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Abstract 

Advances in tools and methods from Artificial Intelligence (AI) 

applied to peptide and protein design has strongly propelled the 

design of novel biomolecules with new shapes and desired molecular 

functions, with applications ranging from diagnostics, medicine, 

catalysis and material science. Within the area of AI, Deep Learning 

(DL) is a core technology thanks to its ability to independently learn 

and extract meaningful patterns from complex data. For these 

features, DL algorithms represent useful tools in the context of 

computing and are now widely applied in a variety of research fields. 

In particular, they offer several advantages over conventional 

methods in the field of peptide design.  

Driven by the fascinating application of AI tools in guiding future 

discoveries in life science, this Ph.D. thesis has been focused on the 

use of DL approaches for the development of novel peptide 

sequences with antimicrobial activity to be used in real world 

applications. This goal was pursued by addressing two main aspects: 

the application of DL algorithms to design antimicrobial peptide 

sequences and subsequent validation by wet-lab experiments 

(described in Section 1) and immobilization of the most active 

peptide sequence on Nylon membranes for the development of new 

materials with antimicrobial behaviors (described in Section 2). 

Section 1 

The application of two DL algorithms, HydrAMP and Amplify, 

allowed the design and selection of three peptide sequences, namely 
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AMP1, AMP and AMP3 with in silico predicted antimicrobial 

activity. A comprehensive validation of the computational design 

results was performed by wet lab experiments, with a first focus on 

the determination of the peptide antimicrobial activity on different 

bacterial strains. In details, the Minimum Inhibitory Concentrations 

(MIC) against various bacterial strains (e.g., E. coli, S. aureus), was 

determined by using the two-fold broth microdilution method. AMP3 

emerged as the most active among the three sequences, both against 

E. coli and P. aeruginosa, which is notorious for its antimicrobial 

resistance, exhibiting MIC values of 15 μM and 125 μM, 

respectively. A detailed biophysical characterization on model 

membranes, by combining differential scanning calorimetry, circular 

dichroism, and fluorescence spectroscopy, was carried out on AMP3. 

This revealed that the efficacy of AMP3 peptide relies on its ability 

to efficiently integrate into the lipid bilayers, as highlighted by the 

very high mole fraction partition constant value (Kx). 

Section 2 

The peptide sequences developed were assayed for real-world 

applications by investigating their behaviors upon immobilization on 

Nylon membranes. To this end, peptide sequences were incorporated 

into the polymer matrix by a grafting through strategy. A detailed 

physico-chemical analysis, by DSC, WAXS and UV-Vis 

spectroscopy, confirmed the effective incorporation of the peptide 

without compromising the semi-crystalline structure of Nylon 6,6. 

Next, Peptide-Nylon membranes were produced by electrospinning 

and phase inversion approaches. The membranes produced by 
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electrospinning showed a nanofiber like structure, high porosity and 

improved hydrophilic properties, making them particularly suitable 

for antimicrobial applications. Interestingly, these peptide-

membrane composite assayed for their activity against E. coli, caused 

a significant reduction of bacterial viability. 

In conclusion, the research activities carried out and the results 

obtained in this PhD project demonstrate the useful application of DL 

algorithms to design novel and active AMPs. Further, the combined 

approach of computational predictions and experimental 

implementation allowed the construction of multifunctional 

materials with potential applications in different fields. 

 

Keywords: Artificial Intelligence (AI), Deep Learning (DL), Antimicrobial 

Peptides (AMPs), Antimicrobial Membrane.



      
 

17 
 



     Section 1       
 

18 
 

Section  

1 

 

--------- ✦ --------- 

Algorithms and Amino Acids: 

From Computational Design to 

Biological Validation 

--------- ✦ --------- 

  



     Section 1 - Introduction       
 

19 
 

  Chapter  

1 

--- ✦ --- 

 

Introduction 
  



     Section 1 - Introduction       
 

20 
 

1.1 Machine Learning applied to de novo design of 

proteins and peptides 

Artificial Intelligence (AI) and Machine Learning (ML) emerged as 

important innovations in many fields ranging from industry to 

agriculture and scientific research, bringing novelty and new 

possibilities for data analysis.1,2 In science, advanced tools for 

complex dataset analysis and computational simulations are 

transforming the research landscape, especially in fields such as 

physics, biology and chemistry.3 Among the emerging applications, 

peptide and protein design is attracting increasing attention.4,5 Why 

are these molecules so important? Peptides, short chains of amino 

acids, are often used as drugs or signal molecules, while proteins - 

macromolecules essential for life - perform a multitude of biological 

functions.6  However, designing these structures with specific 

properties has always been an extremely complex task. Until a few 

years ago, the design of proteins was based on traditional 

computational approaches and experimental methods that included 

molecular models such as dynamic simulation and molecular 

docking techniques to predict protein-ligand interactions and 

energetically favorable conformations;7 exploiting rational design, 

which used NMR studies and crystallographic structure analysis to 

identify active sites and driving mutations aimed at improving 

stability or activity. Directed evolution, based on site-specific 

mutagenesis and high-capacity screening of mutant libraries, appear 

a key method for obtaining protein variants with desired properties, 

while biophysical and energy models combined with statistical 

analysis sought to predict and optimize protein behaviour.8,9 The 
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introduction of DL has revolutionized this field.10 Indeed, whereas 

AI generally seeks to replicate human cognitive functions, ML 

focuses on data analysis and interpretation, whereas DL elevates this 

analysis, enabling the identification of patterns and independent 

learning from extensive datasets (Figure 1.1).11,12 These technologies 

enable the development of advanced applications, including 

computer vision and natural language comprehension, facilitating 

new solutions across diverse domains. 

 

Fig. 1.1 Visual representation of AI, ML, and DL: AI encompasses intelligent 

systems and automation, ML focuses on data analysis and pattern recognition, and 

DL leverages neural networks to uncover complex relationships and drive 

innovation. 

DL-based workflows automate the design process, integrating 

structural and functional data with advanced algorithms to discover 

innovative sequences and functions13,14. The comparison of the two 

approaches reveals fundamental differences (Figure 1.2). In 

traditional methods, design was based on a combination of energy 

models and pre-existing knowledge, with particular emphasis on the 

optimization of already known proteins or incremental 

modifications. These methods excel at improving properties such as 
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thermodynamic stability and enzyme activity but have been 

ineffective in creating new functions or protein replications. DL, on 

the other hand, allows exploring in a systematic and scalable way the 

space of protein sequences, overcoming the dependence on manual 

heuristics and static models. Another point of difference concerns the 

generalization capability. Traditional methods excelled in optimizing 

known proteins but struggled with novel designs. In contrast, DL 

models leverage large datasets to generate innovative sequences with 

unprecedented functions.15 
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Fig. 1.2 Comparison between traditional and DL based workflows for protein 

design. Traditional methods are based on pre-existing models and energy 

simulations, while DL automates the generation of innovative sequences and 

structures by integrating multidimensional data. Taken with permission from a 

reference "Structure-based protein design with deep learning" (Current Opinion in 

Chemical Biology, 2021). 
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The combination of traditional methods, which provide in-depth 

physico-chemical validation, with the efficiency, scalability and 

automation of DL methods is a highly promising strategy for the 

future of protein design.  

This synergistic approach integrates experiments, simulations and 

bioinformatics with machine learning techniques, creating an 

iterative cycle in which experimental data feeds predictive models 

that, in turn, drive new experiments (Figure 1.3).16,17  

 

Fig. 1.3 Integrating experiments, bioinformatics, simulations, and machine 

learning requires synergy to drive advancements in modern research.  

This transformative change in protein design culminated in 2024 

with the Nobel Prize for chemistry, awarded to David Baker, Demis 

Hassabis and John M. Jumper for their pioneering work in the 

prediction and design of proteins by AI. Their achievements 

underline the profound impact of these advances on science and 



     Section 1 - Introduction       
 

25 
 

technology. David Baker’s work focuses on the development of 

computational tools for designing proteins that do not exist in nature. 

His laboratory has created Rosetta, a platform for the simulation and 

design of protein structures, both de novo and by modifications to 

existing proteins.18,19 Hassabis and Jumper have developed 

AlphaFold, a DL model that solves the "protein folding problem" by 

predicting 3D structure of proteins with great precision.20 This 

discovery has accelerated drug development and improved our 

understanding of genetic diseases. Baker’s tools have also opened up 

new possibilities in biotechnology, including the treatment of 

diseases and cleaning up pollutants. Custom-designed proteins are 

already being used for environmental solutions such as plastic 

degradation and gene therapy.21 

DL-based approaches are central to this transformation, enabling 

revolutionary applications in protein design. Techniques such as the 

variational autoencoders (VAE) and generative adversarial networks 

(GAN) allow proteins to be created with completely new functions 

and folds.22,23 One of the most important applications has been the 

design of enzymes such as PETase, which can degrade synthetic 

materials such as polyethylene terephthalate with increased stability 

and activity.15 In the biomedical field, DL has helped to optimize 

antibodies to improve their affinity and specificity. Models such as 

the Regression Transformer and ProteinMPNN have been used to 

design sequences that bind therapeutic targets such as PD-L1 and 

SARS-CoV-2, achieving improvements of up to 160 times in terms 

of affinity compared to original antibodies. 24 
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In addition to the healthcare sector, DL is transforming industrial 

sustainability by enabling the design of enzymes optimized for 

extreme conditions such as pH or temperature.  

1.2 Deep Learning Tools applied to AMPs 

Among the most promising applications of AI tools is in the study of 

antimicrobial peptides (AMPs), which play a crucial role in facing 

the growing challenge of antimicrobial resistance.25,26 The 

development and success of a variety of DL algorithms in this field 

is the availability of extensive, rich data sets of AMPs information. 

These data sets include structure-activity relationships (SAR), 

physico-chemical properties, sequence patterns and experimental 

data on antimicrobial activity, toxicity and stability.27 For example, 

SAR data can reveal how specific sequence changes impact activity 

against different pathogens, providing a solid basis for DL models to 

learn and predict results. These data sets allow DL models to extract 

important information and identify patterns that were previously 

obscured by the complexity of the data.28,29 Moreover, DL can 

recognize sequence patterns associated with specific biological 

functions and understand the structural requirements to bind to 

bacterial membranes. For instance, one of these algorithms named 

HydrAMP successfully identified a peptide sequence that exhibited 

strong activity against E. coli by targeting its membrane integrity, a 

result later confirmed through Minimum Inhibitory Concentration 

(MIC) assays. As numerous peptide libraries are available to make 

such analysis easier, this not only expedites venturing for more 

AMPs, but also empowers modification of already available 
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candidates by forecasting enhancements on its stability or 

selectivity.30 

In addition, DL models are continuously improved as they are built 

on next-generation experimental data, creating an iterative cycle of 

refinement.31,32 This adaptability ensures that forecasts become more 

and more reliable over time, driving progress in AMP design. 

Utilizing the available database more fully, DL offers a new way of 

approaching peptide discovery, allowing scientists to construct 

potent and selective antimicrobial agents to respond timely to the 

problem of resistance.33,34 

1.2.1 Understanding Antimicrobial Peptides: structure and 

function 

Antimicrobial peptides (AMPs) are a heterogeneous class of small 

peptides that play a central role in the innate immune response of 

many organisms, including animals, plants and bacteria. Their 

scientific importance has grown over time. This is due to their 

mechanisms of action and their effectiveness against resistant 

pathogens. 35 The structural diversity of AMPs is one of their main 

features. It enables them to act against a wide range of targets: 

viruses, bacteria, fungi and other species harmful to humans. AMPs 

are short peptide sequences, typically ranging from 12 to 60 amino 

acid residues, and can have various secondary structures, including 

α-helices and β-sheets (Figure 1.4).36 
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Fig. 1.4 Secondary structures of several representative AMPs. (a) α-helix 

antimicrobial peptide; (b) β-sheet AMPs; (c) αβ antibacterial peptides; (d) non-αβ 

antibacterial peptides. Taken with permission from reference “A Review of 

Antimicrobial Peptides: Structure, Mechanism of Action, and Molecular 

Optimization Strategies” (Fermentation, 2024).  

The amphipathic nature of many AMPs, characterized by both 

hydrophilic and hydrophobic regions, and their positive charge, 

enables them to interact directly with microbial membranes, leading 

to disruption of membrane integrity through physical 

mechanisms.37,38,39  

It is widely accepted that the final target of AMPs is the lipid matrix 

of the membrane. This interaction is non-specific and does not 

engage receptors, as evidenced by the observation that antimicrobial 

activity remains unaltered despite the complete substitution of all L-

amino acids in their sequence with D-enantiomers. At physiological 

pH, antimicrobial peptides (AMPs) possess a positive charge and 

adhere to negatively charged lipids on bacterial membranes. They 

subsequently penetrate the outer membrane and cell wall of Gram-
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negative bacteria or the cell wall of Gram-positive bacteria to access 

the cytoplasmic membrane. In Gram-negative bacteria, peptides 

seem to replace divalent ions linked to lipopolysaccharides, thereby 

weakening the membrane and enabling access to the inner 

membrane. In Gram-positive bacteria, teichoic acids may obstruct 

peptide transport, whereas peptidoglycan appears to exert no 

considerable influence on membrane permeability. 

Upon reaching the cytoplasmic membrane, AMPs adsorb to its 

surface and undergo a conformational transformation, frequently 

shifting from a random-coil structure to an α-helix, especially in the 

case of linear AMPs. The three stages—attraction, penetration, and 

adsorption—represent the binding phases that are universal to all 

AMPs. The mechanism by which a peptide interferes with a 

membrane is influenced by various factors, including lipid 

composition and the physicochemical characteristics of both the 

membrane and the peptide. Indeed, the mechanisms of action for the 

antimicrobial activity of AMPs has been interpreted trough several 

models. The most  widely applied are the barrel-stave, carpet, and 

toroidal-pore model mechanisms (Figure 1.5). 40 41 

The carpet model describes how AMPs are distributed on the 

membrane surface, forming a layer similar to a carpet. With 

increasing local concentration, this process leads to cellular damage 

through mechanisms such as phase separation, in which anionic and 

zwitterionic lipids are secreted, progressive thinning, destabilization, 

and finally membrane lysis. 
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In the barrel-stave model, AMPs align perpendicular to the 

membrane surface. These form stable pores consisting exclusively of 

peptide molecules, with the apolar residues directed towards the 

hydrophobic core of the membrane and the polar ones towards the 

hydrated centre of the pore. Initially, the peptides bind in monomer 

form to the polar head groups of lipids, causing a local thinning of 

the membrane. When a threshold concentration is reached, the 

monomers self-assemble and insert themselves deeply into the 

membrane, forming pores. 

The toroidal pore model is similar to the barrel-stave but it is 

distinguished by the strong interaction of peptides with the head 

groups of phospholipids. This interaction causes a curvature in the 

double lipid layers, which connect, forming pores coated by both 

peptide and head groups. Unlike the barrel-stave, the toroidal pores 

do not require direct contact between peptides, and their stability can 

be achieved even with a single peptide molecule.36 

These models, called membranolytic mechanisms, involve the direct 

destruction of the membrane by stable pores or detergent-like effects. 

However, non-destructive mechanisms have also been proposed, 

involving different modes of interaction with the membrane. For 

example, the mechanism of the aggregate channel describes a non-

membranolitic action. The peptides fit into the membrane, forming 

unstructured and transient aggregates, allowing them to cross it 

without causing significant disruption. Once inside, the peptides can 

interact with intracellular targets such as DNA, RNA, or proteins. 

Another hypothesized mechanism of action is the model of molecular 
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electroporation, where peptides, due to their high charge density, 

generate an electric field that promotes the formation of temporary 

pores, increasing permeability without permanent damage.  

Finally, some AMPs can destabilize the membrane by promoting 

lipid domain formation. Preferentially interacting with negatively 

charged lipids, such as phosphatidyl glycerols or cardiolipins, they 

induce a lateral segregation between anionic and zwitterionic lipids. 

This leads to the formation of defects at the domain boundaries, 

which increase the permeability of the membrane without destroying 

it.42 

 

Fig. 1.5 Mechanisms of action of AMPs on bacterial membranes. Left: Intact lipid 

bilayer. Right: Three AMP models of membrane disruption: (A) Toroidal Pore 

Model, where AMPs form a pore lined with lipid headgroups; (B) Carpet Model, 

in which AMPs coat the membrane surface, causing disintegration; and (C) Barrel-

Stave Model, where AMPs insert to form a transmembrane channel, destabilizing 

the membrane integrity. AMP model peptide is depicted in cyan. 

A 

B 

C 
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The above-described mechanisms underline the versatility of AMPs, 

which is clearly evident in peptides like Buforin II, PR-39, and 

Indolicidin. Buforin II penetrates bacterial cells and binds to DNA 

and RNA, inhibiting replication and transcription. PR-39 disrupts 

cellular repair mechanisms by targeting DNA repair enzymes, while 

Indolicidin interacts with bacterial DNA, causing fragmentation and 

cell death. 43–45  This dual ability improves the effectiveness of AMP 

and decreases the likelihood of resistance, as cells must alter multiple 

molecular targets to evade AMP activity.46   

Besides therapeutic uses, AMPs show potential in food preservation 

by inhibiting bacterial spoilage and extending product shelf life 

without the need for chemical preservatives, aligning with consumer 

preferences for natural additives.47 In agriculture, AMPs have shown 

efficacy as bio-pesticides, enhancing plant resistance to pathogens 

while reducing dependence on synthetic pesticides. 48The potential 

for aquaculture applications is similarly valuable, with AMPs being 

used to control disease in farmed fish and shrimp, reducing the need 

for antibiotics and mitigating the risk of antimicrobial resistance 

spreading in aquatic environments.49 Considering the above-

described features of AMP, the design of synthetic analogues with 

potential applications is a hot and innovative field of research. 

Recently, the application of advanced tools such as high-capacity 

screening and computational modelling allow the design of AMPs 

analogues with improved specificity, reduced toxicity and lower 

production costs. Moreover, advances in peptide engineering and 

recombinant synthesis have enabled the development of AMP-based 
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coatings for biomedical devices, providing pathogen resistant 

surfaces that can reduce the risk of infections associated with medical 

devices. This application is particularly relevant in clinical settings, 

where device-related infections pose a significant challenge. In the 

environmental field, AMPs offer promising solutions for water 

purification through filters that exploit their antimicrobial properties 

to combat microbial contamination and provide a sustainable 

solution against water pathogens.50 51  

1.2.2 AI techniques for AMPs discovery 

Several ML algorithms have been used for AMPs prediction and 

classification in the past with remarkable results including random 

forests, support vector machine, k-nearest neighbors, XGBoost and 

others52. Such implementations established the potential of ML in 

computational AMPs discovery and paved the way for the current 

generation of computational tools used in the field. With the growing 

popularity of DL, neural networks have also been employed in AMPs 

discovery. DL architectures originally designed to handle sequential 

data, used commonly in natural language processing (NLP) for their 

ability to handle long-range context dependencies in text, were 

particularly easy to adapt for use in modelling the complex 

“language” of protein sequences. Among these, convolutional 

neural networks (CNNs), recurrent neural networks (RNNs), 

variational autoencoders (VAEs), generative adversarial 

networks (GANs) and transformer-based models have been the 

most commonly utilized and their main features and applications are 

briefly recapitulated here.  
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• Convolutional Neural Networks 

Convolutional Neural Networks (CNNs) are a class of deep neural 

networks designed for image processing and analysis. As for the 

artificial neurons composing simple deep neural networks, the 

structure of the CNN architecture was originally inspired by biology, 

more specifically the visual cortex of cats, leading to the first 

precursor of this class of neural networks, the neocognitron.53,54 The 

fundamental operation in CNNs is the “convolution”, which 

essentially consists in a dot product between a learnable kernel 

matrix and a portion of the input (Figure 1.6). By sliding multiple 

kernels across the whole input and applying an activation function 

(usually rectified linear unit, ReLU), the convolution layers construct 

an activation map, which is then passed to a pooling layer to extract 

the most important features of the input data. After a number of 

convolutions and pooling operations, the resulting tensor is flattened 

and passed to one or more fully connected layers to generate the final 

output values. It has been observed that different kernels of the 

convolutional layers hierarchically learn during the training process, 

to perform more specialized roles; the kernels in the first layers are 

mainly activated by local features like edges with specific 

orientations, while the latter ones can recognize more complex 

shapes and objects. This process bears some resemblance to what has 

been observed for image processing by the mammalian visual cortex, 

in which individual neurons were shown to be receptive to specific 

features in a region of the total visual field (its receptive field).  
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The pattern recognition capabilities of CNNs have been widely 

utilized in image processing, driving the development of numerous 

models for tasks such as image classification and semantic 

segmentation. While image processing remains the most common 

application, CNNs are not limited to this domain and have also been 

applied to various types of structured data, including NLP, audio 

processing, time series analysis, and more. 

 

Fig. 1.6 Architecture of a Convolutional Neural Network (CNN). The pipeline is 

divided into two main phases: Feature Extraction and Classification. In the feature 

extraction phase, convolutional and pooling layers process the input image to 

identify significant patterns. In the classification phase, fully connected layers 

transform the extracted features into final predictions. Adapted from: A High-

Accuracy Model Average Ensemble of Convolutional Neural Networks for 

Classification of Cloud Image Patches on Small Datasets by Van Hiep Phung and 

Eun Joo Rhee, Appl. Sci. 2019, 9(21), 4500.55 

In addition to their success in traditional domains, CNNs have found 

significant applications in protein modeling, where their ability to 

capture spatial and sequential patterns is particularly advantageous. 

For instance, CNNs have been effectively used to predict protein 

secondary structure from amino acid sequences.56 Similarly, contact 

map prediction, which involves identifying spatial proximities 
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between residues in the folded protein, has been performed using 

CNN architectures by incorporating both local and global sequence 

features.57 In function prediction, CNNs have demonstrated the 

ability to classify proteins based on sequence features, enabling the 

identification of functional domains or subfamilies.58 AMP 

prediction and classification have also been performed using several 

notable CNN architectures and their variants, enabling the 

identification and design of novel peptides with therapeutic 

potential.59–62  

• Recurrent Neural Networks and Long Short-Term Memory 

Networks (LSTMs) 

Recurrent Neural Networks (RNNs) are a type of artificial neural 

network designed to handle sequential data by processing it in a step-

wise manner while retaining information from previous steps in the 

sequence. RNNs can do this by employing a so-called “hidden state” 

that serves as a sort of memory, capturing context from earlier inputs 

(Figure 1.7).63 This allows RNNs to manage sequences of variable 

lengths and take temporal dependencies within the data into 

consideration, making them particularly suitable for tasks where 

context or sequence is important, such as natural language processing 

and time series analysis. Despite their good performance, RNN 

training was often found to be difficult because of vanishing 

gradients.64 In addition to propagating errors through the layers of 

the network, RNNs also require propagation of the error through time 

for effective training. This can result in the multiplication of 

gradients progressively smaller in value, making it very difficult for 
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the network to learn long-term relationships in the input data, 

particularly with small initial weights and long sequences.65  

 

Fig. 1.7 Diagram of a neural network structure illustrating the flow from input 

layer to output layer through hidden layers. The diagram highlights the 

connectivity and hierarchy within the network, serving as a conceptual foundation 

for understanding Recurrent Neural Networks (RNNs). Adapted from: Recurrent 

Neural Networks: A Comprehensive Review of Architectures, Variants, and 

Applications by Mienye et al, Information 2024, 15(9), 517. 

Long Short-Term Memory (LSTM) networks were originally 

designed to address the vanishing gradient problem of RNNs, by 

modifying the original architecture in a way that allows control over 

the flow of information between the different time steps. LSTMs are 

formed by a cell and three gates (input, forget and output) (Figure 

1.8). Forget gates decide how much of the input is retained by 

multiplication by a scaling factor between 0 and 1. Input gates choose 

which parts of the input information should be retained by the cell 

state. Finally, output gates determine which parts of the cell state 

should influence the output at the current time step by selectively 

allowing information to pass through, based on a sigmoid activation 
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function. This gating mechanism enables LSTMs to retain relevant 

information over long sequences, effectively addressing the 

vanishing gradient problem inherent in traditional RNNs. The key 

intuition is to enable the network to learn which information should 

be remembered and which should be forgotten depending on the 

context, enabling a deeper understanding of the patterns and 

relationships within the input sequence. An alternative architecture 

based on a different gating mechanism known as gated recurrent unit 

(GRU) has also been proposed and was shown to have similar 

performance to LSTMs. There are numerous examples of both RNN 

and LSTM models trained to perform many tasks useful in real-world 

scenarios, given their natural ability to understand sequential inputs.  

These include machine translation, sentiment analysis, speech 

recognition, text generation, video analysis and many others. The use 

of these architectures in the realm of AMPs has also lead to several 

notable works including the design of non-hemolytic AMPs, AMPs 

with reduced mortality in experimentally-induced sepsis and the 

discovery of novel bacteriocins, among many others.66–70  
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Fig. 1.8 Diagram of a standard Long Short-Term Memory (LSTM) cell, illustrating 

the flow of data through its components. It highlights the key gates—Input Gate 

(it), Forget Gate (ft), and Output Gate (ot)—which regulate the cell state 

(CtC_tCt) and hidden state (hth_tht). The gates control the addition, removal, and 

output of information, allowing the LSTM to manage long-term dependencies 

effectively. The input xt and recurrent input ht interact with the gates, ensuring 

precise information flow. 

• Variational Autoencoders and Generative Adversarial 

Networks  

Variational Autoencoders (VAEs) are a class of deep generative 

models that combine neural networks with principles from Bayesian 

inference to learn meaningful, continuous representations of data. 

VAEs are formed by two distinct neural networks joined together: the 

first, known as encoder, reduces input data dimensionality and 

compresses it into a vector in the latent space that is then decoded 

back into the original input by a second neural network, the decoder 

(Figure 1.9). Unlike traditional autoencoders, which encode data into 

deterministic latent variables, VAEs approximate a probability 

distribution in the latent space, enabling them to generate new data 

points by sampling from this distribution.71 A key feature of VAEs is 

their use of a probabilistic framework to ensure smooth latent 

representations. In practice, training of VAEs is achieved through the 
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use of a loss function composed of a reconstruction term, which 

quantifies the difference between the original input and the decoded 

one, and a regularization term known as the Kullback-Leibler (KL) 

divergence.72 This regularization ensures that the learned latent space 

aligns with a predefined prior distribution, typically a gaussian.  

 

Fig.1.9 Illustration of a Variational Autoencoder (VAE) architecture. The input data 

x is compressed by the Encoder into a probabilistic latent space representation. The 

latent space is characterized by a Gaussian distribution, enabling sampling. The 

Decoder then reconstructs the data from the latent representation to produce the 

output x′, closely matching the input. This process enables both data reconstruction 

and generation. 

VAEs have been widely adopted for applications in data generation 

and representation learning across diverse fields. In computer vision, 

they are used for generating realistic images, image denoising, and 

anomaly detection. 73 In natural language processing (NLP), VAEs 

are applied for generating coherent text and modelling language 

dynamics.74 In scientific research, VAEs have gained prominence for 

analysing high-dimensional biological data, including single-cell 

transcriptomics and structural biology.75 Their generative capabilities 

make them useful for exploring data spaces and designing novel 

candidates in fields such as drug discovery and material design. 
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In the realm of AMP discovery, VAEs have emerged as powerful 

tools for generating novel peptide sequences with desired properties. 

By encoding known AMP sequences into a continuous latent space, 

VAEs can interpolate between existing sequences, enabling the 

generation of novel peptides that maintain sequence and functional 

similarities to known AMPs.76 For instance, VAEs have been 

employed to design peptides with enhanced antimicrobial activity or 

reduced cytotoxicity by conditioning the latent space on specific 

peptide properties.10 Several models, sometimes with hybrid 

architectures, and variable latent spaces have been found 

to accelerate the discovery process by narrowing the experimental 

search space sequences with high therapeutic potential.77,78 

GANs, or Generative Adversarial Networks, are a class of DL 

models tailored for the creation of new data samples that realistically 

mimic a given dataset. Introduced by Goodfellow et al. in 2014, 

GANs involve two neural networks, a generator and a discriminator, 

engaged in a minimax game.79 The generator seeks to produce 

realistic data samples, while the discriminator works to distinguish 

real data from generated data. This adversarial interplay continues 

until the generator achieves outputs ideally indistinguishable from 

real samples. 

GANs have been extensively utilized across fields due to their ability 

to generate realistic data. In computer vision, they have applications 

in image synthesis, super-resolution, and style transfer. In the 

medical domain, GANs generate synthetic imaging data for training 

models and improving rare disease detection. Additionally, in natural 
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language processing, GANs are employed for tasks such as text 

generation and language translation. Their generative capabilities 

also extend to scientific disciplines like drug discovery and material 

science, aiding in the design of novel molecular structures. 

In the realm of antimicrobial peptide (AMP) discovery, GANs have 

proven capable in designing novel sequences with antimicrobial 

properties,80–82 generating new peptides that are structurally and 

functionally akin to known ones, yet exhibiting unique 

characteristics. Furthermore, conditional GANs (cGANs) allow for 

tailored generation by specifying desired attributes, such as the target 

microorganism, mechanism of action83 and reduced cytotoxicity.83 

• Transformer-Based Models 

The Transformer is a relatively new architecture, proposed by 

Vaswani et al. which excels in tasks requiring the understanding of 

sequential and structured data.84 At its core, the Transformer utilizes 

self-attention to assign varying levels of importance to different parts 

of a sequence, enabling it to capture both local and global 

dependencies. This has been shown to be particularly advantageous 

in NLP applications, where this type of model has redefined the 

current state-of-the-art, delivering the stunning performance 

exhibited by modern chatbots in a wide range of tasks ranging from 

coding to text summarization, translation and even poetry. 

Additionally, they are faster than RNN-based model to train and not 

as unstable as GANs, which are often plagued by unstable training 

dynamics. Several models of this kind, sometimes directly lifted 

from those used in NLP, have been applied to protein sequence 
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modelling, where understanding the interplay between amino acids 

is crucial for elucidating sequence-function relationships.85–88 By 

examining the entire sequence simultaneously, Transformers model 

the contributions of individual residues and their interactions, 

allowing for a comprehensive understanding of the functional 

dynamics within proteins. Transformers are not only effective for 

tasks such as classification and property prediction but also play a 

pivotal role in generative modelling.89–91 These capabilities have 

been exploited to generate new peptide sequences that exhibit 

properties similar to known AMPs. This generative capability has 

also been adapted for multi-objective optimization, enabling the 

generation of sequences that simultaneously maximize the likelihood 

of possessing multiple desired features. This approach addresses the 

inherent trade-offs between competing objectives, making 

simultaneous optimization a significantly more complex and 

challenging task. 

Specific tools like HydrAMP and AMPlify represent cutting-edge 

applications of DL in AMPs research. HydrAMP employes a VAE to 

generate and optimize AMP sequences, focusing in particular on 

balancing critical physico-chemical properties for antimicrobial 

efficacy and stability. This tool facilitates the design of new AMPs 

by incorporating peptide properties into a low-dimensional latent 

space, allowing the generation of new sequences with improved 

characteristics. Instead, AMPlify uses an LSTM model to predict the 

activity of AMPs.92 Its architecture allows the model to focus on the 

most relevant segments for antimicrobial properties. In the following 
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paragraphs, details on HydrAMP and AMPlify algorithms are 

described.  

1.3 HydrAMP  

HydrAMP is a sophisticated DL tool developed specifically for the 

design and optimization of antimicrobial peptides (AMP), which 

leverages advanced machine learning methodologies to predict 

peptide efficacy with remarkable accuracy.93 As a conditional 

variational model of autoencoder, HydrAMP is designed to generate 

new peptide sequences that are different in length, polarity and 

positive residue distribution from a known prototype sequence. The 

process begins with pre-processing of input data, in which a large set 

of known AMPs is used to train the model. This data set typically 

includes detailed information on peptide sequences, their physico-

chemical properties and experimental bioactive profiles. The model 

extracts critical characteristics from these data, such as amino acid 

composition, hydrophobicity, net charge, amphipathicity and 

structural motifs, which are essential to predict the peptide’s ability 

to damage bacterial membranes. By incorporating these 

characteristics into its predictive framework, HydrAMP ensures that 

the peptides generated are not only new but also have antimicrobial 

efficacy characteristics.94 After training, HydrAMP creates 

sequences of de novo peptides with the appropriate characteristics 

and evaluates each one on how likely it is to be effective against 

micro-organisms. The model also uses post-processing filters to 

eliminate sequences that are subject to oxidation or present synthetic 

problems, ensuring that only strong candidates move forward. First-
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level sequences can be experimentally validated through biological 

tests such as minimum inhibitory concentration (MIC) tests, 

confirming their antimicrobial properties (Figure 1.10).95  

 

Fig. 1.10 Data stream for the HydrAMP model formation, showing the 

optimization pipeline used to develop antimicrobial peptides. Adapted from 

Szymczak et al., "Discovering highly potent antimicrobial peptides with deep 

generative model HydrAMP," Nature Communications, 14, 1453 (2023), DOI: 

10.1038/s41467-023-36994-z. 

HydrAMP exemplifies the potential of integrating DL and 

bioinformatics in the discovery of novel antimicrobial peptides. By 

leveraging sophisticated neural network architectures and focusing 

on critical sequence features, HydrAMP accelerates the identification 

of effective AMPs, providing valuable insights into the relationship 

between peptide structure and function (Figure 1.11).96 This 

innovative approach not only enhances the efficiency of peptide 

discovery but also paves the way for developing next-generation 
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antimicrobial agents capable of addressing the pressing challenges 

posed by antibiotic resistance. 

 

Fig. 1.11 Process of peptide generation by the HydrAMP model, illustrating steps 

to obtain highly effective antimicrobial peptides. Adapted from Szymczak et al., 

"Discovering highly potent antimicrobial peptides with deep generative model 

HydrAMP," Nature Communications, 14, 1453 (2023), DOI: 10.1038/s41467-023-

36994-z. 

1.4 AMPlify 

AMPlify is a DL-based tool designed for the prediction and 

optimization of antimicrobial peptides (AMPs). It employs advanced 

machine learning techniques to analyze peptide sequences, enabling 

the identification of novel candidates with enhanced antimicrobial 

properties.97 Having been trained on datasets including both AMP 

and non-AMP sequences, AMPlify rates each sequence according to 

its antibacterial likelihood. Beginning with feature encoding, where 

peptide sequences are converted into numerical representations that 

capture fundamental characteristics related to antimicrobial activity, 

using techniques such as one-hot encoding and more advanced 
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physicochemical property analyses, the operational framework of 

AMPlify consists of several key components (Figure 1.12). 

Important mechanisms behind antimicrobial action include peptides 

interacting with bacterial membranes or upsetting cellular processes, 

which depend on these properties. 

 

Fig. 1.12 AMPlify deep learning model architecture for AMPs prediction. Each 

peptide sequence is processed through a Bi-LSTM layer and multi-head, 

contextual attention mechanisms to generate a final representation and predict the 

likelihood of antimicrobial activity. Adapted from Li et al., "AMPlify: attentive 

deep learning model for discovery of novel antimicrobial peptides effective against 

WHO priority pathogens," BMC Genomics, 23, 77 (2022). 

During model training, AMPlify typically employs architectures like 

Bi-LSTM and Attention Layer, which are trained on extensive 

datasets of known AMPs to learn complex patterns associated with 

antimicrobial efficacy.98 Once trained, the model evaluates new 

peptide sequences, generating quantitative scores that reflect their 

likelihood of exhibiting antimicrobial activity, thereby facilitating 

the prioritization of candidates for experimental validation. By 
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examining the interactions between certain amino acid substitutions 

and variations in activity, AMPlify also offers information on 

possible alterations that can improve the antibacterial features of 

peptides. The novelty of this DL tool is the innovative integration of 

two cutting-edge techniques, called Bi-LSTM (Bidirectional Long 

Short-Term Memory) (Figure 1.13) and Attention Layer. Bi-LSTM 

allows the model to better capture long term dependencies and 

interactions between elements in a sequence, making it particularly 

effective for tasks where the relative position of elements - such as 

amino acids in peptide sequences - plays a crucial role.  

 

Fig. 1.13 Diagram of a Bi-LSTM architecture, illustrating how input sequences 

(X₁, X₂, X₃) are processed through recurrent forward and backward layers. The 

outputs are concatenated and passed to a classification network for final 

predictions.  

Bi-LSTM captures both local and long-range dependencies within 

the peptide sequences by analyzing them in forward and backward 

directions. In combination with a level of focus, this architecture 
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allows the model to focus on specific regions of the peptide sequence 

that are related to antimicrobial activity (Figure 1.13). By prioritizing 

these regions, the model can identify and optimize peptide sequences 

with the highest potential for efficacy. Feature extraction plays a 

central role in this process, as it identifies important features such as 

hydrophobicity, net charge and structural motifs such as alpha-helix, 

which are often associated with membrane-active peptides. These 

features provide insight into how a peptide might interact with 

bacterial membranes, a crucial factor in its ability to disrupt the 

microbial integrity of cells. 

1.5 Are the DL - predictions validated?  

As described above, DL models have revolutionized AMPs research, 

allowing the prediction of new sequences with potential 

antimicrobial activity, stability, and selectivity with high accuracy. 

DL methods, especially those that use CNNs, RNNs, and VAEs, have 

been very good at finding AMPs. Wang et al. conducted one of the 

pioneering studies. 70 They applied an LSTM generative model to 

design AMP efficacy against E. coli. The model was trained on a 

large dataset of peptides with antibacterial activity and produced a 

series of new peptide sequences, which were synthesized and tested 

in the laboratory. The novel AMPs were classified as antimicrobial 

with accuracies between 70% and 90%. More recently, another 

validation has been given by Zhao et al., who developed models 

based on convolutional networks, to create advanced tools for AMP 

generation. 99 These models are designed to detect local patterns and 

patterns within peptide sequences, using CNNs for sequence 
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structure analysis. Predictions obtained by DL tools were 

experimentally validated, demonstrating that the peptide candidates 

generated show antimicrobial properties against a range of 

pathogenic bacteria, including those resistant to antibiotics. CNNs 

have made it possible to find patterns in peptide sequences that are 

important for their biological activity. Experiments have confirmed 

that these models can be used to make functional and specific AMPs. 

Moreover, by leveraging the VAEs, Das et al. developed potential 

antimicrobial sequences, focusing not only on functionality but also 

with optimized chemical and physical characteristics compared to 

natural peptides. 100 The peptides generated by this VAE were 

synthesized and tested in the laboratory, confirming that a high 

percentage of them showed significant antimicrobial activity. The 

results highlighted the importance of DL in de novo peptide 

generation, demonstrating that VAEs models can produce naturally 

occurring but equally effective AMPs.  

1.6 Aim of the thesis: Section 1 

As highlighted in the previous paragraphs, advanced DL tools 

represent a revolution in the discovery and optimization of 

antimicrobial peptides (AMPs), offering accurate and targeted 

predictions that can have a positive impact in the development of new 

molecules both therapeutically and environmentally important. 101 

This PhD thesis aims to develop new candidate AMPs, optimizing 

their structural and functional properties for specific applications, 

including the preparation of functionalized membranes acting as 
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antimicrobial filters for industrial, clinical and environmental 

contexts.  

Specifically, in this section, the computational approach used to 

develop new AMPs is described. In detail, HydrAMP To algorithm 

was used to generate novel peptide sequences that were subsequently 

scored respect their antimicrobial probability using AMPlify DL 

algorithm. The probability scores were used to rank and select the 

most promising candidates for further evaluation. This combination 

leverages the generative capabilities of HydrAMP and the predictive 

accuracy of AMPlify to streamline the discovery process, facilitating 

the identification of candidates that are not only novel but also 

exhibit a high likelihood of antimicrobial activity. 

This section includes also the wet lab approaches used to verify the 

accuracy and reliability of DL predictions, therefore assuring the 

genuine antibacterial activity of the proposed AMP candidates. These 

approaches include the determination of the peptide antimicrobial 

activity on different bacterial strains. Moreover, a detailed 

biophysical characterization on model membranes, by combining 

differential scanning calorimetry, circular dichroism, and 

fluorescence spectroscopy, was carried out on most active 

sequence.102   

 

 

 

Fig. 1.14 Workflow of the Section: From Computational Design 

to Biological Validation 
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2.1 Novel Antimicrobial Peptides via Deep Learning  

Deep learning (DL) has proved to be very promising, particularly for 

the identification and research of new antimicrobial peptides 

(AMPs). By leveraging large data sets and complex neural network 

architectures, DL allows the identification of patterns and 

relationships within peptide sequences that correlate with 

antimicrobial activity.103 This capability is crucial given the growing 

need for effective antimicrobial agents in the face of increasing 

antibiotic resistance. In this thesis, two DL tools have been used: 

HydrAMP and AMPlify; both of which utilize DL methodologies to 

predict the efficacy of AMPs. HydrAMP is specifically designed for 

the generation of novel peptide sequences with optimized properties 

such as enhanced stability and solubility. It generates a large library 

of candidates that can then be screened for antimicrobial potential. 

On the other hand, AMPlify is a tool designed for the prediction and 

optimization of antimicrobial peptide sequences through advanced 

machine learning algorithms. It analyzes large datasets of existing 

sequences, identifying patterns and characteristics common to 

peptides with antibacterial activity. 

2.1.1 Combining AMPlify and HydrAMP for the Discovery of 

Novel Antibacterial Peptide Sequences 

The integration of AMPlify and HydrAMP represents an innovative 

approach to accelerate the discovery of new antimicrobial peptide 

sequences. This aims to overcome the limitations of traditional 

methods for the selection or design of antibacterial peptides. While 

conventional approaches often require long time and considerable 



    Section 1 - Results and Discussion 
 

54 
 

resources to identify and test new compounds, the combination of 

these two tools allows for more accurate prediction and selection of 

peptides with antibacterial potential, reducing the need for extended 

experimental screening. The majority of AMPs targeting membrane 

bilayers typically exhibit sequences rich in cationic residues (Arg, 

Lys, His). Further, they share amphiphilic structure, in which cationic 

and hydrophobic residues, as Phe, Trp, Ile, and Leu, are clustered in 

different spatial regions. In particular, many AMPs are most active 

when are rich in Arg and Trp residues, thanks to their properties that 

enhance the interaction with microbial membranes.104 The positive 

charge of Arg facilitates the interaction with the negatively charged 

membranes of bacteria, while Trp improves the insertion of the 

peptide in the membrane due to its hydrophobic nature.105,106 

This thesis has been aimed at the development of novel Trp-rich 

AMP sequences with enhanced activity and selectivity (Figure 2.1).  

 

Fig. 2.1 Workflow illustrating the generation and selection of peptide sequences. 

A total of 20,000 decoding attempts resulted in approximately 1,000 potential 

antimicrobial peptides (AMPs) derived from the prototype sequence. The AMPlify 

model was employed to assign probability scores to each sequence, enabling the 

identification and selection of optimized candidates for further analysis. 
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Peptides design and selection started from a prototype peptide 

sequence, KRWWRWWR-NH2, referred to as AMP1, which is a 

derivative of the already reported antimicrobial peptide Ac-

RWWRWWR-NH2.107 The prototype sequence was chosen for its 

simplicity and residue repetition that would facilitate the 

development of new sequences by the analogue generation protocol 

of HydrAMP model. 93 The input sequence was rationally modified 

by addition of a Lys residue at the N-terminus. Indeed, as the final 

goal of this work is developing an antimicrobial membrane, the 

incorporation of a Lys residue at the N-terminus was done to allow 

chemical conjugation of the peptide to polymeric materials. 

Additionally, the presence of the Lys residue provides a reactive site 

that can enhance the versatility and potential for further 

functionalization of the peptide. 

Initial candidate pool was created using the analogue generation 

protocol, with 20,000 total decoding attempts and temperature equal 

to 5.0, leading to approximately 1,000 potential AMPs derived from 

the prototype sequence. This library of AMP candidates was 

subsequently analyzed to remove duplicates. AMPlify program was 

employed to evaluate the antibacterial potential of each sequence, 

ranking the candidates based on their predicted likelihood of 

effectiveness Further selection was done by analyzing the sequences 

according to the following consideration. To prevent oxidation 

during peptide synthesis, using a Python script, sequences containing 

sulfur amino acids (Cys and Met) were removed, and peptide length 

was limited to eight to ten residues.108,109 Moreover, sequences 
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containing three or more consecutive tryptophan residues were 

eliminated because of the difficulties during the solid-phase peptide 

synthesis (SPPS).110,111 In addition, sequences that had more than 

50% hydrophobic residues were eliminated because of their likely 

poor solubility and possible adverse synthesis interactions.112 

Following this filtering process, the sequences were ranked by 

AMPlify. Table 1 reports the set of generated sequences along with 

their corresponding log scores and associated probabilities. The log 

score is regarded as an absolute measure for evaluating the likelihood 

that a given sequence exhibits antimicrobial activity. Although there 

is no specific reference parameter for these scores, a higher log score 

directly correlates with an increased probability that the sequence 

possesses antimicrobial properties. Thus, sequences with elevated 

log scores were considered to have a stronger potential for 

antimicrobial effectiveness. All sequences exhibit probability scores 

significantly beyond the 0.5 threshold employed by AMPlify to 

differentiate AMPs from non-AMPs, clustering over 0.9. This 

outcome is unsurprising because, as noted by the authors, the absence 

of experimental data about antimicrobial activity on closely related 

sequences significantly impacts DL model training, hence limiting 

AMPlify's efficacy in distinguishing them.97 Nonetheless, minor 

variations in antibacterial likelihood among the sequences can be 

emphasized by examining the AMPlify log-scaled score (Table 1). 

The two most similar sequences, specifically sequence 

"KRWWRWWRQ" and "KRWWRWWRR”, which differ solely in 

the C-terminal residue, have AMPlify log scaled scores of 56.23 and 

43.46, respectively (Table 1). To ascertain if the projected log-scaled 
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AMPlify scores accurately reflect varying antibacterial activity, we 

selected these sequences, designated AMP2 and AMP3, respectively, 

for wet lab experimentation.  
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Table 1. Peptide sequences with potential antimicrobial properties. Each sequence 

is characterized by specific parameters including length, charge, hydrophobicity 

and presence of key amino acids, with expected activity scores.  

Sequence Charge Hydrophobicity AMP Score Log_Score 

KRWWRWWRR 5 -2,833333333 0.999998 56.23 

KWWKRWWRR 5 -2,766666667 0.999997 54.61 

RRWWRWWR 4 -2.7 0.999991 50.49 

KWWRRWWRR 5 -2,833333333 0.999990 50.21 

KRWWRKWRR 6 -3,166666667 0.999986 48.63 

KRWKRWWRR 6 -3,166666667 0.999977 46.40 

KRRWRWWRR 6 -3,233333333 0.999975 45.97 

KRWWRRWRK 6 -3,166666667 0.999973 45.73 

KRWKRWWRY 5 -2,811111111 0.999972 45.53 

KRWRRWWRR 6 -3,233333333 0.999969 45.09 

KRWWRKWRW 5 -2,766666667 0.999966 44.72 

KRWWRWWRQ 4 -2,722222222 0.999955 43.46 

KRWWRKWRK 6 -3,1 0.999951 43.11 

KRWWRRWRW 5 -2,833333333 0.999950 42.98 

KRWWRRWRQ 5 -3,122222222 0.999933 41.77 

KRWRRWWRY 5 -2,877777778 0.999928 41.45 

KRWWYRWRK 5 -2,811111111 0.999920 40.95 

KRWWRRWK 5 -3 0.999907 40.31 

KRWWRWRRKW 6 -2,94 0.999901 40.05 

KRWWQWWRR 4 -2,722222222 0.999873 38.98 

KRWKRWWRW 5 -2,766666667 0.999866 38.74 

KRWWRWQRR 5 -3,122222222 0.999835 37.84 

KRRWRWWRRR 7 -3,359999999 0.999824 37.54 

KRWRRWWRW 5 -2,833333333 0.999774 36.46 

KRRWRWWRKK 7 -3,24 0.999682 34.98 

KRWQRWWRR 5 -3,122222222 0.999602 34.00 

KRRWRWWRKR 7 -3,3 0.999576 33.72 

KRRWRWWRHK 6 -3,169999999 0.999568 33.65 

KRWKRWWRKW 6 -2,88 0.999549 33.45 

KRWKRWWRQ 5 -3,05555555555 0.999538 33.35 

KRWRRWWRKW 6 -2,93999999999 0.999406 32.26 

KRRWRWWQR 5 -3.12222222222 0.999372 32.02 

KRWRRWWRQ 5 -3.12222222222 0.999146 30.68 

KRRWRRWRKR 8 -3.66 0.998908 29.62 

KRRWRWWQRR 6 -3.26 0.984675 18.15 

KRRWRWWQKR 6 -3.2 0.976649 16.32 
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These sequences are particularly interesting for the following 

reasons: 

• Optimal Amphipathic Profile: both sequences present an ideal 

balance between hydrophobic residues (W) and positively 

charged (K and R). This characteristic makes them highly 

amphipathic, that would favor the insertion in the bacterial 

membrane thanks to the hydrophobic region that interacts with 

lipids and the charged region that binds with the surface of the 

membrane.113 

• High Charge: with a net charge of +5 and +4, these sequences 

can easily interact with negatively charged membranes of 

bacterial cells. The positive charge is crucial for antimicrobial 

activity, as it increases electrostatic attraction and facilitates 

penetration of the peptide through the membrane.114 

• Small variations to test specificity: The small variation between 

"KRWWRWWRR" and "KRWWRWWRQ" allows exploring 

the effect of a single residue change on the overall behaviour of 

the peptide. This choice is based on the observations reported in 

the work of Amplify, where the authors highlight the difficulty of 

distinguishing very similar sequences and the usefulness of 

testing small variations to assess their effectiveness. 97 Thus, this 

approach aims to collect new data to understand how such a slight 

modification can affect activity. 

As AMP2 was predicted to be less active than AMP3 and some other 

sequences listed in the table, this selection was made with two main 

objectives:  
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1. To provide a practical validation of the differences in log 

score and predicted antimicrobial activity.  

2. To investigate the effect of the Gln residue on antimicrobial 

activity. 

The incorporation of Gln residues in AMP sequences provides 

several limitations that can reduce their overall effectiveness. 

Primarily, Gln does not contribute to the peptide’s net cationic 

charge, which is essential for strong electrostatic interactions with 

the negatively charged components of bacterial cell membranes. This 

reduction in positive charge can weaken the peptide's ability to bind 

effectively to microbial membranes, thus reducing its capacity to 

disrupt membrane integrity, a key mechanism of antimicrobial 

action. Additionally, glutamine's polar but non-hydrophobic nature 

may impair the peptide's amphipathic balance, which is crucial for 

integrating into lipid bilayers and forming pore-like disruptions or 

causing membrane thinning.115 This can result in decreased 

antimicrobial activity, especially when compared to peptides with 

higher concentrations of hydrophobic and cationic residues.  

The selection of antimicrobial peptide sequences was carried out also 

considering the helical wheel prediction.116 The helical wheel is a 

graphical representation tool used to visualize the spatial 

arrangement of amino acids along an α-helix in proteins and 

peptides. It is particularly useful for understanding the structural and 

functional properties of antimicrobial peptides, many of which have 

a helical conformation that makes them effective against bacterial 

membranes. It’s important that the sequences maintain an optimal 
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balance between hydrophobic and cationic residues. This structural 

configuration is essential for the peptide activity, as it facilitates the 

formation of a well-defined amphipathic α-helix with hydrophobic 

and cationic residues orientated on the opposite sides.117 This 

distribution significantly increases the peptide's antimicrobial 

activity by promoting mechanisms such as pore formation and 

membrane thinning, which are critical for effective broad-spectrum 

bacterial killing. The selected sequences are illustrated in Figure 2.2 

underlining how minor modifications in amino acid composition or 

positioning can impact the structure and function of the peptide. 

 

Figure 2.2. Helical wheel projection diagrams for AMP1 (A), AMP2 (B) and 

AMP3 (C) antimicrobial peptides. 

Panel A of the figure shows the helical wheel projection of the 

prototype sequence. The peptide has an amphipathic arrangement, 

with positive residues on one side of the helix and the hydrophobic 

residues on the opposite side. This distribution is fundamental in the 

case of AMPs because it allows the interaction with bacterial 

membranes.  
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In panel B, the Gln residue in AMP2 peptide changes the original 

charge distribution, potentially reducing its ability to interact with the 

negative charges of the bacterial membranes. Thus, it can also cause 

a reduction of antimicrobial activity. 

In panel C, there is the helical wheel prediction of the novel peptide 

AMP3. The addition of a residue of Arg doesn’t alter the amphipathic 

nature, with Arg and Lys residues on one side and Trp residues on the 

opposite side. 

2.1.2 Incorporation of Non-Natural Amino Acids into Peptide 

Sequences 

Considering the predictions made using DL- tools and the analysis 

of alpha-helical wheel projections, the AMP3 sequence emerged as 

the best candidate for further modifications. AMP3 was then 

rationally modified by the introduction of a tail of one or two 6-

aminohexanoic acid (Ahx) residues at the N-terminus, resulting in 

the generation of the sequences named AMP4 and AMP5 (Table 2). 

However, being Ahx an unnatural amino acid, the AMPlify score for 

these sequences could not be calculated.  

Table 2. Sequences of AMPs, with AMP3 serving as the reference peptide without 

Ahx. AMP4 and AMP5 incorporate respectively two and one Ahx residues. 

 

AMP3 K-R-W-W-R-W-W-R-R-NH2 

AMP4 K-Ahx-Ahx-R-W-W-R-W-W-R-R-NH2 

AMP5 K-Ahx-R-W-W-R-W-W-R-R-NH2 
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The Ahx residues were inserted to act as a linker to increase the 

distance between the peptide and the membrane support. This 

modification offers several advantages, enhancing the functional 

properties of the peptide.118 The Ahx may act as a flexible linker, 

allowing the peptide to have a higher mobility upon immobilization, 

thus reducing the steric hindrance that would happen by peptide 

conjugation to supports. 42
 

All the peptides described were synthesized using SPPS and purified 

by preparative RP-HPLC. Their identity was confirmed by LC-MS 

(Figure 2.4) and their antimicrobial activity was subsequently 

assessed following the protocols explained in Experimental Methods 

Section. 

RP-HPLC chromatograms (280 nm trace) of pure peptides are 

presented in Figure 2.3. Each peptide exhibited a distinct retention 

time (RT), as summarized in the results below: 

• AMP1: Eluted at RT = 13.10 min  

• AMP2: Eluted at RT = 13.02 min  

• AMP3: Eluted at RT = 12.88 min  

• AMP4: Eluted at RT = 14.30 min  

• AMP5: Eluted at RT = 13.48 min  
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Fig. 2.3 Analytical RP-HPLC chromatograms for AMP1 to AMP5 (trace at 280 

nm) showing distinct retention times (RT). 

The theoretical and experimental mass values for the synthesized 

antimicrobial peptides are compared in Table 3 below: 

Table 3. Comparison of theoretical and experimental mass values for the 

synthesized antimicrobial peptides. 

Peptide 
Theoretical mass 

values (g/mol) 

Experimental mass values 

(g/mol) 

AMP1 1358,6 1358,1 

AMP2 1485,8 1486,2 

AMP3 1514,3 1513,8 

AMP4 1742,0 1741,0  

AMP5 1626,9 1625,3  

 

In the following figures are presented the ESI-MS spectrum of pure 

AMP1, AMP2, AMP3, AMP4 and AMP5 peptides. 

 



    Section 1 - Results and Discussion 
 

65 
 

 

Fig. 2.4 ESI-MS spectra for AMP1 to AMP5 highlighting m/z peaks corresponding 

to specific ions. 

As shown in Figure 2.4, the m/z ions [M+2H+]2+, [M+3H+]3+ and 

[M+4H+]4+ were detected for each peptide analyzed, corresponding 

to the theoretical values predicted.  
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Key details for each peptide are as follows: 

• AMP1: the peaks at 453.95 and 680.05 represent [M+2H+]2+ 

and [M+3H+]3+ ions, respectively. The peak at 737.10 

represents the [M+2H++TFA]2+ ion, indicating an adduct 

formed with one molecule of trifluoroacetic acid. The 

experimental mass value (1358,1 g/mol) agrees with the 

theoretical value (1358,62 g/mol). 

• AMP2: the peaks at 744,30 and 496,60 represent [M+2H+]2+ 

and [M+3H+]3+ ions, respectively. The peak at 801,30 

represents the [M+2H++TFA]2+ ion, while the peak at 534,55 

represents the [M+3H++TFA]3+ ion indicating an adduct 

formed with one molecule of trifluoroacetic acid. The 

experimental mass value (1486,2 g/mol) agrees with the 

theoretical value (1485,8 g/mol).  

• AMP3: the peak at 506,00 represents [M+2H+]2+ ions. The 

peaks at 408,25 and 543,95 and 815,15 represent respectively 

the [M+4H++TFA]4+, [M+3H++TFA]3+, [M+2H++TFA]2+ ion 

indicating an adduct formed with one molecule of 

trifluoroacetic acid. The peak at 872,50 represents the 

[M+2H++2TFA]2+ due to an adduct formed with two 

molecules of trifluoroacetic acid. The experimental mass 

value (1514,3 g/mol) agrees with the theoretical value 

(1513,84 g/mol). 

• AMP4: the peaks at 436,35, 581,35 and 872,52 represent 

[M+4H+]4+, [M+3H+]3+ and [M+2H+]2+ ions, respectively. 

The peak at 464,80 represents the [M+4H++TFA]4+ ion. The 
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peak at 619,40 represents the [M+3H++TFA]3+, while the 

peak at 657,40 is the [M+3H++2TFA]3+ due to an adduct 

formed with two molecules of trifluoroacetic acid. The 

experimental mass value (1741,04 g/mol) agrees with the 

theoretical value (1742,03 g/mol). 

• AMP5: the peaks at 408,00, 543,70 and 814,65 represent 

[M+4H+]4+, [M+3H+]3+ and [M+2H+]2+ ions, respectively. 

The peak at 436,60 represents [M+4H++TFA]4+ ion. The peak 

at 581,70 and 871,95 represents the [M+3H++TFA]3+ and 

[M+2H++TFA]2+, due to an adduct formed with one molecule 

of trifluoroacetic acid. The peak at 619,70 is the 

[M+3H++2TFA]3+ due to an adduct formed with two 

molecules of trifluoroacetic acid. The experimental mass 

value (1741,04 g/mol) agrees with the theoretical value 

(1742,03 g/mol). 

2.2 Minimum Inhibitory Concentration (MIC) 

The antimicrobial activity evaluation was performed during a 

research period at Imperial College London, where advanced 

methodologies and facilities enabled reliable analysis. In order to 

confirm the DL prediction, the MIC was evaluated for all the peptides 

synthesized. The MIC is a crucial measure to assess and compare the 

antimicrobial activity of different compounds.119 The activity of the 

five novel peptides was investigated against both Gram-Positive and 

Gram-Negative bacterial strains. The MIC values for each peptide 

are reported in Table 4. All peptides showed activity, but their 

potency varied notably based on the considered bacteria. 
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Table 4. MICs values for AMPs against several bacterial strains, comparing 

peptides with and without Ahx insertion.  

 AMP1 AMP2 AMP3 

E. coli  31 62 15 

S. aureus  31 - 31 

P. aeruginosa  250 250-500 125 

Enterobacteria >1000 >1000 >1000 

* All MIC values are expressed in μM. 

Against E. coli, the peptides exhibited a MIC value of 31 μM, 62 μM, 

and 15 μM for AMP1, AMP2, and AMP3, respectively, indicating 

that AMP3 resulted in the most active among the tested bacteria. 

AMP3 also emerged as the best candidate against P. aeruginosa, 

which is notorious for its antimicrobial resistance, exhibiting a MIC 

value of 125 μM, more active than AMP1 and AMP2. When 

analyzing the efficacy against the Gram-positive S. aureus, AMP1 

and AMP3 demonstrated similar efficacy, with MIC values of 31 μM, 

while AMP2 showed no detectable activity. The peptides AMP4 and 

AMP5, bearing the Ahx linker, showed a comparable activity with 

AMP3. This suggests that while the introduction of Ahx aimed to 

improve peptide flexibility and membrane interaction, it may not 

have an effect on the peptides’ activity. 

These results evidenced the effectiveness of the approach in 

developing highly active AMPs. Using these small peptide 

 AMP4 AMP5 

E. coli  62 31 

S. aureus  - 31 

P. aeruginosa  125 62 

Enterobacteria >1000 >1000 
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sequences, modification of just one residue appears crucial for the 

activity. The biological characterization confirmed the computational 

prediction. Indeed, the sequence containing Gln as one extra residue 

at the C-terminus appears to be less active, in line with the predicted 

AMPlify log score. On the other hand, the addition of an extra Arg at 

the C-terminus provided a very active sequence. The lower MIC 

value for AMP3 indicates a stronger antibacterial effect and broad-

spectrum antimicrobial properties, being effective with low MIC 

values toward both Gram-positive and Gram-negative bacteria, 

making it a promising candidate for the biophysical characterization 

on model membranes. 

Expanding the evaluation to Mycobacterium species, the peptides 

were tested against several strains, including Mycobacterium 

smegmatis, Mycobacterium abscessus, Mycobacterium avium, and 

Mycobacterium chelonae (Table 5). The results showed that all the 

peptides had a significant antimicrobial activity against M. 

smegmatis, while no efficacy is reported for all peptides against the 

remaining strains.  
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Table 5. MICs values of AMP1 to AMP5 against Mycobacterium strains. 

 AMP1 AMP2 AMP3 

M. smegmatis  15-30 15-30 8 

M. abscessus >3000 >3000 >3000 

M. avium  >3000 >3000 >3000 

M. chelonae >3000 >3000 >3000 

* All MIC values are expressed in μM. 

The selective antimicrobial activity of the peptides against M. 

smegmatis is reasonable due to the different cell envelope 

composition and membrane properties. M. smegmatis has the 

mycolic acid-rich cell wall characteristic of mycobacteria. Its cell 

envelope is relatively more permeable than that of pathogenic species 

such as M. abscessus, M. avium, and M. chelonae. These latter 

pathogenic species have a more robust and thicker outer layer rich in 

mycolic acids, making them highly impermeable and resistant to 

antimicrobial agents, including peptides. The structural differences 

in the cell envelope also involve variations in surface lipids and 

glycolipids, such as glycopeptidolipids (GPLs), which can influence 

membrane properties and resistance levels across different 

species.120 Moreover, differences in surface charge and membrane 

composition among Mycobacterium species could influence the 

electrostatic interactions with cationic antimicrobial peptides. 

Peptides are more likely to interact with bacterial species that have a 

 AMP4 AMP5 

M. smegmatis  15 15 

M. abscessus >3000 >3000 

M. avium  >3000 >3000 

M. chelonae >3000 >3000 
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higher negative surface charge or a membrane composition that 

favors the insertion and activity of amphipathic peptides. These 

factors explain why antimicrobial peptides demonstrate selective 

activity against M. smegmatis while being ineffective against other, 

more resistant mycobacterial species. 

2.3 Biophysical Characterization of AMP3  

To gain deeper insight into the peptide-membrane interaction 

mechanism, peptide AMP3 was selected for further biophysical 

studies due to its broader-spectrum antibacterial activity compared to 

the other peptides. Specifically, the interaction of AMP3 with 

POPE/POPG (7/3 mol/mol) liposomes, which serve as a model for 

E. coli bacterial membranes, was investigated. 

2.3.1 AMP3 interacts with bacterial membrane models 

Most known antimicrobial peptides have as a primary target the lipid 

matrix of bacterial membrane. Similarly, peptide AMP3 was 

evaluated for its ability to bind the biomembrane models that 

resemble bacterial membranes by Trp fluorescence emission 

measurements in order to determine the mole fraction partition 

constant (Kx), that represents an index of the interaction between the 

peptide and model membranes. In order to evaluate the Kx, a peptide 

solution at a fixed concentration (6 μM) was titrated with a 

suspension of large unilamellar vesicles (LUVs) made of 

POPE/POPG (7/3 mol/mol). Then, changes in the fluorescence 

emission from the Trp residues of AMP3 were followed.121 

Unfortunately fluorescence intensities of AMP3 at low lipid 
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concentrations was found to be not reproducible since a decrease of 

the signal intensity with time was observed. Instead, at high lipid 

concentration, the signal appears to be stable. Most likely, at low lipid 

concentrations peptide-induced aggregation of liposomes occurred, 

leading to the lack of reproducibility of the recorded spectra. Of note, 

a similar behaviour was also observed for the peptide CA(1-7)M(2-

9) with PE/PG vesicles.122 Despite this problem, analysis of the 

emission spectrum of the peptide in the absence and in the presence 

of 550 μM lipids revealed interesting features (Figure 2.5).  There is 

evidence of a blue shift of about 13 nm in the position at the peak of 

emission combined with a strong increase in the fluorescence 

intensity. This can be explained by the fact that the peptide can 

interact with the bacterial model membrane and the Trp residues are 

experiencing a more hydrophobic environment, possibly suggesting 

a partial penetration of the peptide in the membrane.  
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Fig. 2.5 Fluorescence emission spectra of AMP3 in the absence (black line) and 

in the presence (red line) of POPE/POPG LUVs. 

To better understand the interaction and determine the actual Kx, an 

alternative approach was used, by fluorescence quenching 

experiments, utilizing acrylamide as a quencher (for details see 
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Experimental Methods section). Acrylamide, a water-soluble 

molecule, effectively quenches the fluorescence of Trp residues but 

lacks the ability to partition into the membrane. Consequently, in a 

mixture of peptides and lipids, acrylamide predominantly quenches 

the fluorescence of peptides in their free (unbound) form. As the 

peptide exists in either a bound or unbound state, the fraction and 

concentration of the free peptide were estimated by analyzing the 

data through a modified Stern-Volmer equation:  

𝐹0

∆𝐹
=

1

𝑓𝑎𝐾𝑎[𝑄]
+

1

𝑓𝑎
           

In this equation, F0 is the fluorescence intensity of the sample in the 

absence of acrylamide. Instead, ∆F = F - F0 is the difference in the 

intensity of the sample in the presence and absence of acrylamide, 

respectively.123 The parameters Ka and fa are the dynamic quenching 

constant (also denoted as the Stern-Volmer constant) and the fraction 

of free peptide (accessible to the quencher), respectively. The 

dynamic quenching constant describes quantitatively the ability of 

acrylamide to turn off the fluorescence emission of the accessible 

fluorophore. Instead, [Q] is the concentration of acrylamide. Thus, 

from such data analysis, it is possible to evaluate the fraction of free 

peptide that, multiplied by the total concentration of the peptide gives 

the concentration of unbound peptide. From the definition of mole 

fraction partition constant, it is possible to calculate the value of Kx.  

𝐾𝑥 =
[𝑃𝑏] [𝐿]⁄

[𝑃𝑓] [𝑊]⁄
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In the equation above, [Pb], [Pf], [L] and [W] represent the molar 

concentrations of the membrane-bound peptide, the free peptide in 

the aqueous phase, lipids, and water, respectively. By leveraging this 

approach and analyzing the data results with the modified Stern-

Volmer equation, is possible to evaluate the unbound peptide fraction 

that is accessible to the quencher (fa); the latter allowed the 

determination of the value Kx. Figure 2.4 reports the fluorescence 

emission spectra recorded at increasing acrylamide concentrations, 

fixing the solution of the peptide AMP3 (at 3 μM) mixed with a 

POPE/POPG LUVs (30μM).  Figure 2.7 reports the modified Stern-

Volmer plot, obtained from the data reported in Figure 2.6. 
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Fig. 2.6 Fluorescence emission spectra of a solution of AMP3 (3 µM) mixed with 

a lipid suspension of POPE/POPG LUVs at total lipid concentration of 30 µM. The 

arrow indicates the direction of increasing concentration of acrylamide showing 

the quenching of fluorescence emission. 

Analysis of figure 2.6 highlights that the Trp residues in the peptide 

are increasingly quenched, implying that they are accessible to the 

quencher, likely due to their positioning near the peptide surface or 

in a more solvent-exposed region. The pattern indicates that as 

quencher concentration increases, the peptide’s tryptophan residues 
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become less shielded, potentially reflecting changes in peptide 

conformation or its interaction with surrounding lipid membranes, 

where alterations in exposure may affect quenching efficiency. 
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Fig. 2.7 Modified Stern-Volmer plot obtained using the data reported in Figure 2.4. 

The peptide solution (AMP3 at 3 μM) was mixed with POPE/POPG LUVs at a 

lipid concentration of 30 μM. The red line represents the best fit of the 

experimental data according to the modified Stern-Volmer equation described in 

the Material and Methods section. 

The experiment was also repeated changing the ratio between the 

peptide and the lipids. Figure 2.8 reports the data obtained using the 

following conditions: AMP3 concentration 3 μM and a higher lipid 

concentration 150 μM.  

Fig. 2.8. The modified Stern-Volmer plot obtained from the titration with 

acrylamide of a solution containing AMP3 3 µM mixed with PE/PG LUVs at total 

lipid concentration of 150 µM. 
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Table 6 reports the data obtained by the two analyses. The Kx values 

obtained from both experiments were comparable, thus indicating 

that the quenching efficiency of accessible tryptophan residues 

remains high, even with increased peptide insertion into the 

membrane.  

Table 6. Fraction of free peptide (fa) obtained from the analysis of fluorescence 

quenching data using the modified Stern-Volmer equation for the two explored 

concentrations. From these values, the mole fraction partition constant (Kx) was 

calculated.  

System fa Kx R2 

AMP3 3 µM + 

POPE/POPG 30µM 

0.9244 ± 0.026 (1.53± 0.56)   · 105 0.9681 

AMP3 3µM + 

POPE/POPG 150µM 

0.6154 ± 0.008 (2.37± 0.04) · 105 0.9821 

 

The CD spectra of the peptide AMP3 was recorded to examine the 

conformational behaviors in solution and upon model membrane 

binding (Fig 2.9). The peptide was analyzed in two different 

conditions: the black line indicates the peptide in 10 mM phosphate 

buffer pH= 7.4, while the red line represents the peptide in the 

presence of POPE/POPG LUVs. In the CD spectrum, two minima 

were observed: one around 225 nm and one around 201 nm. In 

particular, the band at around 225 nm is due to the Trp´s contribution, 

as also observed in other Trp-rich peptides  while the band at around 

200 nm, on the other hand, is characteristic of disordered 

peptides.124–127 However, a negative band around 230 nm has been 

often correlated to Trp rich peptides with turn structures, that can be 

also tentatively assigned to AMP3.125,128–130 In the presence of 



    Section 1 - Results and Discussion 
 

77 
 

POPE/POPG vesicles, at lipid-to-peptide ratio of 10, no drastic 

changes in the shape of the spectrum of AMP3 were observed. 

However, changes in the intensities of the two bands were detected 

(Figure 2.9). 39,131 This observation may suggest that AMP3 interacts 

with model membranes and this interaction causes small 

conformational changes. Unfortunately, due to the strong Trp 

contributions it is not possible to unambiguously assign the 

conformation adopted by the peptide both in neat buffer and in the 

presence of model membranes. 
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Fig. 2.9 Far-UV circular dichroism spectra of AMP3 peptide (60 µM) in neat buffer 

conditions (black line) and in the presence of POPE/POPG LUVs (red line) at total 

lipid concentration of 600 µM. 
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2.3.2 The effects of AMP3 on bilayer stability 

To delve deeper into the interaction of peptides with membranes, the 

effect of AMP3 on POPE/POPG bilayers stability was studied. The 

Differential Scanning Calorimetry (DSC) measurements of 

POPE/POPG multilamellar vesicles (MLVs) were carried out in 

absence and in presence of AMP3, at a lipid-to-peptide ratio of 50, 

25 and 10, respectively. The obtained thermograms are reported in 

Figure 2.10. 
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Fig. 2.10 DSC thermograms of POPE/POPG (7/3 mol/mol) MLVs at total lipid 

concentration of 1 mM in the absence (black line) and in the presence of AMP3 

peptide at the lipid-to-peptide ratio of: 50 (red line), 25 (green line) and 10 (blue 

line). 

In close correlation with DSC data, Table 7 reports the 

thermodynamic parameters associated with gel-to-liquid phase 

transition of the liposomes.  
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Table 7. Thermodynamic parameters associated to the gel-to-liquid phase 

transition of POPE/POPG MLVs obtained by means of differential scanning 

calorimetry. Normalization per total moles of lipids. 

System Tm / °C aΔHm / kJ mol-1 

POPE/POPG 20.6 ± 0.1 19.6 ± 2.0 

+ AMP3 at L/P = 50 20.9 ± 0.1 18.5 ± 1.9 

+ AMP3 at L/P = 25 18.7± 0.3 12.3 ± 1.2  

+ AMP3 at L/P = 10 18.5± 0.3 8.1 ± 0.8 

 

The DSC thermogram of POPE/POPG vesicles was centered at 20.6 

°C and it was characterized by an enthalpy change (ΔHm) of 19.6 kJ 

mol-1, in agreement with previously reported data in the literature.132 

Interaction with the AMP3 peptide led to a slight increase in the main 

transition temperature (Tm), while the enthalpy change remained 

constant within the experimental errors. The sharper peak suggested 

an increase in the transition cooperativity; this effect could be 

attributed to the AMP3 preferential interaction with the negatively 

charged headgroups of POPG lipids. This interaction on the 

membrane surface promotes the formation of a more homogeneous 

PE-rich domain that has the phase transition at higher temperature 

and with increased cooperation due to the reduced heterogeneity of 

the lipid environment. As the peptide concentration was increased to 

an L/P = 25, an important effect was detected, including a notable 

decrease in both Tm and ΔH. Therefore, the DSC peak looks more 

intricate, and it seems composed of at least two partially overlaid 

transitions, indicating that lipid domains are formed within the 

bilayer. This phenomenon is consistent with the behaviour observed 
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for several other cationic peptides, which are known to induce phase 

separation in mixed lipid systems.133–135 The peak observed at lower 

temperature could correspond to a POPG-rich domain, while the 

peak at higher temperature might represent a POPE-rich domain, 

given the known transition temperatures of these individual lipids 

(~24 °C for POPE and ~-5 °C for POPG). The reduction in the overall 

enthalpy change compared to that of pure liposomes and conditions 

with L/P = 50 suggests that AMP3 penetrates the membrane to some 

degree, disrupting the packing of the lipids, a characteristic also 

observed in studies involving poly-Lys peptides with PG 

membranes.136 At L/P = 10, the highest peptide concentration 

explored, a further reduction of the ΔHm was observed, although the 

Tm value was unaffected. Interestingly, the higher-temperature peak, 

present at lower peptide concentrations, disappeared. This could be 

explained by the accumulation and deeper penetration of AMP3 

molecules within the PE-rich domain, leading to a significant 

disruption of lipid packing and a loss of the characteristic higher-

temperature phase transition. While it may initially appear surprising 

that the cationic AMP3 has a more pronounced effect on the PE-rich 

domain than on the PG-rich domain, several factors must be 

considered:  

1. Both lipid species are distributed across the different 

domains, allowing the peptide to interact throughout the 

membrane.  

2. PE lipids, characterized by their smaller headgroups, 

induce a negative curvature in the membrane, which 
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could facilitate the peptide's insertion into the bilayer by 

creating regions of increased membrane flexibility. 

The results obtained from the DSC analysis suggest that the peptide 

AMP3 was able to insert into the bilayer. This interaction implies a 

degree of affinity and potential integration within the membrane 

structure, likely influencing the organization or stability of the lipid 

components. However, the precise extent to which AMP3 penetrates 

the membrane remains unclear. It is not clear whether AMP3 

integrates deeply into the hydrophobic core or remains closer to the 

lipid headgroup region, interacting with the bilayer surface. For this 

reason, additional fluorescence experiments were performed. These 

experiments were carried out using the probes Laurdan and DPH 

embedded in POPE/POPG vesicles. These probes are important tools 

in fluorescence because they allow to study both the organization and 

the dynamics of lipid membranes. Laurdan (6-dodecanoyl-2-

dimethylaminonaphthalene) was used to study phase transition into 

the lipids because it is influenced by polarity and water molecules.137  

When Laurdan is in a hydrated region of the membrane, it emits at 

longer wavelengths, while in a less hydrated region it emits at shorter 

wavelengths. This phenomenon shift is quantified by the generalized 

polarization (GP) parameter, given by the formula:  

 

𝐺𝑃 =  
𝐹437 − 𝐹500

𝐹437 + 𝐹500
 

where F437 and F500 were the fluorescence intensities in the Laurdan 

emission spectra at 437 nm and 500 nm, respectively. 138 Calculation 
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of GP values by this approach makes it possible to quantify the 

different phases into the bilayer. On the other hand, DPH (1,6-

Diphenyl-1,3,5-Hexatrien) probe penetrates the membrane and 

measures the fluidity of the internal hydrophobic region. It provides 

detailed information on lipid mobility through anisotropy 

measurements, which reflect the degree of order and freedom of 

movement of the lipid tails. The following figures (Figure 2.11 and 

Figure 2.12) report the generalized polarization (GP) of Laurdan and 

DPH anisotropy (< r >) as function of peptide concentration. The red 

dashed lines do not represent data fitting but are intended as a guide 

for the eye.  
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Fig. 2.11 Generalized polarization (GP) of the probe Laurdan embedded in 

POPE/POPG LUVs as function of AMP3 concentration. 

An inspection of Figure 2.11 reveals that the GP value significantly 

increases with peptide concentration; indeed, in the absence of the 

peptide, the value results 0.25, while adding [AMP3] = 5 μM, which 

corresponds to L/P = 10, the values increase to around 0.33. This may 

suggest that the peptide binding and localization occurs at the level 

of headgroups of lipids: through its interaction, the peptide promotes 
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the dehydration of the surface, and then, partially penetrating the 

bilayer, it induces a higher degree of order in this membrane region. 

Figure 2.12 reports DPH anisotropy. Due to its high hydrophobicity, 

the DPH probe splits deeply into the hydrophobic core of the bilayer. 

The experiment was conducted exploring an AMP3 range of 

concentrations up to 5 μM, L/P = 10. Interestingly, no significant 

changes in DPH anisotropy were observed, which means that the 

peptides didn’t perturb the interior of the membrane. 
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Fig. 2.12 Fluorescence anisotropy (< r >) of DPH in POPE/POPG unilamellar 

vesicles as function of peptide concentration. The fluorescence experiments were 

performed at the temperature of 25 °C.  

The data collectively indicate that AMP3 exerts a concentration-

dependent effect on both the microscopic and mesoscopic 

characteristics of the lipid bilayer. At low peptide concentrations, 

AMP3 primarily localizes on the bilayer surface, interacting with 

headgroup regions without significant penetration. As AMP3 

concentration increases, there is evidence of domain formation 

within the bilayer, likely due to peptide-peptide interactions that 

promote lateral segregation. This segregation facilitates partial 

insertion of AMP3 into the membrane, while the peptide remains 
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largely localized near the headgroup regions, altering the bilayer’s 

organizational structure and potentially influencing its stability and 

fluidity. These findings suggest that the interaction of AMP3 with the 

bilayer involves both surface-associated and insertion mechanisms 

that vary with peptide concentration, hinting at concentration-

dependent modulation of the membrane’s biophysical properties.
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DL methods were crucial to identify and optimize the AMPs 

sequence, in particular in the identification of the peptide named 

AMP3, which represents an intriguing candidate for its antimicrobial 

activity and ability to interact with bacterial membranes. Deep neural 

network analysis facilitated the exploration of a vast space of 

potentially active sequences, enabling a rapid and targeted selection 

into the most active peptides. The use of advanced DL models, such 

as RNN and conditional autoencoders, facilitated the discovery of 

AMP3. The latter, identified among thousands of sequences obtained 

in silico, was selected based on the high score attributed by the DL 

model to its potential activity.  

Experimental analysis confirmed the DL prediction; indeed, AMP3 

has shown high antimicrobial efficacy against both Gram-positive 

and Gram-negative bacteria, including E. coli, S. aureus, and P. 

aeruginosa. The results of the MIC assays showed that AMP3 has 

bactericidal activity at low concentrations, further supporting the 

reliability of DL in predicting complex biological properties.  

DL simulations also guided the choice of amphipathic peptide 

configuration, optimizing the arrangement of hydrophobic residues 

and loads to facilitate selective interaction with bacterial membranes. 

The balance between hydrophobicity and positive charge, predicted 

as ideal for optimal antimicrobial action, has been experimentally 

confirmed, with AMP3 showing a high ability to interact with 

bacterial membranes. Predictive analysis has thus facilitated the 

identification of a sequence allowing the peptide to enter the bacterial 

membrane effectively. 
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Moreover, it was possible to study the effect of small variations in 

the amino acid sequence. It has been observed that residues such as 

Arg and Trp, essential for antimicrobial activity, are optimally 

arranged in the structure of AMP3, increasing the ability of the 

peptide to bind to the bacterial membrane and penetrate it. On the 

other hand, the inclusion of a Gln in place of an Arg resulted in a 

decrease in antimicrobial activity, in line with DL prediction.  

In conclusion, the use of DL has not only accelerated the discovery 

of AMP3 but also demonstrated its transformative potential in 

antimicrobial research. Enabling fast, accurate and reliable 

identification of bioactive peptides, DL offers a revolutionary 

approach to combat antimicrobial resistance.  

Based on these results, this sequence was anchored to a polymer 

support in order to obtain an antimicrobial membrane (see section 2) 

.
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4.1 Computational methods 

The process started with the use of HydrAMP, an advanced model 

based on conditioned variational auto-encoders (cVAE). This tool 

has allowed to generate a large set of peptide sequences optimized 

for specific parameters such as net charge and hydrophobicity. 

Starting from the AMP1 prototype peptide (KRWWRWWR-NH2), 

candidate sequences were generated using HydrAMP. An initial 

candidate pool was created using the analogue generation protocol, 

with 20,000 total decoding attempts and temperature equal to 5.0, 

leading to approximately 1,000 potential AMPs derived from the 

prototype sequence. HydrAMP created a continuous latent 

representation of the sequence space, generating new combinations 

that meet the required characteristics. Peptide lengths was limited to 

8–10 residues, and an overall charge restricted between +4 and +10. 

After generation, the sequences were analyzed using AMPlify, a 

prediction model based on integrated bi-LSTM networks with 

attention mechanisms. 

AMPlify evaluated each sequence, assigning a predictive score that 

reflected the likelihood of antimicrobial activity. The formula used 

by AMPlify to calculate the log score is: -10*log(1-probability 

score). This step also identified key regions of the sequences that 

contribute most to antimicrobial activity, providing valuable insights 

for further optimization. 

After the analysis with AMPlify, a filtering process was applied 

based on the following criteria: 
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• Removal of duplicate sequences. 

• Elimination of sequences containing residues problematic for 

synthesis, such as cysteine (Cys) and methionine (Met). 

• Exclusion of sequences with a length greater than 10 

residuals. 

• Rejection of sequences with excessive hydrophobicity 

(>50%). 

• Filtering sequences which are difficult to synthesize, such as 

those with more than three consecutive Trp residues. 

The computational workflow was structured in the following main 

steps: 

• Initial generation of sequences with HydrAMP, controlling 

relevant physico-chemical parameters. 

• Predictive evaluation with AMPlify to classify sequences 

according to their potential antimicrobial efficacy. 

• Sequence filtering to ensure synthetic feasibility and 

compliance with design requirements. 

• Selection and optimization of the best candidates, including 

introduction of targeted modifications to improve 

functionality or stability. 

4.2 Solid Phase Peptide Synthesis and Purification 

The synthesis of the selected AMP sequences obtained through DL 

methods was carried out with solid phase methodology. SPPS is a 

commonly used technique for the synthesis of peptides. By 
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sequentially coupling amino acids on a solid support, SPPS enables 

the production of peptides with high yield and purity. 

4.2.1 Peptide synthesis 

The peptides were synthesized using an automatic ABI 433A peptide 

synthesizer (Applied Biosystem, Foster City, CA, USA) with 0.25 

mmol Fmoc-protocols on a 0.25 mmol scale. The C-terminal was 

amidated, while the N-terminal was free. The resin used was Rink 

Amide Resin with a substitution of 0.54 mmol/g. 

The following protected amino acids were used: 

Fmoc-Trp(Boc)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Arg(Pbf)-OH, and 

Fmoc- Gln(Trt)-OH. 

Standard synthetic protocols were followed for the deprotection, 

activation, coupling, and capping cycles. These steps were repeated 

with each successive amino acid addition until the complete 

assembly of the peptide chain. After the synthesis was completed, the 

resin was washed four times with dichloromethane (DCM), NMP, 

isopropanol, and methanol, and then dried. 

4.2.2 Cleavage and deprotection 

Two deprotection protocols were employed, as the initial procedure 

had low yield. The protocols are detailed below: 

Protocol 1: Peptide cleavage from the resin, accompanied by side 

chain deprotection, was performed using a solution mixture of 95% 

trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIS), and 2.5% 

water (v/v/v, 40 mL total volume). The reaction was conducted for 
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one hour at 0 °C, followed by an additional hour at room temperature, 

under slight magnetic stirring. Then, the resin was filtered, and the 

cleavage solution was collected under vacuum in a glass flask. The 

resin was quickly washed with TFA to ensure complete peptide 

removal. The solution was concentrated to a reduced volume, and the 

crude peptide was immediately precipitated by adding five volumes 

of cold diethyl ether relative to the peptide solution. The precipitate 

was collected by centrifugation, with the supernatant carefully 

decanted, followed by two washes with three volumes of cold diethyl 

ether. The peptide was then dried to remove residual ether, re-

dissolved in water, and lyophilized. 

Protocol 2: A two-step deprotection and cleavage process was 

implemented, optimized specifically for Rink amide resin. Initially, 

the resin was placed in a glass funnel fitted with a fine sinter to enable 

controlled solvent flow. It was then treated with a 10% TFA solution 

in dichloromethane (DCM), allowing the cleavage solution to 

percolate through the resin. Subsequently, a 5% TFA solution was 

used to rinse the resin thoroughly, promoting effective peptide 

removal due to the continuous addition of the acid. Continuous 

solvent flow was maintained to prevent incomplete cleavage, which 

can occur in static conditions. To enhance cleavage efficiency, 1-5% 

TIS was incorporated into the mixture. The final stage of 

deprotection was conducted using 95% TFA, with 2,5 % of TIS and 

2,5 % of water used as a scavenger. Excess TFA/DCM was 

eliminated under reduced pressure, and the crude peptide was 

precipitated in cold diethyl ether, followed by drying under vacuum. 
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4.2.3 Peptide analysis and purification 

The identity of the crude peptide was determined by analytical 

reverse-phase high-performance liquid chromatography (RP-HPLC) 

analysis, using a Shimadzu LC-10ADvp system equipped with an 

SPDM10Avp diode-array detector. Electrospray ionization ion trap 

time-of-flight mass spectrometry (ESI-IT-TOF) spectra were 

acquired on a Shimadzu LCMS-IT-TOF system, interfaced via ESI, 

with data acquisition and processing carried out using the Shimadzu 

LC-MS Solution Workstation software.  

Peptide purification was carried out with a Shimadzu LC-8A 

preparative HPLC system (Shimadzu, Kyoto, Japan) featuring an 

SPD-M10AV UV-Vis detector. A Reverse Phase (RP) Vydac C18 

column (250 cm x 22 mm; 10 µm) was employed, eluting with a 

linear gradient of H2O 0.1% TFA (eluent A) and acetonitrile 0.1% 

TFA (eluent B) at a flow rate of 23 mL/min. A gradient from 5% to 

70% of solvent B was applied for optimal separation from undesired 

by-products. Peptide purity and identity were evaluated through RP-

HPLC-MS analyses using a Shimadzu LC-10ADvp equipped with 

an SPDM10Avp diode-array detector. Mass spectra were recorded on 

a Shimadzu LC-MS-2010EV system with ESI interface and a 

quadrupole mass analyzer. A Vydac C18 column (150 mm x 4.6 mm, 

5 µm) was used, eluting with the same gradients employed for 

purification—over 30 min at a flow rate of 1 mL/min in LC analyses 

and over 60 min at a flow rate of 0.5 mL/min in LC-MS analyses. 

ESI-MS analyses were performed in the positive ion scanning mode, 

covering the 400–1800 Th range of m/z. 



Section 1 - Experimental Methods 
 

94 
 

4.3 Antimicrobial activity determination 

Antimicrobial activity was evaluated for all the synthesized peptides. 

The minimum inhibitory concentration (MIC) is defined as the 

lowest concentration of an antimicrobial agent that prevents visible 

growth of a microorganism after overnight incubation. It serves as a 

quantitative measure of the effectiveness of a compound against a 

specific bacterial strain, with lower MIC values indicating higher 

antimicrobial potency. 

4.3.1 Bacterial strain and Growth Conditions 

In this study, a total of seven bacterial strains were used: Escherichia 

coli ATCC 25922, Staphylococcus aureus ATCC 29213, 

Pseudomonas aeruginosa ATCC 27853, Enterobacteria, 

Mycobacterium smegmatis, Mycobacterium avium, Mycobacterium 

chelonae. All bacterial strains were cultured in Mueller-Hinton Broth 

(MHB; Becton Dickinson Difco, Franklin Lakes, NJ, USA) and on 

Tryptic Soy Agar (TSA; Oxoid Ltd., Hampshire, UK). For each 

experiment, the bacteria were inoculated and grown overnight in 

MHB at 37°C. The following day, cultures were transferred to fresh 

MHB and grown to the mid-logarithmic phase. 

4.3.2 Antimicrobial Activity 

The determination of the minimum inhibitory concentration (MIC) 

using the two-fold broth microdilution method involves several key 

steps. First, bacterial strains were cultured in an appropriate growth 

medium, Mueller-Hinton Broth (MHB) for E. coli, S. aureus, P. 

aeruginosa and Enterobacteria, while Tryptic Soy Agar was used for 
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Mycobacterium, in both cases were incubated overnight at 37°C. The 

overnight culture was then diluted in fresh broth to achieve a 

standardized inoculum, adjusted to approximately 2 × 106 CFU/mL. 

The antimicrobial compound was serially diluted in a two-fold 

manner in MHB, preparing a series of wells in a 96-well plate, where 

each successive well contains half the concentration of the compound 

compared to the previous one starting from a concentration of 1mM 

for each peptide. An equal volume of the prepared bacterial inoculum 

was then added to each well containing the antimicrobial dilutions, 

usually 100 μL of the bacterial suspension to 100 μL of the 

antimicrobial solution, resulting in a final concentration of 

approximately 1 × 106 CFU/mL. Positive control wells (bacteria 

without the antimicrobial agent) and negative control wells (broth 

only) were included to validate the test. The plate was then covered 

and incubated at 37°C for 24 hours. Following incubation, wells were 

examined for visible signs of bacterial growth, typically indicated by 

turbidity. The MIC is defined as the lowest concentration of the 

antimicrobial agent that prevents visible growth.  

4.4 Bio-Physical characterization   

4.4.1 Circular Dichroism (CD) 

Circular dichroism (CD) spectra of the peptides were recorded using 

a JASCO J-715 spectropolarimeter (Jasco Corporation, Tokyo, 

Japan). The measurements were performed in a 0.1 cm path-length 

quartz cuvette, with the spectra averaging over three scans. The 

instrument was set with the following parameters: a scan speed of 20 
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nm/min, a response time of 4 seconds, and a bandwidth of 2 nm. The 

temperature during the measurements was maintained at 25 °C 

through a Peltier system. Peptide samples were prepared in a 10 mM 

sodium phosphate buffer at pH 7.4, with a peptide concentration of 

60 μM. The peptide CD spectra were collected both in the absence 

and presence of LUVs at lipid concentrations of LP10. For each 

sample, a background blank (buffer or lipid suspension alone) was 

subtracted to account for any extraneous signal.  

4.4.2 Differential Scanning Calorimetry 

Differential Scanning Calorimetry (DSC) experiments were 

performed by means of a nano-DSC from TA Instruments (New 

Castle, DE, USA) Since multi lamellar vesicles (MLVs) have a 

high peak resolution, they were used in all DSC studies. The 

calorimetry vessel was filled with 700 μL of 1 mM vesicle 

suspension (POPE/POPG 70/30), with and without peptide at the 

lipid-to-peptide ratio of 50, 25 and 10. Instead, the refence cell was 

filled with the sodium phosphate buffer. The experiments were 

performed over a temperature range of 20–50 °C, at scan rate of 1 

°C/min. A separate buffer vs. buffer scan was also collected and 

subtracted from the lipid vs. buffer scan. The obtained data were 

analyzed by means of NanoAnalyze software supplied with the 

instrumentation. The reported enthalpy changes of lipid phase 

transitions were normalized by total moles of lipids. Origin software 

(OriginLab, Northampton, MA, USA) was used to visualize the data. 
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4.4.3 Liposome preparation  

Liposomes for various experiments were prepared through a multi-

step process. Lipids stock solutions were prepared by weighting 

appropriate amounts of lipids and dissolving them in a 

chloroform/methanol (2/1 vol/vol) mixture. These stock solutions 

were used to prepare liposomes composed of POPE/POPG (7/3 

mol/mol) by mixing appropriate amounts of the two lipids dissolved 

in the organic mixture. To form lipid films, the organic solvent was 

removed using a stream of dry nitrogen gas. The lipid films were kept 

under vacuum for approximately 5 hours to ensure the complete 

removal of any residual organic solvent. Then, the lipid films were 

hydrated with a given volume of NaP buffer and vigorously vortexed 

to produce a suspension of Multi Lamellar Vesicles (MLVs).  

Typically, liposomes suspensions with a total lipid concentration of 

5 mM (final volume 1 mL) were prepared. For the preparation of 

large unilamellar vesicles (LUVs), the MLVs suspensions were 

extruded 31 times, through a 100 nm polycarbonate membrane using 

a mini-extractor (from Avanti Polar Lipid Inc., Alabaster, USA). For 

the preparation of labeled vesicles (with the probes Laurdan or DPH), 

the fluorescence probes dissolved in DMF (Laurdan) or chloroform 

(DPH) were added to the organic mixture containing lipids and then, 

the same procedure as described above was followed. For DPH, the 

lipid-to-probe ratio was 150. Instead, for Laurdan, the lipid-to probe 

ratio was 30. The resulting LUVs suspensions were subsequently 

used to study peptide binding. 
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Steady-state Fluorescence Spectroscopy 

All the fluorescence experiments were performed by means of a 

Fluoromax-4 from Horiba Scientific (Edison, USA) at the 

temperature of 25 °C using a quartz cuvette with a path length of 1 

cm. 

Binding Experiments 

To evaluate the interaction of the AMP3 peptide with POPE/POPG 

large unilamellar vesicles (LUVs), two experimental approaches 

were employed. The first approach involved monitoring changes in 

the fluorescence intensity of AMP3, due to the Trp residues, by 

recording emission spectra of the peptide in solution. The 

concentration of AMP3 was fixed at 6 μM, while the lipid 

concentration varying in the range 0 to ∼1 mM. The excitation 

wavelength was set at 280 nm, and emission spectra were collected 

over a range of 300 to 450 nm. The slit widths for the excitation and 

emission wavelengths were adjusted to 8 nm and 10 nm, respectively. 

To minimize distortions in the emission spectra caused by light 

scattering from the liposomes, polarizers were used during the 

titration experiments121,139. However, the data proved to be non-

reproducible, likely due to aggregation of AMP3-induced liposomes 

at a low lipid-to-peptide ratio. For this reason, a second approach was 

followed, and the Kx was evaluated by performing quenching 

experiments by using acrylamide (for details, see the paragraph 

below). The experiments were conducted as follows: a solution of 3 

μM of AMP3 was mixed with a vesicle’s suspension of POPE/POPG 

LUVs at total lipid concentration of 30 μM and 150 μM. The samples 
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were then titrated with an aqueous solution of acrylamide at 25 wt% 

where the same amount of peptide and lipids were also present to 

avoid their dilution during the addition. The emission spectra were 

recorded from 310 nm to 450 nm, with the excitation wavelength set 

at 295 nm and using a 1-cm path length quartz cuvette with a 

magnetic stirrer bar. The fluorescence intensity of the sample in the 

presence of acrylamide was corrected for its absorbance at the 

wavelength of excitation, as previously described140. All the 

experiments were performed in 10 mM sodium phosphate buffer, pH 

7.4 and at the temperature of 25 °C. 

Laurdan generalized polarization (GP) 

Fluorescence emission spectra of the probe Laurdan embedded in 

POPE/POPG LUVs were recorded upon excitation at 340 nm and 

collecting the intensity in the range 390-620 nm. The lipid 

concentration was 50 μM and the lipid-to-probe ratio was 30. 

Emission spectra in the presence of AMP3 peptide at concentrations 

of 0, 0.5, 1, 2, 5 and 10 μM were recorded. The generalized 

polarization (GP) parameter was evaluated through the equation: 

𝐺𝑃 =  
𝐹437 − 𝐹500

𝐹437 + 𝐹500
 

where F437 and F500 were the fluorescence intensities in the Laurdan 

emission spectra at 437 nm and 500 nm, respectively. All the 

experiments were performed in a 10 mM sodium phosphate buffer, 

pH 7.4 and at the temperature of 25 °C. 
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DPH fluorescence anisotropy 

Fluorescence anisotropy experiments were carried out for the probe 

DPH embedded in POPE/POPG LUVs. Anisotropy of DPH was 

evaluated at 427 nm upon excitation at 355 nm. The total lipid 

concentration was 50 μM and the lipid-to-probe ratio was 150. 

Experiments were carried out for liposomes in the absence of AMP3 

peptide and in its presence at the concentrations of 0, 0.5, 1, 2, 5 and 

10 μM. All the experiments were performed in a 10 mM sodium 

phosphate buffer, pH 7.4 and at the temperature of 25 °C
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1.1 Harnessing Antimicrobial Peptides for Sustainable 

Surface Protection 

In an era where antimicrobial resistance poses a critical global 

challenge, developing functionalized surfaces with antimicrobial 

peptides offers an innovative and sustainable solution to reduce 

microbial contamination across industries.141 Indeed, AMPs are 

becoming a crucial component in material science researches 

focusing on the development of surfaces capable of actively 

preventing contamination and infection in various fields.142,143 

Inspired by natural defense mechanisms, AMPs are distinguished by 

their selective mechanism: they can target directly harmful 

pathogens, leaving non-target cells intact, a characteristic that 

enhances their effectiveness. Their versatility also allows them to be 

used on a variety of materials, from polymers to metals, textiles, and 

ceramics, transforming everyday surfaces into protective barriers 

against bacteria, viruses, and fungi (Figure 1.1).144 This adaptability 

makes them valuable in improving the safety and durability of 

materials in different applications (Figure 1.2). 

 

Fig. 1.1 Functionalized surface with antimicrobial peptides: cartoon representation 

of AMPs that actively target and neutralize microbial threats, including bacteria, 

viruses and fungi. 



Section 2 - Introduction 
 

105 
 

For example, AMP coatings on medical devices can help 

significantly to reduce infections in hospital environments. Their use 

in food packaging can extend the shelf life of perishable products 

without the need for chemical additives.145 

The AMPs are also distinguished by their biodegradability, which 

addresses the environmental challenges posed by many traditional 

antimicrobial treatments. By preventing biofilm formation and 

controlling microbial growth, they help to create safer and more 

reliable materials that meet the specific needs of high-risk 

environments such as health care facilities, food production facilities 

and biotechnology laboratories. Their ability to combine 

effectiveness and sustainability makes them a milestone for the 

development of new generation antimicrobial-based materials.146,147 

• Applications in the Medical Sector 

In the medical field, materials functionalized with AMPs show 

considerable potential for improving the safety and effectiveness of 

high-contact devices. Materials such as wound dressings, sutures and 

implantable devices benefit greatly from the functionalization with 

AMPs, which provide prolonged antimicrobial protection and reduce 

the risk of infection even in the presence of prolonged exposure. 

Wound dressings enriched with AMPs, for example, release 

antimicrobial agents continuously, creating a sterile environment 

around the wound.148,149 This prolonged action not only prevents 

infections but also accelerates the healing process, as it keeps the area 

free of external contamination, thus reducing the risk of secondary 

infections and improving recovery times and quality. This benefit is 
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particularly important in patients with chronic wounds or difficulty 

in healing, where infection prevention can be a key factor in the 

outcome of treatment. For implantable devices, AMPs prevent 

bacterial adhesion and biofilm formation, two factors that can 

compromise the functionality of the device and require its premature 

removal. As biofilms pose a significant threat to the life of implants, 

the use of surfaces functionalized with AMPs extends the useful life 

of these devices, reducing the need for replacements and improving 

the experience and safety for patients. This application is particularly 

beneficial for patients at risk of post-operative infections, offering a 

safe and long-lasting alternative to conventional antimicrobial 

treatments.150 

• Applications in the Food Industry 

In the food industry, antimicrobial surfaces functionalized with 

AMPs offer significant advantages for food safety, as they help to 

reduce microbial contamination in processing areas and on food 

contact surfaces.151 Coating based on AMPs on these surfaces 

inhibits bacterial growth, improving the preservation of food and 

reducing the risk of contamination that can compromise consumers 

health. This application responds to the growing demand for safe and 

sustainable food handling practices, especially in food processing 

and production facilities where microbial contamination is a high 

risk.152 Furthermore, surfaces functionalized with AMPs can help to 

prolong the shelf life of food products, reducing the likelihood of 

spoilage and waste, thus improving the sustainability of the entire 

production process.153 
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• Aspects of Environmental Sustainability 

The effectiveness of AMPs is not limited to antimicrobial protection 

but extends to environmental sustainability. As biodegradable 

compounds, AMP degrades naturally without leaving toxic residues, 

unlike conventional antimicrobial treatments. This minimizes 

ecological damage and aligns with the objectives of companies 

seeking to reduce the environmental impact of their products. In 

addition, their production processes can often be designed to use 

renewable resources and environmentally friendly methods, 

reducing dependence on harmful chemicals and lowering the overall 

carbon footprint. These properties position AMPs as a forward-

looking solution for sustainable applications.154  

 

Fig. 1.2 Antimicrobial membranes as versatile tools for diverse applications: This 

illustration highlights their potential in critical fields such as biomedical devices, 

food packaging, and environmental sustainability. These advanced materials 

enhance healthcare safety, improve food preservation, and contribute to eco-

friendly microbial control solutions. 
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1.2 Biohybrid materials and functionalization methods 

Based on the remarks, the functionalization of materials with 

antimicrobial peptides represents an innovative and environmentally 

friendly solution for developing surfaces with advanced 

antimicrobial properties.  

AMPs can be applied for the development of a variety of useful 

bioactive materials. Bioactive hybrid materials represents an 

important progress in the field of biomaterial science, aimed to 

develop surface with antimicrobial properties.155,156 To obtain hybrid 

materials based on AMPs with desired characteristic, is important 

that the synthetic process is made up by controlled reactions aimed 

at preserving the bioactivity of the peptides. 

Indeed, despite the many benefits and promising applications of 

AMPs in materials science, there are still several challenges that 

require further exploration and optimization. One of the main 

challenges is the long-term stability of AMPs once they are 

integrated into materials. Environmental factors such as heat, 

humidity and UV exposure can degrade the peptides, reducing their 

effectiveness over time. Strategies such as encapsulation in 

protective coatings or integration into resistant polymer matrices 

could mitigate these effects, extending their functionality in different 

environments. The integration of AMPs with smart materials, 

capable of responding to environmental stimuli such as temperature 

or pH variations, could lead to the development of adaptive surfaces, 

able to activate antimicrobial properties only when necessary.157  In 

addition, ensuring biocompatibility and minimizing potential 
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cytotoxic effects is crucial, especially for medical applications.158 

Careful evaluation of their interaction with cells is also necessary, 

and strategies to modify peptides to increase their selectivity towards 

microbial membranes without damaging host cells are needed. The 

development of hybrid systems, combining AMPs with other 

biocompatible materials such as hydrogels or biodegradable 

polymers, is a promising solution to achieve this balance. 159–161 

Material functionalization employs various methods, and the choice 

is based on the intrinsic properties of both peptides and polymer 

surface as well as the intended application. Recent studies have 

focused on optimizing functionalization strategies to enhance 

material performance and bioactivity.162,163 

In the following, some of the most advanced and promising 

approaches for achieving efficient and durable peptide-based surface 

functionalization are discussed.164,165 

Integration of peptides into materials by covalent interactions can be 

obtained by methods such as grafting to, grafting from, and grafting 

through (see Figure 1.3). These procedures allow to control the 

distribution and stability of peptides, improving the effectiveness of 

antimicrobial coatings in medical and industrial applications.166 

• Grafting to: This strategy involves synthesizing a polymer 

separately and then attaching peptides via covalent bonds to 

functional groups on the polymer. While it offers the advantage 

of high peptide density and precise control of bioactive sites, it 

can encounter steric limitations. The accessibility of inner 

functional groups can be reduced, which may affect binding 
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efficiency. Thiol-mediated conjugation represents a specific 

approach of this strategy for immobilizing AMPs onto various 

surfaces by leveraging the reactivity of thiol groups to form 

stable covalent bonds with thiol sensitive functionalities inserted 

on the surfaces. Surfaces such as silica or polymers are typically 

activated via treatments like UV/ozone exposure or chemical 

modifications, to introduce reactive groups capable of interacting 

with thiol-bearing AMPs. Conjugation is achieved primarily 

through two approaches: Thiol-Ene Click Chemistry, a 

photochemical reaction enabling rapid AMP attachment, and 

Thiol-Maleimide Conjugation, a one-pot reaction that facilitates 

AMP immobilization on maleimide-functionalized surfaces, 

improving the efficiency and stability of the peptide attachment 

process. 167,168 

• Grafting from: The peptides act as initiators for the 

polymerization process, where monomers are added around the 

peptide, allowing controlled growth of the polymer chain. This 

method supports customization of polymer size and architecture, 

producing a stable peptide-polymer conjugate. However, the 

polymerization conditions must be strictly controlled to maintain 

the structure and bioactivity of the peptides, limiting some 

application areas. In the context of advanced polymerization 

techniques, Atom Transfer Radical Polymerization (ATRP) 

serves as a prime example of a well-controlled and versatile 

polymerization method. ATRP is a living radical polymerization 

process catalyzed by a transition metal complex, which generates 

radicals from an initiator molecule containing halogen atoms. 



Section 2 - Introduction 
 

111 
 

The initiator, typically an alkyl halide, facilitates the growth of 

polymer chains from each halogen atom within its structure. The 

key to ATRP's precision lies in the equilibrium between 

propagating radicals and dormant species. This equilibrium is 

maintained by the reversible formation of radicals from dormant 

species and their exchange with the transition metal complex. As 

a result, ATRP enables the production of polymers with a low 

polydispersity index, ensuring uniform chain lengths and access 

to high molar mass polymers.169,170 

• Grafting through: In this approach, peptides are incorporated 

directly into the polymer’s monomeric units and serve as building 

blocks during polymerization (Figure 1.3). The peptide must be 

functionalized with at least one "polymerizable" group. It allows 

the synthesis of polymers with a high level of peptide repeats, 

giving the final polymer completely new characteristics resulting 

from the properties of the peptide. This strategy is theoretically 

customizable since different peptides bearing a polymerizable 

part can be combined in a desired ratio and copolymerized 

entirely with the same chemistry. This technique ensures that 

bioactive sites on the peptide remain accessible while allowing 

specific control over concentration and orientation. This results 

in a homogenous distribution of bioactive peptides along the 

polymer, yielding a highly functionalized material with enhanced 

antimicrobial or bioactive properties. This strategy is particularly 

useful for biomedical applications, as it provides a high degree of 

peptide density and uniformity in bioactivity across the surface. 

An effective example of this approach is interfacial 
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polymerization, in which the peptide acts as a macromonomer. It 

involves a chemical reaction at the interface between an aqueous 

solution containing one monomer and an organic solution 

containing a second monomer. The reaction takes place by 

condensation, with the monomers spreading towards the 

interface, where they chemically bind to form a thin polymer 

film. During interfacial polymerization to form the 

functionalized fiber, the antimicrobial peptide is dissolved in the 

aqueous phase. This allows the incorporation of the peptide into 

the polymeric structure during the reaction at the interface. The 

result is a functionalized fiber with integrated antimicrobial 

properties thanks to the presence of the peptide. This technique 

has been used to create filtration membranes, protective coatings 

and microcapsules, due to the possibility of controlling the 

thickness and properties of the polymer by adjusting the reaction 

conditions. 171,172 
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Fig. 1.3 The three primary grafting strategies for polymer functionalization: (1) 

grafting-to, where functional groups on the backbone react with complementary 

functional monomers; (2) grafting-from, where polymerization occurs from 

initiators attached to the backbone; and (3) grafting-through, where 

macromonomers are polymerized directly. The peptide chains are depicted in cyan 

while the polymer structure is depicted in pink. Adapted from Varlas et al., Getting 

into Shape: Reflections on a New Generation of Cylindrical Nanostructures' Self-

Assembly Using Polymer Building Blocks173. 

An alternative to covalent functionalization methods is non-covalent 

functionalization, a strategy which is equally relevant and worthy of 

attention. The non-covalent functionalization is usually achieved by 

adsorption via weak interactions on activated, or non-activated 

polymers. 166 Some examples of this approach are described below. 

https://www.researchgate.net/publication/330704397_Getting_into_Shape_Reflections_on_a_New_Generation_of_Cylindrical_Nanostructures'_Self-Assembly_Using_Polymer_Building_Blocks
https://www.researchgate.net/publication/330704397_Getting_into_Shape_Reflections_on_a_New_Generation_of_Cylindrical_Nanostructures'_Self-Assembly_Using_Polymer_Building_Blocks
https://www.researchgate.net/publication/330704397_Getting_into_Shape_Reflections_on_a_New_Generation_of_Cylindrical_Nanostructures'_Self-Assembly_Using_Polymer_Building_Blocks
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• Self-Assembled Hybrid Peptide-Polymer Systems 

Hybrid systems based on peptides and polymers can self-

assemble in well-organized structures such as nanofiber and 

hydrogel, which are able to retain or even increase bioactivity and 

mechanical stability. These supramolecular architectures, which 

reflect natural biological structures, are effective for developing 

biosensors and antimicrobial films. The combination of natural 

and synthetic peptides in these systems provides enhanced 

interaction with cells, making them ideal for wound treatment 

and tissue regeneration.173  

• Surface engineering  

The regulation of the orientation and density of peptides on the 

surfaces is crucial for optimizing interactions with cells or 

pathogens. Multi-functional hydrogel studies, such as those 

based on star-structured polyethylene glycol (starPEG) 

integrated with AMP, show that these materials improve cell 

adhesion and support tissue integration. Enzyme- or mechanical 

stress-sensitive peptides for controlled degradation, essential for 

applications in drug delivery systems and tissue supports, may be 

incorporated. 174 

In summary, functionalizing surfaces with antimicrobial peptides 

presents a multifaceted approach to preventing bacterial adhesion 

and infection. The integration of advanced conjugation techniques, 

careful selection of peptides, and thorough evaluation of 
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biocompatibility and efficacy are essential steps in developing 

effective antimicrobial coatings for various applications.175,176  

1.3 Bioactive hybrid materials for membrane 

development 

The development of advanced membranes has become a cornerstone 

in addressing global challenges in medicine, environmental 

sustainability and industrial processes. Membranes act as a versatile 

platform, allowing targeted solutions for critical applications such as 

filtration, water purification, antimicrobial protection and controlled 

substance release.177 Their ability to be designed at the micro and 

nanometric scale makes them particularly suitable for integrating 

functionalities such as antimicrobial activity, increased mechanical 

resistance and customized permeability.  

Membranes are an integral part of a wide range of applications due 

to their ability to selectively separate, filter and interact with various 

substances.178,179 In the healthcare sector, antimicrobial membranes 

are essential for infection prevention, especially in wound dressings, 

implantable devices and filtration systems. In environmental 

engineering, membranes play a key role in water and air purification, 

responding to the urgent need for sustainable and effective filtration 

technologies.180 The incorporation of bioactive agents, such as 

AMPs, amplifies their usefulness by transforming membranes into 

active systems capable not only of filtering contaminants but also of 

actively neutralizing microbial threats. This functionalization is 

particularly important in an era of increasing antimicrobial 



Section 2 - Introduction 
 

116 
 

resistance, where traditional approaches to disinfection and 

sterilization are becoming less effective.181  

Understanding the principles behind membrane development has 

highlighted the need to examine advanced techniques for membrane 

production. Among these, two approaches of particular relevance are 

electrospinning, which allows to obtain membranes with a 

nanofibrous structure and highly controllable characteristics, and 

phase inversion, a well-established methodology that allows the 

formation of defined morphologies through the regulation of process 

parameters.182,183The main aspects of both techniques are described 

in the following paragraph.  

1.3.1 Electrospinning in membrane manufacture 

Electrospinning is a highly versatile technique to produce nanofiber 

membranes with unique structural and functional characteristics. 

This technique involves the application of a high voltage to a 

polymer solution or a molten mass, generating a load jet that extends 

and solidifies into ultrafine fibers deposited on a collector. The 

resulting membranes have nanoscale characteristics, including high 

porosity, interconnected pore structures and a huge surface-area-

volume ratio, making them ideal for applications requiring efficient 

interaction with their environment. The advantages of 

electrospinning for the development of antimicrobial membranes are 

manifold.184,185 Nanofibrous structures may maximize the exposure 

of functional agents such as antimicrobial peptides (AMP), ensuring 

their antimicrobial efficacy and making them particularly suitable for 

biomedical applications. The high porosity of these membranes also 
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allows for excellent breathability, which is critical in applications 

such as air filtration and protective fabrics. In addition, 

electrospinning provides precise control over fiber morphology, 

allowing adjustment of mechanical properties, pore size and fiber 

alignment to meet specific application requirements.186 

1.3.2 Characteristic of phase inversion 

Phase inversion, unlike electrospinning, produces dense and 

asymmetrical membranes characterized by controlled porosity and 

high mechanical strength.187 Phase inversion involves the transition 

of a polymer solution from a liquid to a solid state through controlled 

demisting, usually achieved by solvent evaporation, immersion in a 

non-solvent bath or temperature change. The process produces 

membranes with a gradient structure, often characterized by a dense 

top layer supported by a porous substrate, which provides an 

excellent balance of selectivity and mechanical durability. 

Phase inversion membranes are particularly suitable for applications 

requiring precise control of filtration and separation processes 184. 

Their asymmetric structure allows for selective permeability, making 

them ideal for water treatment, gas separation and medical filtration 

devices. When functionalized with AMP, these membranes offer dual 

functionality: physical separation of contaminants and active 

microbial neutralization. The dense top layer acts as a barrier to 

particles, while the embedded AMPs actively disrupt microbial cell 

membranes, improving the mechanochemical properties. Phase 

inversion membranes are also robust and can withstand harsh 
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operating conditions, such as high pressures and prolonged exposure 

to harsh environments.183,188 

1.4 Aim of the thesis: Section 2 

This section illustrates the approaches applied in this PhD project to 

develop an advanced antimicrobial membrane. The peptide 

sequences generated by DL-tools and deeply characterized, as 

discussed in section 1, were assayed for real-world applications by 

investigating their behavior upon immobilization on Nylon, by a 

grafting through strategy. Part of these activities were performed in 

collaboration with SAATI S.p.A. The AMP3 peptide has been 

identified as the most promising sequence in the series of candidates, 

because of its high and broad antimicrobial activity, and 

demonstrated ability to interact effectively with bacterial membranes 

(Section 1). Thus, this sequence was selected for practical 

implementation and development of the biohybrid material. 

By exploiting the presence of the lysine residue at the N-terminus of 

the AMP3 sequence, it was possible to insert this peptide into nylon 

by the grafting through strategy.   

Complete characterization of the functionalized membrane was 

performed, assessing their structural integrity, chemical stability and, 

most importantly, antimicrobial efficacy. The insertion of AMP3 into 

the polymer converts the Nylon 6,6 into a bioactive and functional 

barrier that inhibits the proliferation of bacteria Direct tests on 

clinically relevant bacterial strains provide convincing evidence of 

the membrane’s ability to inhibit microbial growth. 
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AMP3 for the development of biohybrid materials. 

Based on the consideration discussed in the previous sections and in 

line with the objective of developing an antimicrobial bioactive 

membrane, a Peptide-Nylon hybrid biomaterial was synthesized and 

characterized. To this end, the Grafting through strategy was selected 

as it offers several significant advantages compared to alternative 

methods, including post-functionalization. By immediately 

incorporating the functional component into the polymer matrix 

during polymerization, the necessity for further operations is 

eliminated, thereby decreasing both time and costs. Besides 

guaranteeing a uniform distribution of the functional component 

within the matrix, mitigating the reactivity fluctuations characteristic 

of post-functionalization, and ensuring consistent properties across 

the membrane, covalent integration achieved by grafting through 

strategies enhances chemical and physical stability, thereby 

diminishing the likelihood of release or degradation of the functional 

component. In contrast, post-functionalization may result in weaker 

bonds and a subsequent decline in efficacy. This technique more 

effectively maintains the original qualities of the material, including 

crystallinity, thermal stability, and mechanical characteristics, hence 

preventing modifications that may arise from post-functionalization. 

It enables regulation of the integrated component quantity, enhancing 

process efficiency and minimizing waste. Ultimately, grafting 

through strategy could be more readily scalable and reproducible at 

an industrial level, since it allows the production of the polymer in 

one stage, thus diminishing the number of operation steps needed for 

post-functionalization. 
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The AMP3 peptide (KRWWRWWRR-NH2), derived from DL tools, 

was integrated within the polymer nylon matrix. In the following 

paragraph, the behaviour of nylon and the synthesis of AMP3-Nylon 

are discussed.  

2.1 Nylon: A Versatile Polymer for Industrial and 

Biomedical Applications 

Nylon is a synthetic polymer composed of repeating amide bonds, 

typically derived from monomers such as hexamethylenediamine 

and adipic acid (in the case of Nylon 6,6) or from the condensation 

of caprolactam (in the case of Nylon 6). It is widely used for 

applications ranging from clothing to medical devices due to its 

numerous distinctive advantages over other polymers.189 Nylon 

differs from other polymers thanks to its mechanical resistance, a 

great advantage compared to polymers such as polyethylene and 

polypropylene, which have lower performance in terms of strength. 

Nylon has optimal thermal stability, keeping its structure even at high 

temperatures. This advantage is especially significant in industrial 

settings were materials encounter temperature fluctuations. Nylon 

maintains its strength at around 200°C, making it suitable for 

applications requiring durability in hot environments. Thanks to its 

chemical structure, Nylon can be easily modified to achieve specific 

properties such as moisture resistance or reduced friction. This 

versatility is not common in many other polymers and allows Nylon 

to be adapted for applications. The possibility of using strategies such 

as functionalization with reactive groups or integration with 

biomolecules allows for customized materials with unique properties 
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that combine bioactivity and mechanical durability. In fact, this has 

made the polymer emerge also for biocompatibility; this important 

characteristic allows the use of the polymer in medical stuff. The use 

of functionalized Nylon with peptides and other bioactive molecules 

has shown promising developments in applications such as sutures, 

dressings, and prosthetics. For example, Nylon can be modified to 

have antibacterial properties or improve cell adhesion, which is 

essential for implantable medical devices. Due to its ability to be 

chemically modified, it can be adapted to meet specific industrial and 

biomedical needs, proving itself a valuable resource in many sectors. 

2.1.1 Comparison of Nylon 6,6 and Nylon 6,10 

To achieve the aim of the work, preliminary studies were performed 

by synthesizing both Nylon 6,6 and Nylon 6,10 using the interfacial 

polymerization strategy (see details in the Experimental Section). 

Nylon 6,6 is obtained from hexamethylenediamine and adipic acid, 

while Nylon 6,10 is synthesized from hexamethylenediamine and 

sebacic acid. The comparison between Synthesized Nylon 6,6 and 

Nylon 6,10 highlights key differences in their physico-chemical 

properties due to the changes in molecular structure and length of 

monomeric chains. Indeed, the sebacoyl chloride for Nylon 6,10 

having a longer carbon chain than the adipoyl chloride, gives to 

Nylon 6,10 a greater flexibility but also a lower crystalline density 

than Nylon 6,6.190  

Both polymers were characterized by several techniques. The wide-

angle X-ray diffraction profiles (WAXS) of the polymers obtained 

were made using a MALVERN PANALYTICAL EMPYREAN. 
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WAXS analysis confirmed the semi-crystalline nature of both 

polymers, showing for Nylon 6,6 two main diffraction peaks at 2θ of 

about 20.2° and 24.0°, associated with the crystalline form α, which 

guarantees high rigidity and structural stability. Nylon 6,10 shows 

peaks at 2θ of 20.13° and 24.11°, with a weak presence of crystals at 

21.3°, indicative of a less dense and more flexible structure.191,192 

(Figure 2.1) 

 

Fig. 2.1 X-ray diffraction (WAXS) profiles of Synthesized Nylon 6,6 (A) and 

Nylon 6,10 (B), showing distinct crystallinity patterns. Nylon 6,6 displays 

prominent α-phase peaks, while Nylon 6,10 reveals additional peaks indicating 

minor γ-phase content, reflecting structural differences due to monomer 

composition. 

These obtained data, in combination with the DSC thermogram 

(Figure 2.2), highlight the notable differences of the polymers’ fusion 

points. The DSC analysis was performed with the METTLER DSC 

822. DSC thermograms of first heating, cooling and second heating 

were recorded using a scan speed of 10°C/min. 
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Fig. 2.2 DSC thermograms for Synthesized Nylon 6,6 (left) and Nylon 6,10 (right) 

show the first heating (a), cooling (b), and second heating (c) cycles. Differences 

in melting and crystallization temperatures highlight the distinct thermal behaviors 

and stability of each polymer. 

Regarding Synthesized Nylon 6,6 there are two primary endothermic 

peaks in the initial heating thermogram (Figure 2.2, curve a). The 

first peak at about 63°C is probably due to the removal of volatile 

compounds from the sample, while the second peak at about 255°C 

is due to polymer melting. The polymer crystallizes from the melt at 

about 231 °C (Figure 2.2, curve b) and then remelts during 

subsequent heating (Figure 2.2, curve c) at about 256 °C. Table 1 

reports the parameters derived from the DSC analysis.  

Table 1 Values of temperatures and enthalpy of first and second fusion (TI
m  ΔHI

m  

TII
m  ΔHII

m) and crystallization (Tc  ΔHc) of the sample of Synthesized Nylon 6,6. 

 

 

 

Synthesized 

Nylon 6,6 

TI
m 

(°C) 

ΔHI
m 

(J/g) 

Tc 

(°C) 

ΔHc 

(J/g) 

TII
m 

(°C) 

ΔHII
m 

(J/g) 

63.4 

255.3 

-343.8 

-39.6 

230.7 47.4 255.7 -47.8 
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For Synthesized Nylon 6,10 in the first heating thermogram (Figure 

2.2, curve a), there are two endothermic peaks. The first peak at about 

129°C and the second peak at 244°C are probably due to the removal 

of volatile compounds from the sample; the polymer melting occurs 

at about 173°C. The polymer crystallizes from the melt at about 175 

°C (Figure 2.2, curve b) and then remelts during the next heating 

(Figure 2.2, curve c), at about 202 °C. The parameters obtained from 

the DSC analysis are shown in Table 2. These values indicate that 

Synthesized Nylon 6,6 is preferred for applications requiring 

resistance to intense thermal conditions. 

Table 2 Values of temperatures and enthalpy of first and second fusion (TI
m ΔHI

m  

TII
m  ΔHII

m) and crystallization (Tc  ΔHc) of the sample of Synthesized Nylon 6,10. 

 

Given its use in contexts that require high thermal and mechanical 

performance, it was considered a priority to characterize in detail the 

Synthesized Nylon 6,6, keeping the focus of investigations on this 

polymer to maximize the effectiveness of analyses in relation to the 

objectives of the project. Thus, further characterization was 

performed, including TGA and the measurement of intrinsic 

viscosity. The TGA is an analytical technique used to assess the 

thermal stability of the material by monitoring mass loss as a function 

Synthesized 

Nylon 6,10 

TI
m 

(°C) 

ΔHI
m 

(J/g) 

Tc 

(°C) 

ΔHc 

(J/g) 

TII
m 

(°C) 

ΔHII
m 

(J/g) 

128.7 

173.0 

244.0 

-243.5 

-15.16 

-19.6 

175.3 64.6 202.7 -58.1 
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of temperature. In the case of Nylon, TGA allows thermal 

decomposition behaviour to be observed and the temperature at 

which the material begins to degrade to be identified. The TGA curve 

of the Synthesized Nylon 6, 6 (Figure 2.3), performed with PERKIN 

ELMER TGA 4000, shows a 10% loss in weight over a temperature 

range between 30°C and 73°C, corresponding to the removal of 

volatile components from the sample. The degradation temperature 

of the polymer, estimated as a temperature at which a loss in weight 

of 50% compared to the initial weight (T50%) is observed, is equal to 

395°C. At 700°C there is a residue (10%) of undegraded sample.193  
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Fig. 2.3 Nylon 6,6 sample TGA curve recorded in the temperature range 30-700° 

under nitrogen flow (50 ml/min), using a scan speed of 10 °C/min. 

Viscosity measurements were made at 25 °C using a capillary 

viscometer from Ubbelohde. For viscosity measurements, 90% 

formic acid was selected as the solvent because in this solvent the 

Mark-Houwink constants (K ed a) for Nylon 6,6 are tabulated at a 

temperature of 25°C.194  
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These constants are necessary for the calculation of the mean 

viscosity molecular mass ( 𝑀𝑣 ) from the intrinsic viscosity [η] (Eq. 

1). 

[η] = 𝐾𝑀𝑣
 𝑎  (Eq. 1) 

Viscosity measurements were made by recording the efflux times of 

the pure solvent and the efflux times of 5 solutions of Synthesized 

Nylon 6,6 in formic Acid 90% at different concentrations, ranging 

from 0.1 to 0.5 g/dl. The specific, reduced, relative and inherent 

viscosities were evaluated from the efflux times of the pure solvent 

(t0) and solutions at different concentrations (t). The results obtained 

are shown in Table 3. 

Table 3 Viscosity measurement results: specific (ηsp), relative (ηrel) reduced (ηred) 

and inherent (ηinh) efflux times and viscosities calculated from the efflux times 

using the equations given in the table. t0 is the efflux time of the pure solvent; t is 

the efflux time of the solutions at different concentrations c. 

    

The intrinsic viscosity [η], estimated by the average of the intercept 

with the ordinate axis of the two lines that best interpolates the data 

of the inherent (ηinh) and reduced (ηred) viscosity as a function of the 

concentration (Figure 2.4), is equal to (0.98 ± 0.05) dl/g. 

c (g/dl) Efflux 

Time 
 ηsp =  

(t-t0)/t0 

ηrel = 

t/t0 

ηred = 

 ηsp /c 

ηinh = 

ln ηrel  /c 

Blank 146.34      

0.101  160.79  0.099 1.099 0.977 0.932 

0.201  176.08  0.203 1.203 1.01 0.920 

0.302  194.21  0.327 1.327 1.08 0.937 

0.403  204.32  0.396 1.396 0.98 0.828 

0.497  223.03  0.524 1.524 1.05 0.840 
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Fig. 2.4 Graph of inherent (ηinh) and reduced (ηred) viscosity as a function of 

concentration for the sample Synthesized Nylon 6,6 in formic acid 90% at 25 °C. 

Intrinsic viscosity [η] shown in the graph is the mean value of the intercept with 

the axis of the ordinates of the two lines interpolating the experimental data of ηinh 

and ηred as a function of concentration. 

In conclusion, the comparison between Synthesized Nylon 6,6 and 

Nylon 6,10 shows that the choice of monomer significantly affects 

the structural, thermal and mechanical properties of the resulting 

polyamides. Synthesized Nylon 6,6, thanks to its more compact 

molecular structure and crystallinity, demonstrates superior thermal 

stability and mechanical strength.  

2.2 AMP3-Nylon synthesis  

Based on the previous results, Nylon 6,6 was selected for its 

exceptional mechanical strength and stability, qualities that facilitate 

effective integration with the peptide and ensure the durability of the 

composite material.195 To prepare the AMP3-Nylon biomaterial, the 

Grafting through strategy was the method employed. The presence 

of the Lys residue at the N-terminus facilitates the incorporation of 

the peptide into the nylon structure.196 In the polymerization reaction, 
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the aliphatic diamine is substituted by the peptide containing two 

primary amino groups: one provided by the N-terminal amine and 

the other by the amine group of the lysine side chain (Figure 2.5).  

The synthesis of the bioactive nylon was performed by reacting 

adipoyl dichloride with peptide sequences combined with the 1,6-

diaminohexane building block, resulting in modified nylon 6–6. A 

1% mol of peptide relative to the diamine used in the polymerization 

process was used (see experimental methods). This method allows 

the AMP3 peptide to be directly incorporated into the polymer matrix 

through covalent binding. This means that the peptide becomes an 

intrinsic component of the Nylon network, with a uniform and stable 

distribution that can preserve its chemical and physical properties 

even under conditions of prolonged use. 197,198,199 

 

Fig 2.5 Schematic representation of the synthesis process for an AMP3-Nylon 

fiber. The reaction involves bioactive diamino peptide, 1,6-diamino hexane, and 

diacyl chloride as precursors. The resulting polymeric material is extracted as a 

continuous fiber, as shown in the experimental setup on the right, illustrating the 

formation of bioactive functionalized fibers.  
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2.3 AMP3-Nylon structural characterization 

To fully assess the properties of the synthesized materials, a detailed 

characterization was performed on both the unmodified polymer and 

the peptide-functionalized polymer, also comparing them with 

Commercial Nylon 6,6. This analysis aimed to assess the structural, 

thermal, mechanical, and antimicrobial properties, providing a 

complete understanding of the effects introduced by peptide 

integration. By comparing the unmodified polymer with the 

functionalized counterpart, it was possible to determine to what 

extent the incorporation of the peptide affected the performance of 

the polymer. A combination of advanced analytical techniques has 

been employed to ensure robust and multidimensional 

characterization. The results provide critical information on the 

functionalization process and its impact on the overall properties of 

the material.  

The UV-Vis analysis highlighted the incorporation of peptide into the 

Nylon compared to pure Nylon, as shown by the comparison between 

the two samples (Figure 2.6). The UV absorption spectrum of the 

AMP3-Nylon shows a distinct band at 280 nm, while it is absent in 

the un-functionalized Nylon. This band is attributable to the presence 

of  the Trp residues in the bioactive peptide, which specifically 

absorb at this wavelength.200 This comparison also suggests that the 

peptide retains its distinctive spectroscopic properties within the 

polymer matrix. 
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Fig. 2.6 UV spectrum of pure Nylon and AMP3-Nylon samples at a concentration 

of 1.5 mg/mL in TFE. The AMP3-Nylon sample shows an absorption band at 280 

nm, attributable to the Trp residue present in the peptide, confirming the integration 

of the peptide into the Nylon matrix. 

To evaluate the impact of the incorporation of the peptide into the 

Nylon matrix on the crystalline structure of Synthesized Nylon 6,6, 

the analysis WAXS was performed. It consents to obtain detailed 

information on the crystal arrangement, providing a complete study 

of the structural changes induced by the functionalization of the 

polymer. In the WAXS profile shown below (Figure 2.7), there are 

two main diffraction peaks emerging from a halo due to amorphous 

component scattering, confirming that the presence of the peptide 

does not alter the semi-crystalline nature of the polymer. In 

particular, the observed values of 2θ, equal to 20.2 and 24.0° (λ = 

1.5418 Å), correspond to the reflections 100 and 010/110 of the form 

α of Nylon 6,6. 
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Fig. 2.7 WAXS profile of Synthesized Nylon 6,6 (right) and AMP3-Nylon 6,6 

(left). The peak around 32° is due to the solid support used. 

Moreover, the DSC analysis was performed on the functionalized 

polymer, and the results compared with the Synthesized Nylon 6,6. 

DSC thermograms of first heating, cooling and second heating were 

recorded using a scan speed of 10°C/min. The analysis of the 

Commercial Nylon 6,6, Synthesized Nylon 6,6 and AMP3-Nylon 

showed that the incorporation influences the vitreous transition (see 

Figure 2.8). AMP3-Nylon has a vitreous transition at lower 

temperatures than the sample without peptide, suggesting an increase 

in polymer matrix flexibility, probably due to an interaction of the 

peptide with polymer chains which reduces overall stiffness. In 

addition, the thermograms of Synthesized Nylon 6,6 and AMP3-

Nylon exhibit an initial endothermic peak, attributable to the 

presence of a volatile component, which is absent during the second 

heating cycle. This behaviour likely indicates water absorption 

during the synthesis process, which is subsequently released upon 

initial thermal treatment. Finally, from the analysis of the 

thermograms obtained, it can be stated that the inclusion of the 
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peptide in the polymeric matrix does not affect the capacity of the 

polymer to recrystallize from the molten state.  In fact, the peptide, 

although incorporated into the system, does not significantly 

interfere with the thermodynamic and kinetic processes that regulate 

the recrystallization of the polymer.  

 

Fig. 2.8 Comparison of DSC thermograms for the samples: (A) Commercial Nylon 

6,6, (B) Synthesized Nylon 6,6, (C) AMP3-Nylon. The labels (a), (b), and (c) 

correspond to the first heating, cooling, and second heating cycles, respectively. 

The graphs illustrate variations in thermal behaviour, highlighting differences in 

Tm , Tc and ΔH among the analyzed materials. 
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Table 4 reports the data obtained from DSC analysis.  

Table 4 Comparison of cooling and melting temperatures between Commercial 

Nylon 6,6, synthesized one and AMP3-Nylon. 

 
Tc (°C) Tm (°C) 

Commercial Nylon 6,6 230,19 264,09 

Synthesized Nylon 6,6  224,97 249,24 

AMP3–Nylon  222,77 249,63 

 

The characterization on the synthesized peptide-functionalized 

Nylon revealed that the incorporation of AMP3 into the Nylon 6,6 

matrix successfully preserves the intrinsic structural and functional 

properties of the polymer. UV-Vis spectroscopy confirmed the 

effective integration of the peptide, as evidenced by the 280 nm 

absorption peak attributable to Trp residues. The WAXS analysis 

showed that the semi-crystalline nature of Nylon 6,6 remained 

unchanged, without any significant disturbance to its crystal 

structure. DSC analysis has evidenced subtle changes in thermal 

behaviour, particularly a reduction in the glass transition temperature 

of the peptide-functionalized polymer, indicating increased 

flexibility due to peptide integration. In addition, the ability of the 

polymer to recrystallize from the molten state remained intact, 

underlining the peptide’s compatibility with the polymeric matrix. 

Together, these results confirm the success of the functionalization 

process. 
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2.4 AMP3-Nylon films preparation and 

characterization  

To assess the feasibility of the biohybrid peptide-nylon material for 

industrial applications, a laboratory-scale proof of concept was 

established. This initial study aimed to synthesize and characterize 

polymers, produce films under controlled conditions and analyze 

their structural and functional properties. The results obtained 

provide indications of their scalability and suitability for further 

development. Films of Synthesized Nylon 6,6 and AMP3-Nylon 

were prepared. by drop-casting approach. To produce the films, 20.0 

mg of polymer were dissolved in 1.0 mL of TFE. The solubilization 

process was facilitated using a magnetic stirrer plate and, where 

necessary, sonication was used to improve dissolution. To produce 

films, 1.0 mL of the resulting solution was distributed on weighing 

boats with a bottom surface of 3x3cm, placed on a rotating platform 

to ensure uniform distribution, and allowed to evaporate overnight 

under ambient conditions. The resulting films were then analyzed by 

SEM to assess their morphology and structure. Concurrently, the 

antimicrobial activity of the films was verified, demonstrating their 

functional potential.  

SEM images (Figure 2.9) show the morphology of the top and 

bottom surfaces of the synthesized films. The upper surface appears 

more irregular, with a clear porosity distribution. This porous 

structure is attributed to the kinetics of solvent evaporation during 

film formation. Conversely, the lower surface has a more uniform 

and compact morphology. This is due to the interface between the 



Section 2 – Results and Discussion 
 

136 
 

film and the substrate used during the evaporation process. However, 

the lack of porosity on the bottom surface could improve the 

mechanical strength and stability of the film. The difference between 

the two surfaces highlights the importance of process conditions, 

such as evaporation rate and interaction with substrate, in 

determining the final structure of the material.  

 

Fig. 2.9 SEM images of the Synthesized Nylon 6,6 films showing the porous top 

surface (upper panels) and the compact bottom surface (lower panels). The 

structural differences are attributed to evaporation kinetics and substrate 

interaction during film formation. 

A preliminary analysis was conducted to assess the antimicrobial 

activity of the Synthesized Nylon 6,6 and AMP3-Nylon films against 

E. coli. The assay procedure involved applying 20 μl of a 

standardized bacterial suspension to the surfaces, followed by the 

assessment of bacterial viability at two time points: after 3 minutes 

(considered as t=0h) of wetting, which ensures that the inoculum is 

well adhered to the surface before measurements start, and after a 30-
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minute (t=0.5h) exposure period. In the following table (Table 5) are 

shown the results of the essays. 

Table 5. Bacterial viability after contact with Synthesized Nylon 6,6 and AMP3-

Nylon membranes at different time intervals (t=0h and t=0.5h, 3 and 30 minutes, 

respectively). Values are expressed as a percentage of initial viability at t=0h for 

each condition.  

1st 

SYNTHESIZED 

NYLON 6,6 
AMP3-NYLON 

t=0h 100% 34,94% 

t=0.5h 73,78% 45,67% 

2nd 

SYNTHESIZED 

NYLON 6,6 
AMP3-NYLON 

t=0h 100% 17,50% 

t=0.5h 89,64% 37,74% 

 

The percentages represent relative viability with respect to the initial 

condition, with t=0h for Synthesized Nylon 6,6 taken as a reference 

at 100%. Across both experiments, AMP3-Nylon consistently 

demonstrates a pronounced reduction in bacterial viability compared 

to Synthesized Nylon 6,6. At t=0h, bacterial viability for AMP3-

Nylon is significantly lower (ranging from 17.50% to 34.94%), 

highlighting its immediate antimicrobial effect. At t=0.5, 

Synthesized Nylon 6,6 shows a bacterial viability between 73.78% 

and 89.64%, whereas AMP3-Nylon maintains a greater efficacy, with 

viability values ranging from 37.74% to 45.67%. 

Despite some statistical variability between the two experimental 

series, these results suggest that the AMP3-Nylon has good 

antimicrobial activity, evident already at the initial time (t=0h) and 

maintained effectively over time, both in the first and second series 
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of experiments. The differences between t=0h and t=0.5h indicate 

that the antimicrobial effect of AMP3-Nylon is more persistent than 

the simple membrane of Synthesized Nylon 6,6, significantly 

reducing bacterial viability even with prolonged exposure. 

2.5 AMP3-Nylon for the production of Antimicrobial 

Membranes  

Based on the promising results, the preliminary investigation 

confirms the feasibility of Synthesized Nylon 6,6 and AMP3-Nylon 

films production as an initial step for future membrane development. 

To explore the potential applications of the peptide-functionalized 

polymer, several membranes were prepared by using the AMP3-

Nylon. This activity was performed in collaboration with SAATI 

S.p.A., where part of the research within this PhD project was carried 

out. SAATI S.p.A. is a multinational company that develops, 

produces and markets, highly advanced technical fabrics and 

chemical products for industrial use. The “Process Filtration” sector 

is particularly developed, with the production of filtration systems 

and materials applicable in different production processes, such as 

the chemical and mining sectors, but also of filters for wastewater 

and even the pharmaceutical field.  Two distinct membrane 

fabrication techniques were herein employed: electrospinning and 

phase inversion. Each technique was used to produce membranes 

with unique structural and functional properties, allowing a 

comparative analysis of their performance. Electrospinning was 

selected to create nanofiber membranes with high surface and 
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interlinked porosity, ideal for maximizing antimicrobial activity 

through increased surface exposure. In contrast, phase inversion has 

been used to develop membranes with a denser structure and tailored 

pore distribution, offering better mechanical strength and selective 

permeability (Figure 2.10). These two approaches may provide a 

comprehensive platform for assessing how manufacturing 

techniques influence antimicrobial efficacy and the physical 

characteristics of the resulting membranes, considering factors such 

as materials, process parameters, and membrane morphology. 

Membrane porosity and filtration efficiency requirements further 

highlighted the distinct advantages of each method, necessitating a 

comparison to identify the most suitable solution. A detailed 

explanation of each technique is provided in the following 

paragraphs. 

 

Fig. 2.10 SEM images of membranes produced using two different techniques. (A) 

Membrane obtained by electrospinning, characterized by a nanofibrous structure 

with interwoven fibers. (B) Membrane obtained through phase inversion, 

exhibiting a porous structure with heterogeneous pore distribution. These images 

highlight the significant morphological differences between the two manufacturing 

methods. 
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2.5.1 Electrospinning and Phase Inversion: Dual Techniques for 

Advanced Antimicrobial Membranes 

The choice of electrospinning and phase inversion techniques for this 

study was guided by their complementary advantages and alignment 

with project objectives. Using these two independent approaches, it 

was possible to develop separate membrane prototypes, each one 

adapted to meet specific application needs 187. These membranes are 

particularly advantageous for applications where rapid antimicrobial 

action and lightweight structures, such as protective fabrics and 

dressings, as well as for water purification, where both mechanical 

strength and antimicrobial functionality are critical. The integration 

of AMPs into membranes using these techniques represents a 

significant advance in materials science.201 These functionalized 

membranes face multiple challenges, from reducing biofouling in 

filtration systems to antimicrobial protection in biomedical devices. 

In addition, the possibility of adapting membrane properties through 

choice of manufacturing technique extends their applicability in 

different fields. 

2.5.2 Phase inversion membranes  

The phase inversion (IP) technique is a widely used method for 

synthesizing membranes, known for its ability to produce materials 

with well-defined porosity and adjustable microstructures. When 

combined with advanced techniques such as Vapor-Induced Phase 

Separation (VIPS), Non-Solvent Induced Phase Separation (NIPS), 

Thermally Induced Phase Separation (TIPS), Diffusion-Induced 
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Phase Separation (DIPS).202 This approach enables a high degree of 

control over membrane morphology and pore size. 

The synthesis of membranes by phase inversion is based on the 

preparation of a polymeric solution, obtained by dissolving the 

polymer in an appropriate solvent. This solution is spread on a 

support and then immersed in a coagulation bath, usually water or 

non-solvent. During this phase, the exchange between solvent and 

non-solvent induces phase separation, leading to the formation of a 

characteristic porous membrane structure. At the end of the 

immersion, the membrane is carefully washed to remove any residue 

of solvent and then dried under controlled conditions in order to 

obtain the final product with specific characteristics, as regulated 

porosity and an asymmetric structure. In this work, Commercial 

Nylon 6,6 was used to conduct several tests, preparing polymer 

solutions with concentrations of 12 (as for electrospun membranes), 

14, 16, 18 and 25% (w/w) (Figure 2.11). The polymer solutions were 

prepared at the appropriate concentrations (w/w) by dissolving the 

polymer matrix in a formic acid solution containing 2% TFA. The 

dissolution process was carried out in a glass flask using magnetic 

stirring at a speed of 300 rpm for 2 hours at 100°C. The objective 

was to analyze the structural characteristics of the membranes 

produced and identify the optimal formulation to achieve an ideal 

conformation. Unfortunately, the membrane obtained with a polymer 

concentration of 12% (w/w) was not included in the characterization 

because its preparation did not produce a satisfactory result from the 
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point of view of the structural quality and stability required for the 

analyses.203  

 

Fig. 2.11 Membranes prepared with increasing polymer concentrations, from left 

to right: 14, 16, 18, and 25% (w/w). The images illustrate the effect of polymer 

concentration on the structural integrity and morphology of the membranes, with 

higher concentrations leading to thicker and more stable structures.  

 

Morphological and structural characterization 

This section presents a comprehensive evaluation of membranes 

produced with Commercial Nylon 6,6 at various polymer 

concentrations (14, 16, 18 and 25% w/w). The study focuses on how 

polymer concentration affects membrane morphology and 

mechanical integrity, providing information on the relationship 

between material composition and performance. This analysis was 

carried out to assess the best conditions for membrane synthesis 

functionalized with the peptide. As was done for electrospun 

membranes, this analysis highlights the distinct structural 

characteristics resulting from the phase inversion process, with 

particular emphasis on porosity, surface uniformity and overall 

stability. The membranes obtained were initially submitted to a 

morphological evaluation using SEM, to analyze in detail the 

structure, size and distribution of the pores present. (Figure 2.12)  
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Fig. 2.12 SEM images 

illustrate (A) the top and 

bottom surfaces of 

membranes prepared with 

polymer concentrations of 

14%, 16%, 18%, and 25% 

(w/w), along with the 

cross-section (B) of the 

18% membrane. The 

images reveal the impact of polymer concentration on membrane morphology, 

highlighting differences in porosity, surface uniformity, and structural integrity 

across the samples. 

B 

A 
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SEM images show how the increase in polymer concentration 

significantly affects membrane morphology. The 14% (w/w) 

membrane has a relatively porous upper surface and a lower structure 

with more evident pores, indicating a lower overall density. At 16% 

(w/w), the upper surface becomes more compact with a reduction in 

porosity, while the lower part maintains a more even pore 

distribution. The 18% (w/w) membrane shows the optimal 

combination of compactness and porosity, with a dense upper surface 

and well-controlled porosity in the lower part, also confirmed by 

cross-sectional analysis, which reveals an asymmetric structure ideal 

for filtration applications. Finally, the 25% w/w membrane exhibits 

excessive density in both surfaces with greatly reduced porosity, 

making it less suitable for applications requiring permeability. To 

complete the structural analysis, the physical and functional 

properties of the membranes were evaluated. These included 

measurements of air permeability, contact angle, weight and 

thickness, which provide a deeper understanding of how the polymer 

concentration affects membrane performance and structural integrity 

(Table 6). 
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Table 6 Physical and functional properties of membranes produced with 

Commercial Nylon 6,6 at different polymer concentrations (14%, 16%, 18%, and 

25% w/w), including air permeability (AP), weight (gsm), contact angles (top and 

bottom surfaces), and thickness (µm). 

Commercial 

Nylon 6,6 

 (%) 

w/w 

AP (l/m2s-1) 

@200Pa 

AP (l/m2s-1) 

@1000Pa 
gsm 

Contact 

angle (°) 

Thickness 

(µm) 

14 7,04 18 13,84 
T: 59,64 

24 
B: 53,08 

16 4,26 14,5 26,904 
T: 52,24 

28 
B: 47,62 

18 2 7,3 12,46 
T: 57,6 

14 
B: 56,76 

25 1,4 3,6 33,14 
T: 41,86 

32-38 
B: 62,92 

 

These results show that an intermediate concentration, such as 18%, 

offers the best compromise between structural strength and 

functionality. Based on the results of tests conducted on membranes 

made from Commercial Nylon, it was decided to use a polymer 

concentration of 18% w/w for the preparation of membranes with 

Synthesized Nylon 6,6 and AMP3-Nylon. In addition, the VIPS 

technique has been applied to these membranes, allowing even more 

precise control over the formation of the porous structure, favoring 

the creation of a porosity gradient from the upper side to the lower. 

The main advantage of integrating VIPS is that it can further improve 

asymmetry and pore distribution, optimizing membrane functional 

properties, particularly for advanced biomedical and industrial 

applications. 

Unfortunately, the membranes produced using Synthesized Nylon 

6,6 and AMP3-Nylon have a not optimal morphology, characterized 
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by irregularities in the distribution of pores and in the overall 

structure as they were very thin (Figure 2.13). 

   

 

Fig. 2.13 Comparison of 

membranes produced with 

Synthesized Nylon 6,6 (left) 

and AMP3-Nylon (right). 

 

 

 

This result could be attributed to the limited amount of material 

available for the preparation of polymer solutions, which probably 

influenced the uniform formation of the membrane during the phase 

inversion process. Consequently, the analyses carried out on these 

membranes were limited to morphological characterization by SEM, 

since it was not possible to obtain sufficiently stable samples for 

further tests. Despite these limitations, the SEM images (Figure 2.14) 

show that the phase inversion procedure with VIPS is adequate, as it 

has allowed the preparation of a membrane characterized by high 

porosity and homogeneous pore distribution, confirming the 

potential of the preparation method used.  

SEM images clearly show the morphological differences between 

Commercial Nylon 6,6 and Nylon membranes obtained by phase 

inversion, showing how this process affects the structure and porosity 

of the material. The surface of Commercial Nylon 6,6 appears 

relatively compact and disordered, with a limited and uneven pore 
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distribution. In contrast, Synthesized Nylon 6,6 and phase inversion 

Nylon show a more regular surface structure with a well-defined and 

distributed porous mesh, confirming the effectiveness of the phase 

inversion process in creating high porosity membranes. In cross 

sections, Commercial Nylon 6,6 is less porous and has a denser 

structure, while synthesized membranes show a more homogeneous 

pore distribution and greater internal porosity. These observations 

underline the success of the phase inversion process in membrane 

production with an optimized microstructure, ideal for applications 

requiring permeability, filtration or separation capacity.  

 

Fig. 2.14 SEM images of the top and bottom surface of Commercial Nylon 6,6, 

synthesized and AMP3-Nylon and the cross sections of Commercial Nylon 6,6 and 

AMP3-Nylon, obtained by phase inversion.  
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The antimicrobial activity of the membranes obtained by the phase 

inversion process could not be assessed, as the membranes have 

morphological properties which compromise their suitability for the 

tests envisaged, as shown in the images (Figure 2.13). In particular, 

the resulting structure is characterized by marked inhomogeneity and 

fragmentation of portions, which make it impossible to use as 

membranes in laboratory tests. The primary reason for these 

morphological defects could be the insufficient amount of material 

used during the preparation phase. The lack of material availability 

may have prevented the formation of a continuous and structurally 

stable membrane, leading to the appearance of non-uniform areas 

and a weak general structure. Another hypothesis is that it is plausible 

that an excessive solvent/non-solvent exchange rate or insufficient 

homogeneity of the solution contributed to the appearance of 

significant defects. 204 

2.5.3 Electrospinning membranes  

This technique was chosen for its ability to generate high-porosity 

membranes with a potentially uniform distribution of the AMP3 

peptide. In this paragraph the results obtained by applying this 

methodology are presented, with particular attention to the 

morphological characterization of membranes, their stability and 

their antimicrobial efficacy. These results provide an important basis 

for assessing the potential of membranes produced for medical and 

industrial applications. 

The e-spin was carried out using ElMarco 1NS500. Three different 

polymer solutions were prepared: Commercial Nylon 6,6, 
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Synthesized Nylon 6,6 and AMP3-Nylon. For all the compounds, the 

same conditions were used (see Experimental Methods section for 

details). The polymer solutions were prepared at a concentration of 

12% w/w by dissolving the polymer matrix in formic acid solution 

in a glass flask using magnetic stirring with a speed of 300 rpm for 2 

h at 100°C. For Commercial Nylon, an additional 2% trifluoroacetic 

acid (TFA) was included to facilitate dissolution. The concentration 

of the polymer solution - in this case and in all subsequent cases - 

was determined using the Sartorius MA1600-1 thermogravimetric 

scale, a high precision instrument that allows to measure the mass 

change in the sample during controlled heating. Moreover, a critical 

parameter for electrospinning polymer solutions is their conductivity. 

Since the Nylon 6,6 dissolved in acids inherently produces 

conductive solutions, it is worth noting that the measured 

conductivity of the prepared solutions (>100 μS/cm), ensured the 

suitability for electrospinning. Once the polymer solution was 

homogeneous, was then transferred to an electrospinning process. 

Figure 2.15 illustrates the macroscopic membranes obtained through 

this process. 

 

Fig. 2.15 Visual differences in structure and appearance between the produced 

samples. 
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Morphological and structural characterization 

This section presents a detailed characterization of membranes 

prepared using Commercial Nylon 6,6, Synthesized Nylon 6,6 and 

AMP3-Nylon. The comparison aims to assess the impact of synthesis 

methods and peptide incorporation on membrane properties. Given 

the unique challenges posed by the limited availability of synthesized 

materials, the study focused on the delicate balance between 

maintaining membrane integrity and ensuring reproducibility during 

manufacturing. Particular attention was paid to their surface 

morphology, fiber arrangement and wettability, which are critical for 

applications such as filtration and antimicrobial purposes.  

In the following table (Table 7) the structural characteristics of the 

obtained membranes are shown. Commercial Nylon 6,6 was 

employed to conduct multiple trials. Once the optimal conditions 

were established, membranes of Synthesized Nylon 6,6 and AMP3-

Nylon were subsequently prepared. Due to the very limited quantities 

of Synthesized Nylon 6,6 and AMP3-Nylon available, the 

electrospinning process was conducted without moving the substrate, 

relying instead on material accumulation. 
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Table 7: Air permeability (AP), mass (m), and grammage (gsm) of electrospun 

samples. The mass was calculated using a sample size of 5x5 cm for all samples 

except for the AMP3-Nylon, which was measured on a 2.5x2.5 cm area. 

 

Due to the limited availability of material needed for the synthesis of 

both Synthesized Nylon and AMP3-Nylon, the membranes produced 

are particularly thin. To characterize the properties of these 

membranes, a series of in-depth analyses were carried out, aimed at 

assessing their intrinsic characteristics. The three samples were 

studied using SEM analysis in order to evaluate the surface 

morphology and obtain a thorough characterization of their fibrous 

structures (Figures 2.16 and 2.17). The SEM images show that the 

peptide does not alter the membranes formation during 

electrospinning (see Figure 2.16 and 2.17). This observation is 

consistent with findings by Gharaei et al., who reported that the 

incorporation of self-assembling peptides into electrospun PCL 

fibers did not significantly affect the fibrous morphology of the 

resulting membranes, ensuring structural integrity despite the 

addition of bioactive components.205 Indeed, the composite structure 

observed in the three samples shows three kinds of fiber: microfibers, 

nanofibers and a spiderweb-like fibrous network. The only difference 

  AP (l/m2s-1) @200Pa m (g) gsm 

  average e% 
 

average e% 

Commercial Nylon 
11,4 4% 0,00476 1,9 1% 

Synthesized Nylon 
15,81   0,00661 2,6   

AMP3-Nylon 
95,5   0,00106  1,7   
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is that Commercial Nylon 6,6 exhibits a uniform, tightly woven fiber 

structure, indicating controlled manufacturing processes, while 

Synthesized Nylon 6,6 and AMP3-Nylon show greater variability in 

fiber thickness and arrangement, with a less compact and more 

irregular morphology, reflecting differences in production methods. 

However, the similarity of the three types of fibers in all samples 

shows some reproducibility of the material suggesting that the 

addition of the peptide does not interfere with the ability of the 

material to generate a characteristic hierarchical structure. The 

results confirm that the electrospinning process maintains its 

effectiveness and reproducibility even in the presence of chemical 

modifications such as the incorporation of the peptide. 
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Fig. 2.16 The SEM images compare the microstructure of Commercial Nylon 6,6 

(top row) and Synthesized Nylon 6,6 (bottom row) at increasing magnifications 

from left to right.  

 

Fig. 2.17 SEM images of AMP3-Nylon fibers at three different magnifications. 

The structure reveals a network of interwoven fibers with increasing detail, 

showing uniformity at lower magnification and more intricate morphological 

features, including variations in fiber diameter and surface texture, at higher 

magnifications. These characteristics highlight the distinct microstructural 

properties of AMP3-Nylon. 

  



Section 2 – Results and Discussion 
 

154 
 

Further, to better understand the characteristics, all the membranes 

obtained were characterized in terms of surface properties, focusing 

on contact angle and wettability. These tests were performed on all 

membrane types, both functionalized and non-functionalized, with 

multiple measurements for each sample to assess the hydrophilicity 

and hydrophobicity of their surface. These measurements are crucial 

to understanding how membranes interact with fluids - a property 

closely related to their effectiveness in the context of antimicrobial 

applications.  

The results shown in Table 8 provide essential information on contact 

angle (Figure 2.18) of the different membranes tested: Commercial 

Nylon, Synthesized Nylon 6,6, and AMP3-Nylon.  

 

Fig. 2.18 The images illustrate the variation in hydrophilicity/hydrophobicity 

across the samples, with Commercial Nylon 6,6 showing a hydrophobic surface, 

while Synthesized Nylon 6,6 and AMP3-Nylon exhibit hydrophilic characteristics. 

Table 8. Contact angle measurements of the different membranes obtained: 

Commercial Nylon 6,6, Synthesized Nylon 6,6, and AMP3-Nylon. 

Sample Contact angle (°) 

Commercial Nylon 6,6 104,02 

Synthesized Nylon 6,6 48,959 

AMP3-Nylon 52,02 
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Contact angle measurement was performed using the KRÜSS Drop 

Shape Analyzer, a tool designed to characterize wettability and 

surface tension properties of solid and liquid surfaces by optical 

analysis of the shape of the drop. A small drop of water has been 

deposited on the well-prepared membrane for analysis. The 

integrated high-resolution camera captured the image of the drop 

immediately after deposition and the angle formed between the 

tangent to the drop surface at the point of contact with the solid and 

the surface itself was measured as the contact angle. This method 

also allowed a visual evaluation of the membrane water absorption 

behaviour. Figure 2.19 shows the response of Commercial Nylon 6,6 

(A) and Synthesized Nylon 6,6 (B) to water drops. Unfortunately, an 

image of the AMP3-Nylon could not be captured as it broke 

immediately. The images clearly show that the Commercial Nylon 

6,6 membrane does not absorb water, as the drop remains intact and 

spherical on the surface, reflecting its hydrophobic nature. In 

contrast, Nylon synthesized in the laboratory absorbs water, allowing 

the droplet to spread and integrate into the membrane structure. 

These observations are in line with contact angle measurements, 

which indicate that Nylon synthesized in the laboratory has 

hydrophilic properties, while Commercial Nylon 6,6 is 

hydrophobic.206  
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Fig. 2.19 Pictures showing the water absorption behaviour of (A) Commercial 

Nylon 6,6 and (B) Synthesized Nylon 6,6. The Commercial Nylon 6,6 repels water, 

as seen by the intact droplet, confirming its hydrophobic nature. In contrast, the 

Synthesized Nylon 6,6 absorbs water, indicating a hydrophilic surface. 

Antimicrobial activity 

After the structural and surface characterization of membranes, an 

antimicrobial activity assay was conducted to assess their 

effectiveness in reducing bacterial viability. All membranes obtained 

by the electrospinning procedure were tested against E. coli, 

following the protocol established in the proof-of-concept phase (see 

paragraph 2.4), to verify their antimicrobial potential. This 

evaluation focused on the immediate and long-term action of 

membranes in reducing bacterial survival, demonstrating their 

potential as innovative antimicrobial materials. Table 9 presents the 

results of two duplicate experiments, providing a complete 

comparison of antimicrobial efficacy. 
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Table 9 Comparison of bacterial viability (%) in the presence of membranes of 

Commercial Nylon 6,6, Synthesized Nylon 6,6 and AMP3-Nylon, in the two 

duplicates, at times t=0h and t=0.5h (3 and 30 minutes, respectively). The results 

show the antimicrobial efficacy of AMP3-Nylon compared to unmodified Nylon 

membranes, showing a significant and persistent reduction in bacterial viability 

over time. 

1st COMMERCIAL NYLON 6,6 AMP3-NYLON 

t=0h 100% 14,62% 

t=0.5h 102,47% 10,95% 

2nd COMMERCIAL NYLON 6,6 AMP3-NYLON 

t=0h 100% 9,46% 

t=0.5h 77,42% 6,03% 

1st SYNTHESIZED NYLON 6,6 AMP3-NYLON 

t=0h 100% 19,55% 

t=0.5h 135,34% 14,46% 

2nd SYNTHESIZED NYLON 6,6 AMP3-NYLON 

t=0h 100% 17,57% 

t=0.5h 123,59% 11,20% 

 

The tables show the bacterial viability measured in contact with 

different membranes, including Commercial Nylon 6,6, Synthesized 

Nylon 6,6, and AMP3-Nylon, at times t=0h and t=0.5h. The results 

from two duplicates have been averaged to ensure consistency and 

reliability. Overall, the results clearly show the higher antimicrobial 

efficacy of AMP3-Nylon compared to unmodified Nylon samples. 

In all conditions, AMP3-Nylon shows a marked reduction of 

bacterial viability already at the initial time, with values significantly 

lower than both Commercial Nylon 6,6 and Synthesized Nylon 6,6. 

At t=0h, bacterial viability in the presence of AMP3-Nylon is 

reduced to 9–19% of the reference value for both types of Nylon, 

suggesting an immediate and significant antimicrobial effect. Even 

at t=0.5h (after 30 minutes), AMP3-Nylon maintains this ability to 
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drastically reduce bacterial viability, with values ranging from 6% to 

14%, demonstrating a constant and persistent antimicrobial effect 

over time. 

On the other hand, Commercial Nylon 6,6 and Synthesized Nylon 

6,6 fail to maintain a substantial reduction in bacterial viability. 

Commercial Nylon 6,6 shows an increase in bacterial viability in the 

first series at t=0.5h, while Synthesized Nylon 6,6 shows a clear 

tendency to promote bacterial growth, with values exceeding 100% 

of the initial viability. These results underline the limited 

effectiveness of unmodified Nylon membranes in controlling 

bacterial viability and highlight that peptide modification is crucial 

for achieving effective and prolonged antimicrobial action. 

Overall, AMP3-Nylon emerges as the best choice to reduce bacterial 

viability quickly and durably, both at the early stages of exposure and 

after a prolonged period, demonstrating its potential for applications 

requiring materials with sustained antimicrobial activity. The 

presence of the peptide is therefore decisive in conferring superior 

antibacterial properties on Nylon membranes compared to their 

unmodified counterparts. 
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The work has highlighted the great potential of nylon as a polymer 

material due to its versatility, mechanical and thermal resistance, 

chemical stability and possibility of functionalization, making it 

suitable for applications ranging from industrial to biomedical areas. 

Following a structural characterization, Nylon 6,6 has shown greater 

thermal stability and rigidity due to its highly crystalline structure, 

while Nylon 6,10, while showing greater flexibility, has proved less 

suitable for applications requiring high thermal and mechanical 

performance. These results justify the choice to focus on Nylon 6,6 

for functionalization with antimicrobial peptide AMP3, which was 

obtained through applications of DL. The synthesis of peptide-nylon 

was a crucial point in the project, allowing the AMP3 peptide to be 

stably integrated into the polymer matrix by means of grafting 

through strategy. The analysis carried out on the AMP3-Nylon 

confirmed the effectiveness of the functionalization: the UV-Vis 

spectrum confirmed the incorporation of the peptide, while the 

WAXS and DSC analyses showed that the semi- crystalline structure 

and the thermal properties of nylon 6,6 were not compromised by 

peptide integration. The membranes synthesized by electrospinning 

showed a nanofibrous structure with an adequate distribution of 

fibers. SEM images revealed that the incorporation of the peptide did 

not alter the ability of the nylon to form hierarchical structures, 

confirming the stability and reproducibility of the process. 

Wettability analyses showed a significant change in the hydrophilic 

nature of functionalized membranes, suggesting an improvement in 

their surface properties for antimicrobial applications. Antimicrobial 

activity tests conducted on AMP3-nylon membranes showed a 
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significant reduction in bacterial viability compared to 

unfunctionalized nylon, confirming the efficacy of de novo AMP3 

peptide in conferring persistent antibacterial properties to the 

material. In parallel, the synthesis of membranes by phase inversion 

approach has made it possible to explore an alternative method for 

obtaining porous structures. However, the membranes obtained with 

functionalized nylon showed significant morphological defects. 

These aspects have limited the possibility of performing 

antimicrobial activity tests on such membranes. The electrospinning 

approach has proved most effective in producing functional 

membranes with promising structural and antimicrobial properties, 

while phase inversion requires further optimization. The main 

features of the process are influenced by the amount of material and 

the control of process parameters. However, the results obtained 

provide a solid basis for further development, with the aim of 

improving the scalability and performance of peptide-nylon 

membranes for advanced industrial applications. Indeed, 

electrospinning and phase inversion methods are particularly 

efficient for scaling the production of peptide-nylon antimicrobial 

membranes, satisfying both precision and throughput demands for 

industrial use.207 

Electrospinning is proficient in producing nanofibrous membranes 

with exact shape, elevated porosity, and adjustable characteristics. 

This makes it optimal for the incorporation of antimicrobial peptides 

such as AMP3, which necessitate homogenous distribution 

throughout the nylon matrix to guarantee effective bioactivity. 
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Innovations like multi-needle and needleless systems, together with 

automation, have significantly enhanced production rates while 

ensuring structural integrity, an essential aspect for sustaining the 

functionality of peptide-loaded membranes. 

Phase inversion provides intrinsic scalability owing to its suitability 

for continuous production. While our attempts were limited by 

material scarcity and did not achieve the desired results, this method 

should enable the regulated integration of the peptide into the nylon, 

preserving both structural integrity and bioactivity. By adjusting 

parameters such as polymer concentration, solvent systems, and 

coagulation conditions, phase inversion can reduce flaws and 

improve membrane performance.  

These developments highlight the feasibility of moving peptide-

nylon membranes from laboratory development to large-scale 

production, facilitating their industrial application in areas such as 

filtration, medicinal devices, and antimicrobial surface coatings. 
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4.1  Compounds synthesis 

Nylon belongs to a category of synthetic polyamides widely used in 

industrial and consumer applications for its mechanical, thermal and 

chemical resistance properties. Nylon polymers, derived from 

monomers containing amino groups and acids, are produced through 

polymerization processes which determine their structure and, 

consequently, the final properties. 

4.1.1 Nylon Synthesis 

Polyamide (PA) synthesis was carried out following the interfacial 

polymerization method, using different monomers depending on the 

polyamide. This method involves the use of two immiscible liquid 

phases: an aqueous phase and an organic phase. The aqueous phase 

contains the hydrophilic monomer, hexamethylenediamine, in 

solution with sodium hydroxide (NaOH) as a base to neutralize the 

hydrochloric acid (HCl) produced during the reaction. The organic 

phase, consisting of dichloromethane (DCM), contains in solution 

the hydrophobic monomer. The reaction takes place rapidly at the 

interface between the two phases, at room temperature, and the 

kinetic of polymerization is governed by the diffusion of monomers 

through the interface.  

Nylon 6,6 

Nylon 6,6 was synthesized from the monomers Adipoyl chloride and 

hexamethylenediamine: 

C6H8Cl2O2 + C6H16N2        (C12H22N2O2)n + 2HCl 
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A solution of sodium hydroxide (NaOH) 0.5 M has been prepared in 

which Hexamethylenediamine is added to give a 0.4 M solution; this 

solution has been poured slowly in the beaker containing 

dichloromethane (DCM) and Adipoyl Chloride with a final 

concentration of 0.4 M. It forms a film to the interface that is pinched 

with a tweezer and pulled out slowly, getting a thread that is wrapped 

on a glass rod. The polymer obtained was washed with distilled water 

several times and then dried in a vacuum. 

Nylon 6,10 

Nylon 6,10 was synthesized in the same way as PA 6,6, from the 

monomers Sebacoyl chloride and hexamethylenediamine: 

C10H16Cl2O2 + C6H16N2        (C16H30N2O2) n + 2HCl . 

A solution of 0.4 M dichloromethane containing the monomer 

sebacoyl chloride was prepared; to this solution a solution of 0.5 M 

sodium hydroxide, containing 0.4 M hexamethylenediamine was 

added. 

4.1.2 AMP3 – Nylon synthesis 

The synthesis of AMP3-Nylon was carried out following a procedure 

like that used for the production of Nylon 6,6 by interfacial 

polymerization, with some important modifications. Whereas for 

Nylon 6,6 the aqueous phase contained only hexamethylenediamine, 

in the case of AMP3-Nylon both 1,6-diaminohexane and a peptide 

sequence with two amino groups were introduced into solution. 

Specifically, a 0.5 M solution of sodium hydroxide (NaOH) was 

prepared in the aqueous phase, into which the antimicrobial peptide 



 Section 2 – Experimental Methods 

166 
 

(AMP3) was dissolved. To achieve the desired biofunctionalization, 

the peptide was added at 1 mol% relative to the total amount of 

diamine used in the polymerization process. Hexamethylenediamine 

(1,6-diaminohexane) was then added to the solution to achieve a final 

concentration of 0.4 M. The organic phase, containing adipoyl 

chloride dissolved in dichloromethane, also remained unchanged. 

The reaction then took place at the interface between the two phases, 

where the primary amino groups of the peptide and diamine react 

with the chloride of the adipoyl, forming a polymeric film on the 

surface. This film was then collected and treated as described for 

Nylon 6,6, so it was washed several times with water and then dried 

under vacuum. 

4.2 Membranes synthesis 

4.2.1 Electrospinning 

The electrospinning procedure was performed using ElMarco 

1NS500. For the fabrication of polyamide nanofibres, SAATI SpA 

provided a PA66 powder, furthmore Synthesized-Nylon nanofibres 

and AMP3-Nylon were also manufactured. They were dissolved to 

form a 12% polymer solution in formic acid, with addition of TFA 

for Commercial Nylon 6,6, maintaining a magnetic stirring at 300 

rpm for 2 hours at 100°C. To confirm the concentration of the 

polymer solution, the Sartorius MA1600-1 thermogravimetric scale 

was used. 1.0 g of polymer solution was taken and heated to 150 °C 

for 65 minutes. During the process, the mass of the sample was 

monitored in real time, allowing the loss of mass due to evaporation 
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of solvents present in the solution to be recorded. The residual 

fraction, corresponding to the non-volatile polymer content, was 

calculated as the ratio of the residual mass to the initial mass, 

allowing the determination of the polymeric concentration with high 

precision and reproducibility. Once the polymer solution was 

homogeneous, it was then transferred to an electrospinning process. 

The electrospinning configuration employed a thin stainless-steel 

wire (0.2 mm) as the spinning electrode and a moving head to apply 

the polymer solution along the entire length of this wire. The 

solutions have been electrospun at room temperature (22 ± 1 °C) and 

stable relative humidity (19 ± 1 %), loaded into the moving head with 

a stainless-steel orifice of 0,6 mm, which was connected to a high-

voltage supply to provide a negative bias continuous voltage up to 90 

kV and a working voltage of 60 kV. To facilitate the delamination of 

the electrospun samples from the carrier, brown siliconized paper 

was used as the supporting substrate. The siliconized coating on the 

paper acts as a non-stick surface, ensuring easy removal of the 

polymeric material after the electrospinning process without 

damaging its structure. 

4.2.2 Phase Inversion 

The membranes were made using phase inversion technique. 

Polymer solutions were prepared at different concentrations of 

Commercial Nylon 6,6 (12%, 14%, 16%, 18%, 25% w/w) and 

polymer solutions of Synthesized Nylon 6,6, as well as a solution 

containing an 18% AMP3-Nylon combination. For Commercial 

Nylon solutions, the polymer was dissolved in formic acid with 2% 



 Section 2 – Experimental Methods 

168 
 

added trifluoroacetic acid (TFA), while the Nylon synthesized in lab 

and the AMP3-Nylon were dissolved exclusively in formic acid. All 

the solutions were stirred at 300 rpm for one hour at 100°C, except 

for the AMP3-Nylon solution which was stirred at room temperature. 

For the preparation of the membranes, a PET carrier was used, which 

was fixed to a glass plate. The polymer solution was spread on the 

glass plate with a metal bar with a gap of 200 μm, maintaining a 

coating speed of about 3 seconds. The newly coated membrane was 

then immersed in a first bath of deionized water to allow phase 

inversion. After this phase, each membrane was subjected to a second 

wash in water for 20 minutes and finally to a final bath in water for 

one hour. The membranes were then dried in an oven at T= 70°C. 

The addition of VIPS was applied to Commercial Nylon, 

Synthesized Nylon 6,6 and AMP3-Nylon 18% polymer solutions, 

after trial. After the solutions were drawn on the glass plates, they 

were placed in a climate chamber with controlled parameters (3 mins, 

RH 80%, T=60°C). The membranes were then immersed in a first 

water bath for 20 minutes to allow phase inversion, followed by two 

washing baths similar to those described above (20 minutes and 1 

hour respectively). Finally, the membranes were dried in the oven at 

T= 70°C. 

 

 



 Section 2 – Experimental Methods 

169 
 

4.3 Chemical and structural characterization 

4.3.1 Differential Scanning Calorimetry (DSC) 

The thermograms of Nylon 6,6, Synthesized Nylon 6,6 and AMP3-

Nylon were determined using a Mettler Toledo DSC1 calorimeter 

(Mettler Toledo, Milan, Italy); analyses were conducted under 

nitrogen atmosphere, weighting 5 mg of each sample in a standard 

40 µL aluminum crucible and using an empty 40 µL crucible as 

reference. 

Non-isothermal behaviour was studied using the following program: 

(i) heating at a rate of 10 °C/min from -25 to 280 °C; (ii) 5 min of 

isotherm at 250 °C; (iii) cooling from 280 to -25 °C at 10 °C/min 

(crystallization temperature, Tc and crystallization enthalpy, ΔHc, 

were determined during cooling); (iv) 5 min of isotherm at -25 °C; 

and (v) heating from -25 to 280 °C at 10 °C/min (melting 

temperature, Tm, and heat of fusion, ΔHf, were measured during 

heating). 

4.3.2 Viscosity 

After checking the percentage of the polymer solution, viscosity 

measurement was carried out. The polymers viscosity was controlled 

using rotational viscometer Anton Paar ViscoQC 10, with 

temperature controlled with PTD80. The sample is poured into the 

measuring container, ensuring that the shaft is completely covered 

and that the desired temperature is set to PTD 80. The T-ReadyTM 

function indicates when the sample has reached thermal equilibrium. 

In this step, the measurement is started. During the measurement 
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process, the viscometer records the sample viscosity as a function of 

time, torque or temperature.  

4.3.3 Air Permeability 

The air permeability of samples obtained by electrospinning and 

phase inversion was analyzed using the Textest FX 3300 Air 

Permeability Tester, an international standard-compliant instrument 

for measuring the air permeability of flat materials. For each sample, 

a 5x5 cm square was cut out and firmly fixed on the instrument’s test 

area to ensure accurate and reproducible measurements. The air 

permeability was measured by applying two different test pressures 

for phase-reversal samples (1000 Pa and 200 Pa), while a pressure of 

200 Pa was used for electrospun yarns. In each case, the air flow 

through the material under the specified conditions was recorded.  

The same sample was then used for weight determination, by 

weighing the sample on a high precision analytical scale and relating 

the weight to the area of the sample. Results were expressed in gsm. 

4.3.4 UV-Vis 

UV-Vis absorption spectra were recorded with a Cary Varian 60 

Spectrophotometer, equipped with a thermostatic compartment 

(Varian, Palo Alto, CA, USA), using a quartz cuvette with a path of 

1 cm. The scans were performed at 25 °C from 200 to 800 nm, with 

a min-1 scan speed of 600 nm. 
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4.3.5 Scanning Electron Microscopy (SEM) 

The SEM of Nylon films was analyzed at the Department of 

Chemical Sciences of the Federico II University of Naples, using the 

scanning electron microscope Nova NanoSEM 450, which 

guarantees high resolution and precision in surface characterization. 

SEM analysis of samples obtained by electrospinning and phase 

inversion at the SAATI S.p.A. in Appiano Gentile, were obtained 

using the Phenom ParticleX system, specially designed for the 

analysis of particles and microstructure. 

In both cases, the samples were subjected to a preliminary 

metallization process to improve electrical conductivity and obtain 

high quality SEM images. The metallized samples were then 

analyzed to characterize their morphology and surface structure in 

detail.
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This work represents a significant step forward in the use of AI 

technologies, especially DL, applied to the design and development 

of innovative antimicrobial materials. New results have been found 

by combining advanced computer methods with experimental 

methods. These results open up new ways to design antimicrobial 

peptides (AMPs) and use them on functionalized materials. This 

interdisciplinary approach combines computational biology, 

materials chemistry, and microbiology to create solutions that meet 

concrete needs in the biomedical, industrial, and environmental 

fields. 

Innovation in the computational design of antimicrobial peptides  

Deep learning tools such as HydrAMP and AMPlify have proven to 

be highly effective in predicting how to obtain peptide sequences 

with optimal antimicrobial properties. These algorithms have 

overcome the limitations of traditional methods, offering a swift and 

efficient approach to explore the amino acid sequence space and 

pinpoint candidates with a high likelihood of biological success. This 

phase represents a turning point in AMP research, as it not only 

speeds up development times but also reduces the number of 

experiments needed to identify the most promising sequences. The 

synergy between HydrAMP and AMPlify highlighted the importance 

of an integrated approach, where generative and predictive models 

work together to select the best candidates. One of the distinguishing 

features of this work was the rigor in the experimental validation of 

computational predictions. 
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Biophysical and antimicrobial characterizations  

The designed peptides were characterized by microbiological testing, 

such as finding the minimum inhibitory concentration (MIC) for a 

lot of different types of bacteria. The results confirmed the validity 

of the computational predictions, with AMP3 showing high 

antimicrobial efficacy against both Gram-positive and Gram-

negative bacteria. Additional biophysical characterizations, such as 

model membrane interaction studies, have given us useful 

information about how the AMP3 peptide works. In particular, the 

work showed that the designed peptide interacts with model 

membranes of E. coli. 

The development of functionalized antimicrobial membranes  

The second part of the work successfully explored the 

immobilization of antimicrobial peptides on Nylon membranes, 

utilizing the innovative strategy of grafting through. This approach 

ensured a uniform and stable anchoring of the peptides, preserving 

their biological activity and ensuring a homogeneous distribution on 

the material's surface. The functionalized membranes obtained 

showed advanced physical properties. Furthermore, microbiological 

tests on membranes showed a significant reduction in bacterial 

viability, confirming the effectiveness of functionalization. These 

results make them ideal for antimicrobial applications in the 

biomedical and industrial fields. 
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Applications and Future Perspectives 

The importance of this work lies in its ability to address some of the 

most pressing challenges in the field of safety and sustainability. 

Growing antimicrobial resistance is a global threat to public health, 

and the development of innovative solutions such as functionalized 

AMPs offers a sustainable and scalable approach to mitigate this 

problem. In addition, the applicability of antimicrobial membranes 

extends to several areas, including: 

Biomedical fields: infection-resistant medical devices. 

Food industry: active packaging to preserve the freshness of food. 

Water treatment: antimicrobial filters for water purification. 

The combination of artificial intelligence technologies, advanced 

chemical synthesis techniques, and biophysical characterization 

methods has opened new avenues in antimicrobial materials 

research. Integrating the use of DL to design custom peptides is a 

milestone in the field, demonstrating how AI can drive scientific 

innovation quickly and effectively. 

In conclusion, the research activity carried out in this PhD thesis is 

an example of how the integration between artificial intelligence and 

materials science can lead to innovative solutions for complex global 

problems. The AMP designs and antimicrobial membranes 

developed not only meet current needs but also pave the way for 

further technological and scientific developments, thus providing a 

solid basis for future research and applications.
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