 2 mg/mL (Figure 6A,C). A four-modal size
distribution (average Dh of 10, 60, 300, and 3500 nm) was
observed for the UELP biopolymer (Figure 6A), with a
prevalence (65−100%) of the Dh = 300 nm-sized particles.
Under the same conditions, the HELP biopolymer (Figure
6C) showed a similar four-modal size distribution as well, with
the main fraction (36−100%) consisting of particles with a Dh
= 600 nm. Interestingly, although the two biopolymers showed
different behavior above the Tt, both exhibited a monomodal
particle size distribution, with an average particle size of about
150 nm at the highest temperature studied (60 °C, Figure
6A,C). However, despite the temperature increase, the UELP
particle size remained constant (Figure 6A), whereas the
HELP particle size gradually decreased with the temperature
rise (Figure 6C). In the presence of 0.15 M NaCl and below
Tt, the UELP biopolymer showed a three-modal particle size
distribution (Figure 6B), with a prominent fraction of Dh =
600 nm (75%, filled triangles) and two smaller fractions of Dh
= 10−15 nm (6−17%, open squares) and Dh = 5000 nm (3−

Figure 6. DLS diameters (intensity-based calculated values) for UELP (black symbols) and HELP (red symbols) in 10 mM Tris (A, C,
respectively) and in 10 mM Tris/NaCl buffer (B, D) at a concentration of 2 mg/mL as a function of temperature ranging from 10 to 60 °C at a
scanning rate of 0.5 °C/min. The vertical dashed bars show the respective Tt values; the horizontal arrows show the predominant size distribution.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.3c00782
Biomacromolecules 2023, 24, 5277−5289

5283



 

114 

Chapter 6 Physicochemical Characterization of a Biomimetic, Elastin-Inspired Polypeptide with 
Enhanced Thermoresponsive Properties and Improved Cell Adhesion 

 

 

4%, open diamonds). Above Tt, again, a monomodal particle
size distribution was observed, with a tendency to stabilize
aggregates with a Dh of about 3000 nm (Figure 6B, filled
triangles with 100% scattered light). Below Tt, the HELP
biopolymer (Figure 6D) showed a four-modal distribution
with a main fraction (about 50%, filled triangles) with a Dh of
250 nm. Above the Tt, a further temperature increase resulted
in a monomodal particle size distribution with a gradually
increasing Dh up to about 3000 nm (Figure 6D, filled triangles,
100% of scattered light).
These results show that in the absence of salt and above Tt,

the HELP sample has a tendency to gradually decrease in
particle diameter, suggesting a change from expanded to
contracted structures as a function of temperature as previously
described for these hexapeptidic sequences.24b In contrast,
under these conditions, the UELP particle size stabilized
around a value that remained constant despite the temperature
increase (compare Figure 6A with 6C), suggesting prompt and
optimized particle assembly. It can be surmised that for the
HELP biopolymer, the structural transition occurred gradually
over a temperature range of 30 °C (Figure 6C), which could
be due to the higher chain flexibility of the HELP compared to
the UELP biopolymer. This is also confirmed by the secondary
structure analysis (Figure 2B and Table 1), which shows a
higher proportion of random coil sequences in HELP
compared with UELP (70 and 51%, respectively). HELP
may, therefore, undergo a progressive molecular collapse
associated with a realignment of water molecules and a
restructuring of hydrogen bonding networks (i.e., peptide−
peptide hydrogen bonds replace water−water hydrogen bonds
in the nearest solvation shells), gradually displacing water from
the hydrophobic moiety and leading to a decrease in particle
size.24b On the other hand, a significant presence of β-domains
in the hydrophobic sequences of UELP is expected (Figure 2B
and Table 1), and this likely leads to a more efficient structural
collapse process in the local secondary structure and to a rapid
rearrangement of water once the critical Tt threshold is
reached.29
According to our previous observations and the results of

turbidimetric analyses, the decrease in Tt of UELP upon
addition of salt (Figure 7A) and the previously observed
increase in Tt of HELP upon addition of salt (Figure 7B)
confirmed the expected critical role of physiological salt
concentration in restoring the thermoresponsive properties of
elastin-like sequences when inserted between cross-linking
domains.
The effect of salt addition not only masks the effect of cross-

linking domains but also leads to a different interaction
between ions, the hydrophobic thermoresponsive sequence,
and water molecules in the nearest hydration shells. Ions
diffusing into the nearest hydration shell of the polypeptide can
interact strongly with the peptide chain and facilitate the
structural folding of the hydrophobic domain.30 In addition,
the ions can disrupt the hydrogen-bonded water network
around the protein and promote the formation of hydrogen
bonds within the hydrophobic sequence moiety while
displacing solvation water molecules from the nearest
hydration shell. In the presence of salt and above the Tt,
both biopolymers showed the ability to form particles with
larger dimensions than in the absence of salt. Above Tt, the
UELP biopolymer, during the temperature increase, showed a
constant particle size with a large Dh of about 3500 nm during
the temperature increase (Figure 6B), while the particles of

HELP showed a gradual trend of increasing diameter from
about 300 nm up to 4000 nm under the same conditions
(Figure 6D), again indicating greater chain flexibility (higher
entropy) requiring higher temperature to stabilize the particle
size. Figure 7 shows the particle diameters determined by DLS
as the percent particle number distribution (N%) for the two
biopolymers at a concentration of 2 mg/mL. In the absence of
NaCl and below Tt, the particle diameters for the biopolymers
were about 6 and 10 nm for UELP and HELP, respectively
(Figure 7, open symbols), which most likely corresponds to a
single chain size in solution. It is interesting to note that the
values of the hydrodynamic diameter Dh, which are calculated
from RG

31 using the equation
= =R D R/2 0.664h h G

resulted in a Dh of 9.7 nm and 12.0 nm for UELP and HELP,
respectively, thus showing values in agreement with the DLS
diameters measured for the temperature below the Tt (Figure
7). In the absence of NaCl and above Tt, the UELP
biopolymer formed particles that stabilized at a Dh greater
than 200 nm, while HELP formed larger particles 500−800 nm
in diameter. The addition of salt at near-physiological
concentrations had a remarkable effect on the diameter of
UELP particles, which promptly increased from a value of
about 6 nm in the absence of salt and near Tt (Figure 7A, open
symbols) to about 5000 nm in the presence of NaCl (Figure
7A, filled symbols). This value, which stabilizes as a function of
temperature at about 3000 nm, is significantly larger than the

Figure 7. DLS diameter (volume-based calculated values) as a
function of temperature. Calculated values of particle distribution in
Tris (open symbols) and Tris/NaCl buffer (filled symbols) at a
concentration of 2 mg/mL for UELP (A) and for HELP (B).
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value observed in the absence of salt (above 200 nm). In the
presence of salt, HELP also showed a remarkable change in
particle diameter around Tt, shifting from 10 to 15 to 5000 nm
(Figure 7B, filled symbols) but stabilizing at about 1200−1700
nm as a function of temperature. However, in the case of
HELP, particle sizes remained comparable in the presence and
absence of salt (Figure 7B, see the filled and open symbols).
3.3.4. 1H NMR Spectroscopy. The arrangement of UELP

and HELP biopolymers in solution was studied by 1H NMR
spectroscopy in D2O to evaluate differences in the polypeptide
supramolecular arrangements occurring upon thermally
induced coacervation. Figure 8 shows, as an example, the
NMR spectra of HELP and UELP in a D2O solvent. The
characteristic resonances of some protons of the amino acid

residues at 10 °C, i.e., under the conditions of maximum
solubility, are shown in Table 3. In particular, the signals of
−CH3 protons of leucine and valine at 0.76 ppm and −CH3 of
alanine were clearly visible (Figure 8).
The formation of supramolecular aggregates by thermally

induced self-assembly was studied by 1H NMR at a variable
temperature. Upon heating, a significant decrease in the
resonance peak areas was observed (Figure 8), along with their
downward shift. The latter is clearly visible in Figure 3S, where
the chemical shift of the resonance peak was plotted as a
function of the temperature for each amino acid residue. A
nearly linear trend with an increasing temperature was
observed for all proton groups, suggesting that the increase
in temperature weakens the hydrogen interactions between the

Figure 8. Overlay of d

1
H NMR spectra of UELP (A) and HELP (B) in D

d2
O (5 mg/mL) at 10, 30, and 60 °C. Arrows indicate the resonance peaks

of the following amino acid residues: leucine + valine, proline, alanine, and phenylalanine + histidine.

Table 3. Total Number of Amino Acid Residues (n res) and Relative Protons (nH) of UELP and HELPa

UELP HELP

theoretical NMR theoretical NMR
n res nH δ (ppm) nH n res nH δ (ppm) nH

L + V 109 654 0.76 658 129 774 0.76 860
A 130 390 1.03−1.38 412 159 477 0.97−1,46 590
P 48 48 4.40 43 72 72 4.42 75
F + H 29 127 6.55−7.54 127 14 52 6.57−7.55 52

aChemical shifts (δ) and proton number (nH) of both biopolymers determined by NMR analysis.

Figure 9. IyTx/I10 °C
y as a function of temperature for UELP (A) and HELP (B), as determined by 1H NMR in D2O (5 mg/mL) in the range

between 10 and 60 °C.
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polar amino acid groups of the polypeptide and the water and
decreases the solvation and electron shielding at the hydrogen
nuclei.32 In addition, the ratio of the absolute integral at a
given temperature (Tx) to the integral at 10 °C (ITxy/I10 °C

y)
was calculated for each proton resonance peak and plotted as a
function of temperature (Figure 9). It can be noticed that most
of the peak integrals gradually decreased with temperature
increase, with no evidence of sharp transitions associated with
the occurrence of Tt. A similar trend in UELP and HELP
integrals was observed for the proton peaks of alanine, leucine,
and valine, suggesting that these residues exhibit progressively
stronger hydrophobic interactions upon heating, reaching a
signal decrease of about 33−41% at 60 °C, with a slightly
larger decrease for residues in HELP than the analogues in
UELP.
Notably, the greatest decrease was observed for UELP

phenylalanine and histidine signals (Figure 9A), which may be
attributed to the aromatic side chains and the higher
proportion of phenylalanine residues in this polypeptide.
Interestingly, a striking trend was observed for proline protons.
In fact, the intensity ratio of UELP prolines in Figure 9A
decreased by only 5% at 60 °C, indicating that strong
interactions with water molecules persist when particle
aggregation occurs. Since prolines are known to be present
mainly in the β-sheet structures, which are generally involved
in self-association and subsequent coacervation,28 this behavior
suggests that the UELP β-sheet structures are still stable and
solvated after polypeptide self-assembly. In this context, the
observed slight decrease in the level of the proline signal is
attributed to the rearrangement of the proline residues not
involved in the β-sheet structures after self-assembly.
A different trend in the proline signal intensity was observed

for HELP. Figure 9B shows a decrease in proline intensity (up
to 24%) as a function of temperature, suggesting that in this
case, the proline residues are actively involved in the
coacervation process of HELP, whereupon they are buried in
the hydrophobic moiety. As previously reported,24b temper-
ature-driven coacervation of highly hydrophobic elastin-like
proteins may occur by decreasing the hydrodynamic radius and
expelling water to reduce the hydrophobic-solvent interaction
as the temperature increases. From this point of view, proline,
as well as other residues belonging to the hydrophobic
domains of HELP (alanine, valine, and leucine), could be
involved in these temperature-driven structural changes so that
their peaks show a larger decrease in HELP.
In summary, NMR analysis is consistent with previous

analyses and highlights a different thermally driven coacerva-
tion mechanism for the two biopolymers due to the peculiar
local secondary structure of their hydrophobic sequences.
3.4. Cytocompatibility Evaluation. HELP biopolymers

have been used as substrates for the culture of human cells of
various origins. However, it was found that in some cases, cell
adhesion after 24 h varied depending on the cell line used and
the thickness of the biopolymers on the surface.6,12,33 To
compare the cell adhesion ability of the new UELP versus the
biopolymer HELP, tissue-culture-treated polystyrene (TP) was
coated with each biopolymer by adsorption, as described in
Section 2. MG-63 human osteoblast-like cells and NIH3T3
mouse fibroblasts were seeded, and after 24 h, no significant
differences in adhesion were observed for either cell line on
each biopolymer coating compared with the TP surface
(Figure 10). Interestingly, when the same coating procedure
was performed on an untreated polystyrene microtiter plate

(NP), a notable difference in adhesion was seen for both cell
lines after 24 h (Figure 11). The cells were not able to adhere
to the uncoated surface NP as expected (Figure 11, panels A
and D). Cells seeded onto the HELP-coated surface NP also
behaved similarly to cells observed on the uncoated control
surface NP: They showed a rounded morphology and formed
small aggregates, suggesting poor adhesion to the surface at
this time point (Figure 11, panels B and E). In contrast, cell
adhesion on the UELP-coated surfaces of NP in both cell lines
was comparable to that observed in the TP control (compare
Figure 11, panels C and F, with Figure 10, panels A and D).
The crystal violet adhesion test confirmed this observation

(Figure 4S) and confirmed a promoting effect on cell adhesion.
However, after a longer time, e.g., 48 or 72 h, depending on the
cell line, cells were able to cover all coated surfaces of NP and
show their characteristic morphology, indicating that the
presence of the biopolymers has no toxic effect (data not
shown).
In addition, coatings were prepared by decreasing the

concentration of the biopolymer solutions used for adsorption
on NP. No significant difference was observed for the HELP-
coated surfaces, whereas a dose-dependent cell response was
observed on UELP coatings. This effect correlated with the
amount of UELP biopolymer present in the solution used to
prepare the coatings. Cell metabolic activity was evaluated 24 h
after seeding by the WST-1 assay (Figures 5S and 6S). This
analysis showed that the UELP and HELP coatings have no
toxic effect on both cell lines, and the cell adhesion-promoting
effect of UELP was confirmed (see the Supporting
Information).

Figure 10. Representative phase-contrast images of cell cultures on
coated and uncoated tissue-culture polystyrene wells (TP). MG-63
and NIH3T3 cell lines of human and murine origin, respectively, were
seeded on uncoated TP wells (panels A and D) and on TP wells
coated with HELP (TP -H, panels B and E) and UELP (TP -U,
panels C and F) and grown under standard conditions. Images were
acquired 24 h after seeding. The bar is 100 μm.
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Remarkably, UELP and HELP have the same structure with
alternating elastin-like and cross-linking domains, the same
length, and very similar composition, whereas only the amino
acid sequence of the elastin-like domain differs (Figure 1). The
data presented here suggest that the sequence of the elastin-
like domain, the sequence inspired by exon 26 rather than
human exon 24, promotes the adhesion of cells of different
origins to nonadhesive NP surfaces. Although tropoelastin has
long been considered an unstructured protein, the 3D shape of
the human homologue has been described using an unconven-
tional approach.34 According to this model, the region encoded
by exon 26 was found to have the highest protease
susceptibility, indicating that this sequence is exposed.34
Thus, this region could also be readily accessible to cells
organized in the extracellular matrix of the tissue. This could
be one of the possible explanations for why this highly
conserved region was well tolerated by the cells and may even
represent a point of cell attachment. On the other hand, the
exon 24-derived region is also exposed, being located in the so-
called “spur” of the tropoelastin structure.34 However, it can be
considered that the sequence of this region, being peculiar to
the human, and more in general, primate homologue and also
having a recognized signaling role,20 is less likely to represent a
stable adhesion point for the cells within the extracellular
matrix.

4. CONCLUSIONS
A new ELP sequence was designed and fabricated to improve
cyto- and tissue compatibility and to extend the feasibility of
this class of recombinant biopolymers and derived materials to

the veterinary field while maintaining typical thermoresponsive
properties. The new UELP construct was successfully
prepared, and the expression product was characterized,
focusing on the comparison of its physicochemical behavior
to that of the previously described biopolymer HELP.
Our study highlights the effect of elastin-like sequences

mimicking the different hydrophobic domains of human elastin
interspersed with the cross-linking domains, leading to the
realization of biomimetic elastins that, in addition to phase
transition properties, exhibit significantly different features in
thermoresponsive behavior. These results indicate that our
recombinant platform is a valuable tool to further elucidate the
physicochemical properties of elastin and related sequences.
The new UELP polypeptide showed an improved ability to

promote the adhesion of cells from different origins to
nonadhesive surfaces compared to the biopolymer HELP.
Overall, our system, which ensures tight control over the
bioinspired structure of the polypeptides, provides a powerful
means to analyze how the extracellular environment can
influence and potentially control cell response.
These results demonstrate that our approach can lead to the

production of biomimetic components that have at least two
valuable aspects that can be exploited. One relates to their
application for the development of biocompatible materials
with advanced functionality, and the other relates to their use
as specific and customizable tools to study and elucidate the
interaction at the interface of materials and biological systems
at the molecular level.
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Chapter 7. General Discussion 

In this chapter, the findings and insights from Chapters 3, 4, 5, and 6 will be summarised, integrated and briefly 

discussed, identifying future research development. 

The research undertaken in this thesis was carried out in the frame of the Horizon 2020 MSCA-ITN project 

“Antimicrobial integrated methodologies for orthopaedic application”. Within this initiative, fifteen early-stage 

researchers (ESRs) directed their efforts toward developing antimicrobial materials and surfaces with potential 

applications in the orthopaedic contexts. Consequently, different approaches were used to modify implant 

materials to grant them with bacterial-killing activities. While some ESRs focused on surface modification by 

physical treatments, others pursued functionalisation strategies that employed AMPs. Notably, the work conducted 

at UniTS was devoted to the recombinant production, in E. coli, of AMPs fused to HELP carrier and to the 

exploration of the capabilities of the developed biopolymers to realise 2D and 3D materials that can confer 

antimicrobial properties to the surfaces, while remaining cytocompatible. 

The production of heterologous proteins and peptides in bacterial expression systems has gained particular interest 

in recent years since they are obtained through simple, well-established, scalable and cost-effective platforms 

capable of meeting large-scale manufacturing requirements. Unlike chemical synthesis, recombinant production 

involves more sustainable methods that avoid using harmful reagents or generating toxic end products.184 

However, AMP production in bacterial expression systems poses challenges due to their inherent toxicity to the 

host cells and susceptibility to protease degradation, which negatively affect production yields. To overcome these 

drawbacks, AMPs are often produced as fusion proteins employing carriers that mitigate their toxicity and shield 

them from protease activity.195, 204 Several carriers have been described; among them, ELPs have garnered 

considerable attention for producing heterologous proteins since, besides being excellent fusion partners, they can 

also be employed as purification tags, streamlining downstream processes and further reducing production 

costs.184, 291 Their peculiar thermo-responsive properties enable easy and efficient separation of the fusion protein 

from the total host proteins through effective and straightforward ITC methodology (described on pages 37 and 

38) that avoids chromatography steps and yields high-purity materials.257, 290, 291 Furthermore, due to their biotic 

origin, low risk of generating toxic by-products and intrinsic self-assembly abilities in response to diverse stimuli, 

ELPs hold great promise for developing biomaterials that may easily integrate into biological environments.257, 279 

In our laboratory, an ELP based on the human elastin sequence (HELP) has been designed and successfully 

characterised.329 Notably, the main characteristic that distinguishes this biopolymer from most of the other ELPs, 

which are mainly composed of the typical hydrophobic elastin-derived sequences, is the presence of the cross-

linking domains, which allows for the formation of a stable hydrogel matrix in the presence of a transglutaminase 

enzyme.332 Moreover, these domains make HELP and HELP-derived biopolymers particularly susceptible to 

elastolytic activity, which can degrade the HELP moiety, releasing any fusion domain.330 Thus, the versatile HELP 

platform has been successfully employed to produce bioactive domains and derived materials in recent years.338, 

339, 341 Nevertheless, it has not yet been exploited for AMP production. Thus, in the view of realising biomimetic 

components endowed with antimicrobial properties, we explored the opportunity of using HELP as the carrier to 

produce AMPs. Further, the fusion proteins were employed to produce biocompatible materials and surfaces 

intrinsically containing the functional antimicrobial domains, which can be released upon adequate stimuli. 
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Thus, at the beginning of the project, literature research was conducted to analyse the strategies already described 

for producing, through recombinant technologies, AMPs fused to ELP carriers. In addition, approaches describing 

recombinant ELPs chemically functionalised with AMPs were also considered. In total, 20 ELP-based constructs 

were identified; 18 were produced through bacterial or plant expression platforms, while the other two used 

EDC/NHS and click chemistry to conjugate AMPs to ELPs. Diverse antimicrobial domains were fused, with a 

broad variability of charge and size, and they were positioned at the ELP C- or N-terminal or between two ELP 

blocks. Interestingly, some fusion proteins retained the AMP antimicrobial capacity while others needed to be 

released and purified from the carrier to exert their activity. Thus, the AMPs were released by intein self-cleavage 

or chemical (CNBr, hydroxylamine and formic acid) and enzymatic (enterokinase) methods. Nevertheless, none 

of the constructs exploited the potential susceptibility of some ELP carriers to elastase degradation for the smart 

release of the bioactive domains. Furthermore, most approaches utilised the recombinant platform to produce 

functional-free AMPs rather than to create antimicrobial components and biomaterials. Thus, the employment of 

the ELP fusion proteins for delivering AMPs and producing antimicrobial coatings, matrices, and biomimetic 

materials is still limited. The information obtained from this analysis allowed us to set a starting point for designing 

HELP fusion proteins carrying AMP domains. We considered this work potentially useful for other researchers in 

the field; thus, the results were collected and organised in a mini-review publication that schematically resumes 

the state-of-the-art of the existing ELP carrier fusions with AMPs. 

 The main objective at this point was to realise a model construct for guiding further HELP functionalisation with 

AMPs of interest and developed by our Consortium Partners. Since ELP-indolicidin fusion has not been described 

before, we selected this short, cationic and extensively characterised AMP93 as the bioactive antimicrobial domain 

to be produced as a HELP fusion. The indolicidin sequence was cloned in-frame to the HELP C-terminal, resulting 

in the HIn fusion protein. In addition, a linker encoding a cross-linking domain and a unique glutamic acid residue 

was introduced between the carrier and the AMP coding region. Thus, the sequence was designed to trigger the 

release of the functional domain by incubation with elastase or with the Glu-C, a highly specific endoprotease. 

The employment of the HELP carrier successfully sheltered indolicidin toxicity towards E. coli host cells, and the 

fusion protein retained the typical elastin thermo-responsive properties, enabling its purification following the ITC 

method and yielding over 200 mg of the fusion protein per litre of bacterial culture. The antimicrobial 

characterisation against model bacterial strains commonly implicated in orthopaedic infections revealed potent 

inhibition of P. aeruginosa by the fusion protein, with a MIC in agreement with that reported in the literature for 

indolicidin,93 keeping into account that the AMP represents about one-thirty of the HIn construct. Conversely, no 

significant activity of the biopolymer in solution was detected towards S. aureus growth and mild activity was 

observed against E. coli. Moreover, thin-film coatings made of this biopolymer partially inhibited the growth of P. 

aeruginosa and SEM analysis evidenced extensive membrane blebbing and cell disruption. Under certain growth 

conditions, P. aeruginosa can produce elastase enzymes,346 potentially degrading HELP moiety and releasing the 

AMP, which could partially account for the observed strong activity of HIn towards this microorganism. 

Moreover, the presence of the AMP did not affect the preparation of HIn matrices through the enzymatic cross-

linking method already described for HELP.332 Thus, HIn matrices were successfully produced, and their 

antimicrobial characterisation revealed that the biopolymer cross-linking caused the loss of the AMP activity, with 

matrices unable to inhibit bacterial growth, indicating that tethering within 3D structure rendered the AMP inactive. 

However, in the design of the fusion protein, a Glu-C recognition site was positioned just before the indolicidin 
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sequence, allowing the AMP release by the incubation with this endoprotease. Intriguingly, when HIn matrices 

were treated with Glu-C, they resulted active towards all the microorganisms tested, indicating that the peptide 

should be released to interact with its target actively. Indolicidin exerts its antimicrobial potential by interacting 

with intracellular targets and affecting nucleic acid and protein synthesis;93 thus, covalently linked indolicidin 

needs to be released from the hydrogel matrix to be able to penetrate the bacterial membrane and reach its cellular 

targets. This likely explains, at least in part, the result obtained. Therefore, intact HIn matrices were inert, and no 

antimicrobial activity was observed. Nevertheless, their antimicrobial capacity was restored after the treatment 

with the specific endoprotease that triggered the indolicidin release. This observation rendered HIn-based matrices 

particularly compelling for producing materials with smart, on-demand release of the bioactive domains, wherein 

specific stimuli can serve as switchers between inactive and active configurations. For instance, when integrated 

into biological systems, HIn matrices may behave as passive materials under physiological conditions, thereby 

preventing prolonged exposure of the surrounding tissues to the bioactive domain, which in some cases may be 

toxic to eukaryotic cells and mitigating the risks of developing resistance. However, if the matrix environment 

changes and the proper stimulus is generated, indolicidin can be selectively released and able to reach its targets. 

Further, the susceptibility of the HELP cross-linking domains to elastase may allow for the release of any fused 

domain. Besides being produced by certain microorganisms like, for example, P. aeruginosa, elastase is also 

secreted during inflammation processes, such as in response to infections.345 Therefore, elastase production under 

pathogenic conditions could serve as the stimulus that triggers the AMP release. In consequence, the activity of 

the AMP will counteract the mechanisms responsible for elastase production, thus attenuating the process and 

providing a dynamic and controlled response.330 In this view, the matrix’s ability to release the antimicrobial 

domain upon elastolytic stimulus was in vitro assessed by employing a commercial elastase to simulate the 

response of the matrices that can be expected in vivo, under infection conditions, for instance. Therefore, mixtures 

of the products derived from elastase digestion of the HIn matrices resulted in active towards P. aeruginosa, 

indicating that the AMP domain was preserved and that the cleavage restored its potency. This result evidenced 

the potential of the HELP-AMP fusion for producing biomimetic components endowed with sustained 

antimicrobial activity. 

Following the design principles established for the HIn construct, we validated the potential of the HELP system 

to produce and characterise AMPs with a more complex structure. Specifically, hBD1 was chosen as a functional 

domain, motivated by the fact that it is a long AMP and contains 6 cysteine residues,77, 78 making this sequence 

challenging to synthesise by chemical methods178 and prompting our exploration of alternative production avenues 

relying on recombinant platforms. In the literature, two main active hBD1 domains have been described;71, 79 thus, 

similarly to the HIn construct, the HhBD1 coding sequence was designed to allow the specific release of the 

bioactive domains using specific endoproteases. Hence, the HhBD1 biopolymer was successfully produced and 

purified using the HELP recombinant platform, achieving fusion protein yields of up to 250 mg per litre of bacterial 

culture, thus reinforcing our hypothesis on recombinant technologies as a more efficient and cost-effective route 

for producing difficult-to-synthesise sequences. 

The initial characterisation of the antimicrobial properties of the HhBD1 biopolymer in solution did not evidence 

any antibacterial capacity of this molecule. Considering that hBD1 is constitutively expressed and produced across 

several epithelial cells where hypoxia and reducing conditions dominate,77, 78 our laboratory setups may not 

adequately reflect the physiological environment where hBD1 exerts its antimicrobial potential. Indeed, in 
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laboratory conditions, hBD1 has a weak antimicrobial activity compared to other human AMPs, particularly 

towards Gram-positive bacteria.71, 82 It has been reported that the activity of this AMP is significantly influenced 

by its redox state. 83, 84 In vitro, the Trx system can reduce hBD1, and Trx co-localises with reduced hBD1 in human 

epithelia,83 and even though cysteines are essential for its activity, redhBD1 shows a more potent antibacterial 

activity than oxhBD1. Thus, a radial diffusion assay under reducing conditions was more appropriate for evaluating 

the antimicrobial properties of the biopolymer developed.83 This assay confirmed that the bacterial killing activity 

of HhBD1 strongly depended on the redox state, with the reduced biopolymer being able to inhibit E. coli cell 

growth. Notably, the radial diffusion assay under reduced conditions did not evidence any significant difference 

between the diameters of inhibition of the fusion biopolymer and the release products obtained by incubation with 

specific endoproteinases. 

Besides developing and characterising the antimicrobial fusion biopolymer, we ascertained its biocompatibility 

towards eukaryotic cells, and no toxic effects were found at the tested concentration. Indeed, a moderate pro-

proliferative activity was observed, as already described for HELP.338 Intriguingly, when characterising HhBD1-

based materials, a strong cell pro-adhesive effect was unequivocally observed due to the presence of the hBD1 

domain since cells are unable to attach on HELP alone, and delayed adhesion and proliferation have been observed 

when cells have been cultured on HELP-based substrates.332 Coatings, thin films, and matrices containing HhBD1 

remarkably promoted osteoblasts and fibroblasts adhesion. Contrast phase and fluorescence microscopy analyses 

showed that cells cultured on HhBD1 substrates attached and spread with well-defined cytoarchitecture, acquiring 

the expected morphology of the tested cell lines. To our knowledge, our findings reveal a novel function of hBD1, 

previously unreported. While hBD1 is known for its multifunctionality, a pro-adhesive activity has only been 

associated with hBD5 until now. Recently, it has been demonstrated that hBD1 can bind to potassium channels, 

causing conformational changes without affecting the activation state of the channels.446 In addition, potassium 

channels are physically associated with integrins;447 thus, conformational changes triggered by hBD1 may 

influence integrin-dependent adhesion, a process in which these channels play a role.448 Therefore, our results may 

point to an unexplored mechanism related to cell adhesion; nevertheless, future studies are needed to corroborate 

this hypothesis. In addition, herein, only the effect of hBD1 on cell adhesion was reported; hence, subsequent 

investigations will further characterise the long-term behaviour of primary hMSCs cultured onto HhBD1 substrates 

regarding cell morphology, proliferation, and differentiation. 

In addition, rheological analysis of the HhBD1 matrices indicated their suitability for producing scaffolds for tissue 

engineering applications. Therefore, this biopolymer holds great promise in producing biocompatible materials 

with enhanced cell adhesion and antimicrobial properties. 

Compared to the other ELP platforms employed for AMP production, the only limitation observed for the HELP 

system was the inability to purify the AMP domain by exploiting the thermo-responsive HELP properties once 

released from the elastin carrier. Indolicidin and hBD1 were successfully purified from the HELP moiety by the 

ITC method, only when it was carried out in the presence of detergents, otherwise the co-precipitation of the AMPs 

with the HELP domain occurred. However, this condition interferes with the antimicrobial assays. Nevertheless, 

the most interesting findings of our system were obtained by employing the fusion protein rather than the free, 

released AMP domain. Furthermore, the main strengths of our approach are the ability to develop coatings and 

matrices granted with antimicrobial activity and effectively stimulating cell adhesion, as evidenced by the 

characterisation of HIn and HhBD1 biopolymers, respectively. As evidenced in the mini-review publication 
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presented in Chapter 3, almost all the systems described for ELP-AMP production using ELPs as carriers mainly 

focused on producing the AMPs as free or fusion peptides rather than for developing functional biomaterials. 

Further studies could explore the possibility of realising materials combining both HELP-based fusion 

biopolymers and evaluate how they perform, for instance, in co-cultures between bone-derived cells and bacteria. 

Another research line may consider the employment of these biopolymers to coat surfaces. Indeed, these 

biopolymers and the derived materials hold great promise for surface functionalisation to confer antimicrobial 

properties without inducing resistance. 

During the work carried out in this thesis, a new construct based on mammalian elastin was developed to improve 

and broaden the biocompatibility and cytocompatibility of the carrier itself. Comparing and aligning the sequence 

of the exon 26 of elastin from 8 mammalian species, a consensus of 40 aa, differing in only 5 positions with respect 

to the human elastin, was obtained. Thus, a new ELP was assembled, following the structure of HELP, where eight 

elastin hydrophobic domains are alternated with the hydrophilic cross-linking domains.329 The gene was expressed 

in E. coli, and the new UELP protein was purified using the ITC method. The physico-chemical characterisation 

of UELP in solution showed very different thermo-responsive behaviour with respect to HELP, especially referring 

to the transition temperature in physiological conditions. UELP showed a sharper transition at a lower Tt (23 °C) 

than HELP (34 °C), with a more than 10 °C difference. Thus, in physiological conditions and at room temperature, 

UELP is in an aggregated state while HELP is still soluble. Intriguingly, the biological assessment of UELP-based 

substrates unveiled their cell adhesion properties. Compared to HELP-treated surfaces, where the cells scarcely 

adhere, the UELP-based substrates promoted cell adhesion and spreading, showing the expected morphological 

features of the tested cell lines. UELP and HELP have the same structure with alternating elastin-like and cross-

linking domains, the same length, and very similar composition. They differ only in the amino acid sequence of 

the elastin-like domain; UELP is inspired by a vertebrate’s consensus sequence of the exon 26, while HELP is 

based on the human exon 24.329 Thus, our findings suggest that the elastin sequence of exon 26 likely promotes 

cell adhesion. This sequence is described to be exposed in the tropoelastin 3D structure, as evidenced by its high 

susceptibility to protease degradation; thus, it may be accessible and represent points for cell attachment signals.449 

On the other hand, in the human homologue, the sequence encoded by the exon 24 is also exposed; still, it is less 

probable to represent stable adhesion points since this region has been demonstrated to have other signalling 

functions.450 

The biomimetic strategy adopted for developing UELP led to a novel ELP biopolymer with enhanced thermo-

responsive properties, which is expected to further improve the yield of the derived fusion constructs. This 

improved thermo-responsive properties of UELP, compared to HELP, could provide significant advantages for the 

purification steps. Nevertheless, when using this biopolymer, it has to be taken into account that, at working 

temperatures, the aggregated state is favoured, thus affecting, for instance, the functional domain activity in 

solution and other reactions. On the other hand, the new biopolymer is better tolerated by the cells, favouring their 

adhesion. Hence, this macromolecule holds promise for developing biomaterials for tissue engineering and wound 

healing. The UELP temperature-dependent properties may be tuned, for instance, by reducing the size of the 

biopolymer264, 269, 274 yet maintaining the cell adhesion capabilities. Future developments of this work may address 

the production of a shorter UELP macromolecule to obtain a carrier with an optimised temperature-dependent 

behaviour for the desired application, like the functionalisation with AMPs. For example, following the indolicidin 

model design, the potential of this new carrier for AMP production could be tested. 
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Summarising, through this work, several aspects of the recombinant HELP/UELP fusion carriers for producing 

AMPs, or in general any protein or peptide, were evidenced: 

- they are recombinantly produced in E. coli as soluble proteins, with the advantage of an expression 

system that avoids the formation of inclusion bodies and, hence, the employment of denaturant 

conditions for their extraction from the biomass. This allows their purification in native conditions 

without affecting the bioactive domain structure and function; 

- the thermo-responsive behaviour characterising the elastin-based biopolymers is exploited for their 

high-grade purification, ensuring a high-yield and cost-effective process that does not rely on costly and 

complex chromatographic separation; 

- AMP domains up to 50 aa have been successfully fused to the HELP moiety, maintaining both the carrier 

and the AMP functionalities; 

- the design of the fusion construct is customisable, and multiple functionalities can be integrated within 

the same biopolymer to meet the requirements of the desired application. Thus, in addition to the AMP 

domains, linkers, as well as specific endoproteinase recognition sites, may be introduced, expanding the 

biological activity of the fusion protein and allowing for the release of the fused AMPs; 

- HELP and the potential UELP carriers, unlike other elastin-like carriers described in the literature, 

possess elastin-derived cross-linking domains. These can be enzymatically cross-linked to form 

hydrogel-like matrices that carry the fusion domain. This allows for obtaining biocompatible and 

functional materials that can be integrated into biological systems; 

- the cross-linking domains within the carrier sequence are the main target for elastase, an enzyme that, 

by its degradation activity, triggers the release of the fused domain; 

- so far, several cell lines have been cultured on HELP-based substrates; however, poor cell adhesion 

adhesion has been observed. The biopolymer is not toxic since the cells are viable and can proliferate, 

although with a slight delay. However, they remain rounded, growing as clusters or islets. Intriguingly, 

UELP coatings promoted cell attachment, opening the door for its employment as a carrier for AMP 

production and for developing biocompatible materials with enhanced cell adhesion properties; 

- integration of hBD1 at the C-terminal of HELP conferred cell adhesion properties. To our knowledge, 

this functionality has been observed for the first time for hBD1, underscoring the capabilities of the 

HELP platforms to investigate biological interactions. 

Future research may explore further functionalisation of the HELP and UELP-based materials, fine-tuning 

thermo-responsive properties, and investigating additional biological interactions. Furthermore, integrating 

multiple functionalities within the fusion constructs opens opportunities for creating advanced biomimetic 

materials with tailored properties. 
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Chapter 8. Conclusions 

- An extensive analysis of reported strategies for producing antimicrobial peptides fused or conjugated to 

ELPs has evidenced that the use of these peculiar carriers for AMP production is still limited. Nevertheless, 

diverse approaches have been developed, employing a diverse range of AMPs and ELPs, and different 

fusion configurations and expression systems have been explored. 

- The successful design, production, and functional testing of the HIn fusion construct demonstrated the 

viability of the HELP system as a multifunctional and antimicrobial delivery platform. The ability to 

produce 2D and 3D materials with sustained antimicrobial activity highlighted its potential for smartly 

releasing antimicrobial domains upon proper stimuli. 

- Subsequent to the HIn construct, the HELP platform was further employed to produce a fusion construct 

carrying the hBD1. This difficult-to-synthesize sequence was successfully incorporated into the HELP 

system and recombinantly produced in E. coli, demonstrating its adaptability and potential for producing 

a wide range of bioactive antimicrobial materials. Its demonstrated capabilities in promoting cell adhesion 

and sustaining antimicrobial activity underscored this biopolymer's versatility and utility in producing 

biomaterials. 

- UELP biopolymer was developed following a biomimetic strategy, and its physico-chemical and biological 

characterisation revealed enhanced thermal properties and improved cell adhesion compared to HELP. 

These results suggest promising applications of UELP-based materials in various fields, including 

antimicrobial coatings, tissue engineering scaffolds, and wound healing. 

- Several advantages of the recombinant HELP/UELP platform for AMP production were underscored. 

These include soluble expression in E. coli, simple purification methods, customisable fusion construct 

design, and the potential for creating biocompatible materials with diverse functionalities. 

- The HELP/UELP carriers are versatile platforms, enabling the production of bioactive domains and 

derived materials and offering new avenues for investigating biological interactions at the molecular level. 

They allow for the incorporation of functional peptides into biomimetic structures, with the advantage of 

providing suitable unfunctionalised controls. Moreover, the flexibility to choose between various 

configurations, including aqueous solution, 2D, or 3D material settings, enhances the potential of these 

platforms for producing biomaterials and composites with antimicrobial properties. 

In summary, the findings presented in this thesis contribute to advancing the understanding and application of 

ELP-based biomaterials for biomedical applications, paving the way for future innovations in the field of 

antimicrobial materials and beyond.
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HIn primary structure 

 

Cloning of HIn. To obtain the HIn construct, the coding sequence of the linker and of the indolicidin, flanked by 

DraIII sites was purchased from Eurofins Genomics and ligated into the pEX8EL vector exploiting the unique 

DraIII site at the HELP orf C-terminus, described in Bandiera, A., et al., (2005).1 After transformation of 

Escherichia coli C3037I (New England Biolabs), positive clones were selected and verified by sequencing 

(Eurofins Genomics). The expression strain was transformed with the plasmid carrying the new HIn construct. 
Expression of HIn. Selected clones of E. coli C3037I strain transformed with the plasmid carrying the new HIn 

construct were grown in Luria Bertani medium (LB, 10 g/L tryptone, 5 g/L sodium chloride and 5 g/L yeast extract, 

pH 7.2) supplemented with 50 µg/mL of ampicillin and 70 µg/mL of chloramphenicol. Typically, a starter culture 

of 120 mL of the same medium after overnight growth at 37°C was used to inoculate 1.2 L of Terrific Broth (TB, 

12 g/L tryptone and 24 g/L yeast extract) supplemented with phosphate-buffered glycerol (PGB, 2.3 g/L potassium 

phosphate monobasic, 12.5 g/L potassium phosphate dibasic, and 4 mL/L glycerol). Bacterial cells were grown at 

37 °C under shaking conditions until turbidity at 600 nm reached about 1 O.D. unit. The culture was then induced 

with Isopropyl β- d-1- thiogalactopyranoside to a final concentration of 0.1 mM and allowed to further grow for 

5h. Then, bacterial cells were collected by centrifugation at 8000 rpm for 20 min at 10°C (Beckman–Coulter, J-26 

XP). The pellets were stored at -20°C for further processing. 
Extraction and ITC purification of HIn product. The protocol exploited the thermo-responsive behaviour of 

HIn and was based on the Inverse Transition Cycling (ITC) first described by Meyer, D., and Chilkoti, A. (1999).2 

The pellet obtained from 1.2 L of IPTG-induced bacterial culture was re-suspended in 400 mL of extraction buffer 

(50 mM Tris/HCl pH = 8, 250 mM NaCl, 0,1 mM EDTA, 0,1% Triton X-100, 1 mM PMSF) and disrupted using 

a high pressure homogenizer (Panda NS1001L, GEA Niro Soavi, Italy). The recovered suspension was cooled on 

ice, 2-mercaptoethanol was added to 20 mM and centrifuged at 10000 rpm, for 30 min at 8 °C (Beckman–Coulter, 

J-26 XP). Supernatant was properly diluted adding fresh extraction buffer and precipitated adding NaCl to a final 

concentration of 1.5 M at 37 °C. The aggregated polypeptide particles were separated by centrifugation at 7000 

rpm, 37 °C for 30 min. The pellet was re-dissolved in cold water, non-soluble material was discarded after cold 

centrifugation and solution was precipitated again by NaCl addition and rising temperature to 37 °C. Three ITCs 

yield pure recombinant protein. After the last temperature-dependent transition cycle the material was lyophilized 

for long-term storage and a solution 2 mg/mL was prepared to analyze by SDS-PAGE. 

Domain Theoretical MW aa sequence 

His-tag 1629.74 Da MRGSHHHHHHGSAAA 

HELP 43117.88 Da (AAAAAAKAAAKAAQFGLVPGVGVAPGVGVAPGVGVAPGVGLAPG
VGVAPGVGVAPGVGVAPGIAP)8 

Linker 2558.92 Da GGLAAAAAAAAAKAAAKAAQGGLPGIPGRE 

AMP (In) 1907.30 Da ILPWKWPWWPWRR 



 

140 

Annex I Supporting Information Chapter 4 

 
Figure 1S: Circular dichroism (CD) spectra of HIn (black line) compared with that of the HELP biopolymer 

(dashed line). Spectra were recorded on protein solutions with a concentration of 0.1 mg/mL in NaPi / NaCl (10 

mM sodium phosphate/ 0.15M NaCl pH = 6.8) buffer. The CD Spectra were recorded at 25 °C in a 200- to 500-

nm thermostatic cell on a Jasco J-710 spectrometer under constant nitrogen flow, and the data were expressed as 

the mean molar ellipticity [θ] of the residue (mdeg-cm2-dmol-1). 
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Figure 2S: DSC thermograms of A) HELP and B) HIn biopolymers 4 mg/mL in NaPi (10 mM sodium phosphate 

pH = 6.8, dotted line) and NaPi / NaCl (10 mM sodium phosphate/ 0.15M NaCl pH = 6.8, black line) buffers. 

Stainless steel cells were filled by weight with protein samples and then hermetically sealed and equilibrated for 

16 h at 4 °C. The calorimeter was pre-equilibrated at 5°C for 10 min, followed by heating from 5 to 70 °C at a scan 

rate of 0.5 °C/min. The solvent was used as a reference. The onset and the peak inverse transition temperature (Tt) 

were determined. 
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Figure 3S: Electrospray ionization Mass Spectrometry analysis of the indolicidin domain obtained by specific 

Glu-C cleavage of a 4% HIn matrix. A 150 µL matrix was incubated overnight at 37˚C with 500 µL of 100 mM 

ammonium bicarbonate buffer pH 8 with 10 ng/µL of Glu-C enzyme. After the reaction, the supernatant was 

collected, added by 0.1% TFA and injected with a syringe infusion pump at 2 µl/min, scanning at m/z 300/1800. 

Positive-ion detection was performed at an orifice potential of 75 V. 

Table 1S: Theoretical masses of the expected ions predicted by PeptideMass (Expasy Server, 

https://web.expasy.org/peptide_mass/) 
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HhBD1 cloning, expression, extraction, and purification 
Cloning. The coding sequence of hBD1, flanked by DraIII and HindIII sites, was purchased from Eurofins 

Genomics (Milan, Italy) and ligated into the pEX8EL vector, exploiting the unique DraIII and HindIII sites in the 

vector for the in-frame fusion if the coding sequence of hBD1nat the C-terminus of HELP according to the already 

described methodology.1 Chemically competent Escherichia coli C3037I cells (New England Biolabs, 

Massachusetts, USA) were transformed with the ligation mixture, and positive clones were selected and verified 

by sequencing (Eurofins Genomics). 

Expression. Positive clones of E. coli C3037I strain transformed with the plasmid carrying the HhBD1 construct 

were grown in Luria-Bertani medium (LB, 10 g L-1 tryptone, 5 g L-1 sodium chloride and 5 g L-1 yeast extract, pH 

7.2) supplemented with 50 µg mL-1 of ampicillin and 70 µg mL-1 of chloramphenicol. A starter culture of 120 mL 

in the same medium after overnight growth at 37 °C was used to inoculate 1.2 L of Terrific Broth (TB, 12 g L-1 

tryptone and 24 g L-1 yeast extract) supplemented with phosphate-buffered glycerol (PGB, 2.3 g L-1 monobasic 

potassium phosphate, 12.5 g L-1 dibasic potassium phosphate, and 4 mL L-1 monobasic glycerol). Bacterial cells 

were grown at 37 °C under shaking conditions until turbidity at 600 nm reached about 1 OD unit. HhBD1 

expression was then induced by adding isopropyl β-d-1-thio galacto pyranoside to a final concentration of 0.1 mM, 

and the bacteria were further cultured for 5 hours. Then, the bacterial mass was harvested by centrifugation at 8000 

rpm for 20 minutes at 10 °C (Beckman-Coulter, J-26 XP, California, USA), and the pellets were stored at -20 °C 

for further processing. 

Extraction. The pellets obtained from the expression cultures were resuspended in 400 mL of extraction buffer 

(50 mM Tris/HCl pH 8, 250 mM NaCl, 0.1 mM EDTA, 0,1% Triton X-100, and 1 mM PMSF) and disrupted using 

a high-pressure homogeniser (Panda NS1001L, GEA Niro Soavi, Parma, Italy) by 4 cycles at 1280 bar. Then, 2-

mercaptoethanol was added to a final concentration of 20 mM, the bacterial lysate was cooled on ice and 

centrifuged at 10000 rpm for 30 minutes at 8 °C (Beckman–Coulter, J-26 XP, California, USA), and the cellular 

debris was discarded, and the supernatant was stored at -20°C. 

Purification. The HhBD1 purification procedure was based on the thermo-responsive properties of the HELP 

domain following a method known as Inverse Transition Cycling (ITC).2 Briefly, the supernatant from the 

extraction procedure described above was precipitated by adding NaCl to a final concentration of 1.5 M and 

warmed to 37 °C in a water bath. The aggregated polypeptide particles were collected by centrifugation at 7000 

rpm at 37 °C for 30 minutes. The resulting pellet was redissolved in cold water; the insoluble material was removed 

after cold centrifugation. The supernatant was precipitated again by NaCl addition and raising temperature to 37 

°C. Three successive ITC cycles ensured the production of highly pure recombinant fusion protein. After the last 

temperature-dependent transition cycle, the material was frozen and lyophilised for long-term storage. 

A solution of 0.5 mg mL-1 concentration was prepared for SDS-PAGE analysis. 
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Figure S1: Representative 10 % SDS-PAGE analysis of the production and purification of the HhBD1 biopolymer. 

Lane 1, total protein content of the lysate of the expression culture before IPTG induction; lane 2, total protein 

content of the bacterial lysate 5 hours after IPTG induction; lane 3, recombinant HhBD1 fusion biopolymer 

purified by ITC. The main HhBD1 band (solid blue arrow) corresponded to an apparent mass of about 55 kDa. 

Minor, slower migrating bands are visible in the upper part of the lane, likely due to HhBD1 multimers formation 

(open blue arrows). Lane 4, molecular mass markers, and lane 5, purified HELP biopolymer as the reference. 

Molecular mass markers: bovine serum albumin, 66 kDa; ovalbumin, 45 kDa; carbonic anhydrase, 30 kDa. 

Coomassie blue staining. 

Stability of HELP and HhBD1 
Effect of pH. HELP and HhBD1 pH stability were tested by incubating 1mL of each biopolymer at the 

concentration of 2 mg mL-1 in 5 mM of HCl and 5 mM of NaOH. In parallel, aqueous solutions of the biopolymers 

were prepared as controls. The solutions were then incubated without stirring for 16 hours at 25°C. 

Table S1. pH values of HhBD1 and HELP solutions in acid and basic conditions. The pH values of the solutions 

were measured at the beginning of the experiment (T0) and after 16 hours of incubation (Tend). 

 

 

 

 

 

 

 

At the same time points, 10 µL from each sample were collected and mixed (1:1) with Laemmli loading buffer for 

SDS-PAGE analysis. 4 µL (4 µg) were loaded per well to analyse the biopolymer stability using an SDS-PAGE. 

 pH 

HELP HhBD1 

T0 Tend T0 Tend 

H2O 6.3 6.7 6.2 6.9 

5 mM NaOH 12 11.9 12 11.9 

5 mM HCl 2.3 2.3 2.3 2.2 
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Figure S2: HELP and the HhBD1 biopolymers’ stability in acidic and basic conditions. 9% SDS-PAGE analysis 

(on the left). After the run (V=160 v, 1 hour), the gel was stained with Coomassie blue. Red arrow, HELP 

electrophoretic band, solid blue arrow, HhBD1 electrophoretic band, open blue arrow, HhBD1 multimer. All the 

samples except the HhBD1 in 5 mM NaOH remained unaffected by the treatments. A concentration decrease was 

detectable by SDS PAGE analysis in the HhBD1 sample after incubation in basic conditions with the simultaneous 

formation of a clearly visible hydrogel-like layer on the tube bottom (on the right). This layer proved to be stable 

after cold water rinsing and subsequent overnight incubation at 5°C in 1 mL of water. No protein signal was 

detected by SDS-PAGE analysis of this sample. 

Susceptibility to elastase. Aqueous solutions of HELP and HhBD1 biopolymers (6 mg mL-1) in 10 mM NaPi 

buffer pH 6.8 were incubated with 0.2 (100X), 0.02 (10X) ng μL−1 of elastase (Sigma, #E7885) for 3 h at 37 °C in 

a final reaction volume of 50 μL. In parallel, control reactions were set up under the same condition without the 

elastase (CTRL). The same reactions were prepared with bovine serum albumin (BSA) in the absence and in the 

presence of the highest final concentration (0.2 ng μL−1) of elastase. To stop the reactions, 50 µL of Laemli loading 

buffer were added to each sample, and 1.5 µL of this mixture, corresponding to 4.5 µg, were analysed in 9% SDS-

PAGE. As shown in Figure S3, BSA was not degraded by the enzyme, whereas, as expected, HhBD1 showed the 

same elastase susceptibility of HELP, holding the potential for the smart release of the bioactive domain upon 

elastolytic stimuli.3 
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Figure S3: 9% SDS-PAGE analysis of HELP and HhBD1 biopolymers’ susceptibility to elastase degradation. 

Accessible surface area calculation of the 36 amino acids domain of hBD1 
The PDB file of the 36 amino acids structure of hBD1 from PDB entry 1E4S (see Fig. 1 in the main manuscript) 

was used to estimate the solvent-accessible surface area using the online software GETAREA 

(https://curie.utmb.edu/getarea.html).4 

Table S2: Theoretical solvent accessibility surface area of hBD1 

-------------------------------------------- 

POLAR area/energy          =          962.47 

APOLAR area/energy         =         1921.08 

UNKNOW area/energy         =            0.00 

-------------------------------------------- 

Total area/energy          =         2883.55 

-------------------------------------------- 

Radial diffusion assays 
Radial diffusion assays were performed as described in the main manuscript (Experimental section 4.2) in the 

absence or presence of 2 mM DTT. 

 
Figure S4: Representative images of the radial diffusion assays in the absence and presence of 2 mM DTT. No 

inhibition halos were observed. 

https://curie.utmb.edu/getarea.html
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Oscillatory rheology analysis 
Frequency sweep analysis. Oscillatory rheology analysis was performed as described in the main manuscript 

(Experimental section 4.3) using a Malvern Kinexus Ultra Plus rheometer (Alfatest, Milan, Italy). The frequency 

sweep analysis was performed after the time sweep. The storage (G’) and loss (G”) moduli of the hydrogels were 

recorded from 0.1 to 10 Hz (stress 4 Pa, within the linear regime). For the graphical representation, the mean value 

of two representative data sets was plotted. 

 
Figure S5: Frequency sweep analysis of HELP (red) and HhBD1 (blue) matrices. G′ is the elastic or storage 

modulus and G″ is the viscous or loss modulus. 

Mass spectrometry 
The hBD1 domains released from the matrix were analysed by electrospray ionisation mass spectrometry (ESI-

MS). Specific cleavage of 4% (w/v) HhBD1 matrix was achieved by carrying out the reactions with Glu-C and 

Asp-N enzymes under the same conditions reported in the main manuscript (Experimental section 4.3). The 

matrices were prepared by depositing 10 µl of 4% HhBD1 aqueous solution per well in a 96-well polystyrene V-

shaped bottom microplate (Sarstedt, Numbrecht, Germany). After extensive washing with water, the matrices were 

incubated with 25 µL of 100 mM ammonium bicarbonate buffer pH 8, containing 8.3 ng µL-1 or 2.6 ng µL-1 of 

Glu-C and Asp-N, respectively. In total, 8 replicates for each enzymatic reaction were set up. After the reaction, 

the supernatants of the matrices digested with Glu-C were pulled, as well as those of the matrices treated with Asp-

N. For ESI-MS analysis, the pulled supernatants were supplemented with 50% acetonitrile/0.1% TFA and injected 

with a syringe infusion pump at a flow rate of 2 µl min-1, with a scanning range of m/z 300/1800. Detection was 

carried out in positive ion mode with an orifice potential set at 75 V. 
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Figure S6: Mass spectrometry analysis of the peptides derived from the treatment of HhBD1 matrices with A) 

Glu-C and B) Asp-N endoproteinases. 

Analysis of cells cultured on HELP and HhBD1 thin-film coatings 
Fluorescence microscopy analysis was performed on cells seeded on the HhBD1 and HELP thin-films. Thin-film 

preparation, cell seeding, and fluorescence staining were performed as described in the main manuscript 

(Experimental section 4.4). 
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Figure S7: Fluorescence microscopy analysis of osteoblastic and fibroblastic cell adhesion on HELP and HhBD1 

thin films (100 µg per 1 cm2). Nuclei were stained with DAPI. The bar is 200 nm. 

Analysis of cells seeded on HELP and HhBD1 matrices 
Phase contrast and fluorescence microscopy analyses were performed on cells seeded on the HhBD1 and HELP 

matrices. Matrix preparation, cell seeding, and fluorescence staining were performed as described in the main 

manuscript (Experimental section 4.4). 

 
Figure S8: Fibroblast and osteoblast cell cultures on the HELP-based matrices. A) Representative contrast phase 

microscopy images of cell adhesion on HELP and HhBD1 matrices 24 hours after seeding. B) Fluorescence 

microscopy images of the nuclei of the cells attached to the matrices stained with DAPI. The bar is 200 nm. 

References 
1. A. Bandiera, A. Taglienti, F. Micali, B. Pani, M. Tamaro, V. Crescenzi and G. Manzini, Biotechnol Appl Biochem, 

2005, 42, 247-256. 
2. D. E. Meyer and A. Chilkoti, Nat Biotechnol, 1999, 17, 1112-1115. 
3. A. Bandiera, A. Markulin, L. Corich, F. Vita, V. Borelli, Biomacromolecules, 2014, 15, 416-422. 
4. R. Fraczkiewicz and W. Braun Journal of Computational Chemistry, 1998, 19, 319-333. 





 

151 

Annex III Supporting Information Chapter 6 

Annex III. Supporting Information Chapter 6 

Table 1S: Transition temperature (Tt) and hydrodynamic diameter (Dh) of 2 mg/mL solutions at 40°C. To verify 

the particle diameter stability, the measurements were repeated at 1 hour intervals at constant temperature. 

 

 
 

Tt (°C) Dh (T= 40°C)  /nm 

UELP TRIS 
25 178 

 
TRIS/NaCl 

23 1930 

HELP TRIS 
29 204 

 
TRIS/NaCl 

33 439 

 
Figure 1S: Primary structure of the three human elastin-like polypeptides described in this paper. The monomers 

(in brackets) are repeated eight times in the final construct. In black, the his-tag at the N-terminus is evidenced. 

Boxed, the pentapeptidic (orange) and the hexapeptidic (red) repeats. 
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Figure 2S: Size distribution of the apparent hydrodynamic diameter (Dh) determined as scattering intensity (red 

line) and volume (blue line) at 15 °C for the following 2 mg/ml biopolymer solutions: (A) HELP Tris buffer pH 8; 

(B) HELP Trisl/NaCl 0.15 M buffer pH 8; (C) UELP Tris buffer pH8; (D) Tris/NaCl 0.15 M pH 8. 

Figure 3S: Chemical shift of resonance peaks as a function of temperature for the different amino acidic residues 

of HELP (A) and UELP (B). 
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Figure 4S: Crystal violet adhesion assays of MG63 (upper panel) and NIH3T3 (lower panel) cells at 24 hours after 

seeding. Non-adhesive tissue culture polystyrene wells were left uncoated (control) or were coated HELP and 

UELP, respectively, like in Figure 10 and Figure 11. The control was the culture on tissue culture treated 

polystyrene. ∗∗∗ p < 0.0001; n = 5 via one-way ANOVA. 
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Figure 5S: Representative phase contrast images of MG63 osteoblastic cells of human origin cultured on non-

treated polystyrene (NP) surfaces coated by incubation with aqueous solutions with different concentrations of 

UELP biopolymer (on the left, boxed in black). On the top, representative images of control cultures on tissue 

culture treated polystyrene (TP, green box), on NP without any coating (blue box) as well as cultures on NP coated 

with HELP (red box) are shown. 

The coatings were prepared in a non-treated 96-well microplate by adding 100 µl of 0.22 µm -filtered aqueous 

solutions of biopolymer at 0.0004, 0.004, 0.04, and 0.4% (w/v) per well. After overnight incubation at 5°C, the 

solution was removed, and the wells were washed twice with 200 µL of sterile water and then air-dried. 100 µL of 

supplemented DMEM containing 5000 cells were seeded in each well. After 24 hours. The cultures were inspected 

by phase contrast microscopy and the images were acquired. 

Cell viability after 24 hours was assessed by the WST-1 metabolic assay. Depending on the coating, after 24 hours, 

two different cell morphologies were observed in the cultures: unattached, rounded cells and flat and spread cells, 

attached to the surface. Thus, the assay was performed under two conditions, one to assess the viability of the 

culture (attached and unattached cells) and the other to assess the viability of the attached cells only. 

A - Culture viability: 24 hours after seeding, 5 µL of WST-1 reagent were directly added to the 100 µL of culture 

medium in each well. After 90 min of incubation at 37°C, the absorbance was measured at 450 nm by a microplate 

reader. 

B - Viability of the attached cells: 24 hours after seeding, the culture medium was removed and the cells were 

washed with 100 µL of sterile PBS to remove all non-attached cells. Then, 100 µL of supplemented DMEM 

containing 5 µL of WST-1 reagent were added per well. After 90 min of incubation at 37°C, the absorbance was 

measured at 450 nm by a microplate reader. Values were normalised to the TP control cultures.∗∗∗ p < 0.0001; n 

= 8 via one-way ANOVA. 
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Figure 6S: Representative phase contrast images of NIH3T3 cells cultured on non-treated polystyrene (NP) 

surfaces coated by incubation with aqueous solutions with different concentrations of UELP biopolymer (on the 

left, boxed in black). On the top, representative images of control cultures on tissue culture treated polystyrene 

(TP, green box), on NP without any coating (blue box) as well as cultures on NP coated with HELP (red box) are 

shown. 

A - Culture viability 

B - Viability of the attached cells 

Values were normalised to the TP control cultures.∗∗∗ p < 0.0001; n = 8 via one-way ANOVA. 

The same conditions and procedures already described for the cultures shown in the previous Figure 5S were 

employed for the NIH3T3 murine fibroblasts. 


