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Abstract 

The rise of antibiotic-resistant bacterial infections has become a significant concern in implant 

failure. A promising strategy to combat peri-implant infections involves the use of antimicrobial 

peptides (AMPs), which exhibit broad-spectrum activity against Gram-positive and Gram-

negative bacteria, fungi, and viruses, while also demonstrating a low propensity for inducing 

bacterial resistance. Recently, various strategies have been applied for the chemical and 

physical immobilisation of AMPs on surfaces. These approaches vary in terms of binding 

strength, modularity, stability, and complexity. While physical binding methods often result in 

weak immobilisation and the potential detachment of bioactive molecules, chemical integration 

of AMPs into biomaterials provides a more robust immobilisation, ensuring that the peptides 

remain stable and optimally oriented on the surfaces. However, chemical integration is a 

complex process involving multiple steps that can impact overall efficiency. Among the 

numerous techniques available for chemical immobilisation, plasma nitriding has gained 

attention for its time- and energy-efficient process, as well as the use of nontoxic materials. The 

primary objective of this study was to develop innovative antimicrobial surfaces for titanium 

alloys by incorporating AMPs and utilising advanced surface engineering techniques. In this 

study KR-12 peptide has been employed as an AMP derived from the human cathelicidin LL-

37, known for its broad-spectrum activity against bacteria by disrupting microbial membranes. 

Titanium implants were functionalised with the KR-12 peptide using two approaches: titanium 

surface plasma treatment and silanisation, both aimed at generating amine groups on the surface 

to facilitate subsequent reactions with KR-12. Additionally, the study investigated how 

different linking arms -Polyethylene Glycol (PEG) and human-elastin-like-polypeptide 

(HELP)- affect the antimicrobial activity of the peptides through comprehensive surface 

characterisations, biological assays, and antimicrobial evaluations. 

In the initial phase of this study, plasma treatment was utilised to further immobilise the KR-

12 peptide on titanium implant surfaces, and polyethylene-glycol (PEG) was employed as a 

linker to impart antifouling properties and enhance peptide mobility, thereby improving 

antimicrobial efficacy. Plasma treatment was chosen for its ability to introduce functional 

groups, streamline chemical reactions, and reduce processing time. The primary amine groups 

(NH2) generated during plasma treatment could form strong attachments to titanium surfaces, 

serving as anchors for immobilising bioactive agents. In this study, our first objective was to 
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optimise plasma treatment parameters to achieve surface-bound amine group levels comparable 

to those obtained through chemical techniques like silanisation. X-ray photoelectron 

spectroscopy (XPS) analysis revealed that the distribution and density of primary amine groups 

could be finely tuned by adjusting plasma parameters, reaching a maximum of 9.18% without 

altering the titanium surface morphology or bulk properties. 

Following the generation of primary amine groups, PEG and KR-12 were immobilised on the 

surface at specific concentrations. The antimicrobial activity of these coatings against four 

pathogenic bacterial strains demonstrated over 90% inhibition of bacterial adhesion and 

colonisation. The enhanced activity was due to the improved orientation of linker-grafted AMPs 

compared to directly immobilised peptides. Also, the plasma-treated surfaces were proven to 

enhance cell proliferation and adhesion. These results underscored the potential of combining 

plasma treatment with the covalent bonding of AMPs, exploiting both the antimicrobial 

properties of the AMPs and the cell-promoting effects of the plasma-treated surface.  

In the second phase of the study, silanisation was employed to introduce primary amine groups 

onto the surface, serving as anchor points for the immobilisation of the KR-12. This study 

introduced an enzyme-responsive antimicrobial coating for orthopaedic devices, utilising KR-

12 in conjunction with Human Elastin-Like Polypeptide (HELP) as a biomimetic, stimuli-

responsive linker that emulates the ECM. Upon implantation, these tailored interfaces 

interacted with the innate immune response, leading to the release of elastase. The 

biodegradation of the HELP biopolymer by elastase facilitated the controlled release of KR-12. 

The antimicrobial activity of the KR-12-HELP-functionalised titanium surface was evaluated 

against four pathogenic bacterial strains (Staphylococcus aureus, Staphylococcus epidermidis, 

Escherichia coli, and Pseudomonas aeruginosa), demonstrating an inhibition of bacterial 

adhesion and colonisation exceeding 91.86% for all tested strains. When compared to a titanium 

surface functionalised directly with KR-12 without the HELP linker, the antimicrobial efficacy 

was significantly enhanced. This improvement was due to the increased mobility of KR-12 

when coupled with HELP and its stimuli-responsive controlled release.  

Plasma treatment demonstrated superior efficiency, introducing 9.18% primary amine groups 

on titanium surfaces compared to 4.67% with silanisation. Both methods achieved comparable 

peptide immobilisation levels (59.67 nmol and 61.34 nmol respectively), although plasma 

treatment offered additional advantages, such as enhanced surface energy, improved protein 
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adsorption, reduced toxicity, and lower costs. Plasma-treated surfaces maintained 

biocompatibility, promoting cell adhesion and proliferation without altering surface 

morphology. 

This study highlights plasma treatment as a cost-effective and efficient alternative to 

silanisation, particularly when combined with advanced linker systems such as PEG and HELP. 

The integration of these methods offers a promising pathway for developing next-generation 

antimicrobial coatings for orthopaedic implants, enhancing both bacterial resistance and tissue 

integration. 
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1.1. Bacterial infections 

Medical devices have been advanced significantly to save lives, but they also pose a 

considerable risk due to the potential for infection resulting from bacterial colonisation and 

biofilm formation [1]. Microbial biofilms, which are complex, multicellular communities 

surrounded by a self-produced extracellular matrix (ECM) consisting of polysaccharides, 

extracellular DNA, and proteins, can develop on the implanted device surfaces [2]. The 

development of biofilms at the implant-tissue interface can significantly compromise 

immune responses, prolong the duration of antibiotic therapy, and, in some cases, require 

multiple surgical procedures [3-5]. Within biofilms, bacterial cells can exhibit a dramatic 

increase in antibiotic resistance. This elevated resistance persists even with the application 

of aseptic surgical techniques and systemic antibiotic treatments, leading to hospital 

acquired infections associated with implants that contribute substantially to patient 

morbidity and mortality [6]. Preventing bacterial colonisation on biomedical surfaces, such 

as implants, is a critical step in reducing infection spread. Various surface treatment 

methods, including the application of polymers, metallic compounds, quaternary 

ammonium salts, and other agents, have been explored to create novel antimicrobial 

surfaces. However, most of these agents come with significant limitations including the risk 

of cytotoxicity to target tissues, limited efficacy, and narrow antimicrobial spectra. These 

issues are particularly concerning when these agents are used against antibiotic-resistant 

bacteria [7, 8]. 

1.2. Antimicrobial peptides (AMPs) and their mechanisms 

AMPs, which are naturally produced by the innate immune systems of all multicellular 

organisms, represent a promising category of molecules, addressing the challenge of 

antibiotic resistance [9]. These peptides are recognised for their strong and broad-spectrum 

antimicrobial activity against bacteria, fungi, and parasites, with the ability to inactivate 

certain viruses as well [10]. AMPs operate through a unique mechanism of action, which 

results in rapid activity against bacteria and fungi [11]. One promising application of AMPs 

is their incorporation into coatings that can be applied to implant surfaces, delivering 

targeted antimicrobial action precisely where it is most required [12]. Furthermore, 

immobilising AMPs onto implant surfaces can overcome the limitations associated with 

free-circulating AMPs, such as their short half-life and cytotoxicity at high concentrations 

[3]. This immobilisation can be obtained physically, through methods like layer-by-layer 
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assembly or adsorption, or chemically, through covalent bonding [13].  

AMPs typically consist of a short, amphiphilic sequence of 12 to 50 amino acid residues 

and generally possess a net positive charge ranging from +2 to +9, primarily due to the 

presence of arginine and lysine residues [14]. This positive charge enhances their 

interaction with negatively charged bacterial membranes, a key factor in their antimicrobial 

activity [15]. AMPs disrupt bacterial cell membranes, leading to cell lysis. They do so by 

electrostatic interactions with bacterial membranes, as these membranes carry a negative 

charge, unlike mammalian cell membranes, which are neutral. This higher net negative 

charge of bacterial membranes is attributed to the acidic phospholipids in their outer 

membrane layer, whereas mammalian cell membranes contain cholesterol and 

phosphatidylcholine, which reduce interaction with AMPs [16],[17]. Consequently, AMPs 

can achieve effective antimicrobial concentrations while maintaining biocompatibility with 

adjacent tissues, even at elevated concentrations [18]. 

Various models have been proposed to elucidate the microbicidal mechanisms of AMPs 

through their interaction with bacterial cell membranes [19, 20]. A detailed examination of 

these models is presented in the review by Brodgden [21].  

One model highlights the role of strong electrostatic interactions between AMPs and 

bacterial membranes [22]. These interactions can lead to direct bacterial cell lysis, facilitate 

self-uptake of AMPs, or induce pore formation. This pore formation allows AMPs to 

penetrate further into the bacterial cell, disrupting several intracellular processes like 

protein synthesis, transcription factor binding to nucleic acids, DNA replication, and cell 

wall synthesis [19, 23].  

Additionally, the antimicrobial efficacy of AMPs is influenced by their secondary structure 

(e.g., α-helix, β-sheet), the presence of aromatic amino acids, notably tryptophan, 

hydrophobicity, and amphipathicity  [24, 25]. 

The intricate and multifaceted mechanisms by which AMPs act against bacterial cells may 

explain the low rate of resistance development observed in bacteria exposed to these 

peptides. Unlike conventional antibiotics, AMPs employ diverse microbial killing 

strategies and have the potential to work synergistically with other antibiotics and AMPs, 

thereby reducing the likelihood of resistance emergence. 

In addition to their roles in immune modulation and direct killing of planktonic bacteria 
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(Figure 1-1(a)), AMPs have emerged as promising agents for combating chronic bacterial 

biofilms (Figure 1-1(b)). For example, Fuente-Nunez et al screened a synthetic peptide 

library to identify peptides with optimised antibiofilm activity [26]. Their findings revealed 

that direct antimicrobial activity against planktonic bacteria did not necessarily align with 

effectiveness against biofilms. A notable lead peptide discovered in this study was the 

KRFRIRVRV-NH2, which exhibited activity against Burkholderia cenocepacia biofilms 

despite the bacterium's resistance to AMP action in its planktonic form.  

 

Figure 1-1. (a) Immune modulation of cells including neutrophils, t-cells and macrophages 

to regulate inflammation and facilitate bacterial clearance as well as directly kill planktonic 

bacteria by AMPs [27]. (b) The antibiofilm properties of AMPs and the underlying cellular 

mechanisms involved to hinder bacterial adhesion to surfaces, which prevents the initial 

formation of biofilms and disrupts those that are already established. [28]. 

Among many studied peptides, derivatives of peptide LL-37 have been shown to exhibit 

broad-spectrum antimicrobial activity. These derivatives not only prevent the formation of 

biofilms but also effectively eradicate existing biofilms of Staphylococcus epidermidis [29]. 

Further research has explored the incorporation of additional biological functionalities into 

the LL-37 sequence. For instance, Nagant et al. developed a library of 12 truncated LL-37 

fragments, varying in length from 19 to 31 amino acids and identified eight peptides with 

significant activity against Pseudomonas aeruginosa biofilms [30]. Additionally, various 

peptide derivatives of LL-37 have been developed to target MRSA in skin burn models 

[31]. 

Current efforts are focused on developing smaller peptides to reduce synthesis and 

fabrication costs. One example is the 12-mer peptide 1018 (VRLIVAVRIWRR), which was 

created using the amino acid sequence of the cattle neutrophil peptide bactenecin as a basis. 
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This peptide has demonstrated efficacy in inhibiting and eradicating biofilms formed by 

various Gram-negative pathogens and Gram-positive, drug-resistant pathogens [32]. 

Alterations in peptide sequences can sometimes lead to molecules with heightened 

cytotoxicity. To address this, structure–activity relationship models and computer-aided 

AMPs can offer predictive insights into the biological activity of candidate sequences prior 

to synthesis. De novo design approaches influence statistical analysis tools and machine 

learning algorithms to create and refine new therapeutic molecules, enabling the 

development of AMPs with optimised efficacy and reduced toxicity [33, 34]. For instance, 

two short AMP candidates, HHC36 (Tet127) and Tet213, were identified through an 

extensive Quantitative Structure-Activity Relationship study. Both peptides exhibited 

strong broad-spectrum antimicrobial activity. For example, HHC36 was noted for its 

comparatively lower cytotoxicity, making it a suitable candidate for peptide-loaded calcium 

phosphate coatings for titanium implants [35, 36]. 

LL-37 is the only cathelicidin AMP present in humans, playing a crucial role in the innate 

immune system [37]. In 2008, Wang identified an active fragment of this peptide, named 

'KR-12' . This fragment corresponds to the amino acid sequence KRIVQRIKDFLR-NH2, 

specifically spanning residues 18 to 29 of the parent peptide [37]. Similar to its precursor 

peptide LL-37, KR-12 offers several therapeutic advantages. KR-12 and its derivatives, 

such as KR-12-a5 and KR-12-a4, have been shown to promote osteogenic differentiation, 

which is critical for bone growth and repair [38]. Additionally, research by Liu et al., 2019 

demonstrated that when KR-12 was loaded onto hyaluronic acid-coated eggshell 

membranes, it enhanced re-epithelialisation and angiogenesis, contributing to wound 

healing by fostering blood vessel formation [39]. KR-12 and its analogues also exhibit anti-

inflammatory properties. For instance, Jacob et al.,2013 assessed the anti-endotoxic effects 

of KR-12 and its variants by measuring their ability to inhibit the production of tumour 

necrosis factor-α (TNF-α) in LPS-stimulated macrophage cells [40]. Furthermore, Fabisiak 

et al 2021 tested KR-12's efficacy against bowel diseases, demonstrating that KR-12 

exhibited superior anti-inflammatory activity compared to its original peptide, LL-37. 

While several analogues and modifications of KR-12 showed enhanced antimicrobial 

properties, the unmodified KR-12 was selected for this research. The decision to use 

unmodified KR-12 was based on its strong clinical familiarity as an AMP, making it the 

most reasonable option. 
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Although AMPs exhibit strong antimicrobial properties, the recent research proved that 

bacteria can develop resistance through adaptations involving cell wall modifications and 

alterations in cellular metabolism [41, 42]. For instance, non-ribosomal AMPs (nrAMPs) 

like vancomycin inhibit bacterial cell wall synthesis by binding to the d-Ala-d-Ala terminus 

of Lipid II. However, resistance can emerge when bacteria modify this precursor, 

substituting d-Ala-d-Ala with d-Ala-d-Ser or d-Ala-d-Lac, which reduces vancomycin’s 

binding affinity and effectiveness [43]. On the other hand, ribosomally synthesized cationic 

AMPs (rAMPs), which rapidly disrupt bacterial membranes, are considered less prone to 

resistance [41, 42, 44]. Nevertheless, bacteria can still develop resistance by altering 

membrane charge to become more positive, incorporating neutral membrane components, 

modifying membrane fluidity, or employing proteases and efflux pumps to degrade the 

AMPs. Despite these potential resistance mechanisms, both nrAMPs and rAMPs, including 

synthetic AMPs, are generally less susceptible to resistance compared to conventional 

antibiotics [41, 42].  

1.3. AMP-based antimicrobial coatings 

To achieve specific antimicrobial properties, AMPs can be immobilised or conjugated to 

polymer-functionalised surfaces, polymer vesicles, micelles, hydrogels, and similar 

substrates, contributing to the development of advanced multi-functional biomedical 

coatings [78]. Techniques for covalent attachment of AMPs to the coatings, such as the 

formation of amide-bonds and click chemistry, require compatible functional groups on 

both the AMPs and the polymers chains [79]. Alternatively, AMP immobilisation can be 

accomplished through methods including Michael addition/Schiff base reactions, photo 

crosslinking, and oxidation reactions [78]. The following sections will inspect the prevalent 

strategies for AMPs incorporation on titanium surfaces. 

1.3.1 Polymer brushes 

A polymer brush is an arrangement of densely packed polymer chains chemically bonded 

to a surface at one end [45]. This configuration results in a "brush" structure where the 

chains extend outward, creating a high-density layer that fills the space above the surface 

and prevents chain intermingling [46, 47]. The polymer brush acts as a flexible linker 

between the implant surface and AMPs, minimising the effects of surface restriction. 

Numerous studies have explored the use of polymer brushes as linkers between AMPs and 

titanium implant surfaces during immobilisation (Figure 1-2(a)). For instance, Gallardo et 
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al demonstrated the covalent attachment of hLF1-11 (GRRRRSVQWCA), to a co-polymer 

brush made from Dimethylacrylamide (DMA) and Acryloylaminopropyl Methacrylate 

(APMA) [48]. This polymer brush-hLF1-11 chain was subsequently attached onto a 

titanium surface that had been functionalised with an Atom Transfer Radical 

Polymerisation (ATRP) initiator. The bacterial inhibition of the resulting antimicrobial 

coating was analyzed using two oral bacterial strains, Streptococcus sanguinis and 

Lactobacillus salivarius, showing inhibition rates of 15.7% and 30.4%, respectively. 

Further testing revealed that the bio-functionalised surfaces exhibited antibacterial 

properties, reducing bacterial adhesion by 70% as confirmed by live and dead staining 

assays [87]. Additionally, the hLF1-11 releasing surfaces were found to prevent early-stage 

biofilm formation by both bacterial strains. 

Gao et al. employed a similar approach to tether AMPs containing terminal cysteine 

residues e.g., Tet-20, Tet-213, 1010cys to titanium surfaces [49]. To tether the AMPs, the 

titanium surface was modified with an ATRP initiator, while the DMA and APMA 

copolymer underwent functionalisation [49]. The titanium surfaces functionalised with 

various AMPs were evaluated for their activity against P. aeruginosa. Polymer brush 

coatings also allow for functionalisation with multiple peptides that possess diverse 

functionalities. For instance, Muszanska et al utilised Pluronic F-127, as a block copolymer, 

immobilised on silicone [50]. The polymer brushes were functionalised with 

ILPWRWPWWPWRR-NH2 as an AMP and an RGD-containing peptide, to combine anti-

adhesive, bactericidal, and tissue-integrating properties. This peptide releasing coating 

demonstrated both antifouling and bactericidal effects against Staphylococcus aureus (S. 

aureus), Staphylococcus epidermidis (S. epidermidis), and Pseudomonas aeruginosa (P. 

aeruginosa), nearly completely preventing bacterial adhesion on the treated silicone rubber 

surface. Additionally, the incorporation of RGD moieties on the AMP-coated surface 

enhanced fibroblast coverage, promoting better tissue integration. 
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Figure 1-2. The schematic illustration of (a) polymer brush strategy and (b) dopamine-

based coating to prevent bacteria attachment. 

1.3.2 Polydopamine (PDA) layers 

PDA is a remarkable material endowed with unique properties, most notably its ability to 

adhere to virtually any surface, including those submerged in water [51]. This exceptional 

adhesive capability is primarily attributed to the catechol groups present in its monomeric 

building blocks, which facilitate strong binding interactions with a wide variety of 

substrates [52]. The dopamine self-polymerisation method has been introduced to form 

thin, surface-adherent polydopamine coatings via simple dip-coating on a variety of 

inorganic and organic substrates [53]. The field has expanded significantly, leading to the 

development of numerous PDA-based coatings tuned by incorporating various additives 

during synthesis (Figure 1-2(b)). These additives can influence material characteristics 

through covalent cross-linking, physical entrapment, or non-covalent interactions. [54].  

In a related approach, Lee et al. developed a self-polymerising dopamine film inspired by 

mussel adhesive proteins [55]. This polydopamine film can be applied onto various organic 

or inorganic surfaces, including polymers, ceramices, and noble metals by easily immersing 

the surface in an aqueous solution of dopamine. The polydopamine coating functions as a 

multifunctional platform for a range of applications, with its significant role being the 

delivery of AMPs. One study utilised this polydopamine coating strategy to immobilise a 

synthetic AMP, CWR11 (CWFWKWWRRRRR-NH2), onto commercial silicone coated 

Foley-catheter surfaces [56]. Firstly, catheters were coated with polydopamine by dipping 

them into a dopamine solution. The polydopamine-functionalised silicone catheter was then 

soaked in a CWR-11 peptide solution for three days at 25°C. The resulting CWR-11 coated 

catheter demonstrated no bacterial colonies when incubated for three hours with a 
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suspension of Escherichia coli (E. Coli) on an agar plate. Furthermore, the study 

demonstrated that the antimicrobial functionality of the coating was retained for up to 21 

days. 

1.3.3 Physical adsorption 

This section has been adapted from the book chapter written by Zare et al. (2022). 

Antimicrobial Bioceramics for Biomedical Applications. Innovative Bioceramics in 

Translational Medicine I. Springer Series in Biomaterials Science and Engineering, vol 17. 

Springer, Singapore. The specific sections used here were authored by Mohadeseh Zare as 

a contributing writer to the chapter. 

There are a variety of strategies for AMPs immobilisation physically or chemically on 

implant surfaces which are different in binding strength and complexity. Poor binding 

would lead to an inefficient uncontrolled release. Contrarily, strong anchoring provides a 

controlled release of AMPs but may hinder biological activities. Since a balance between 

controlled release and stable attachment is demanded for preparing an ideal antimicrobial 

surface, many studies have examined different strategies of AMP immobilisation to provide 

antimicrobial coatings [57].  

The most straightforward and naturally occurring method for immobilising AMPs is 

physical adsorption. This technique involves the weak attachment of AMPs to surfaces 

through electrostatic or hydrophobic interactions. It can be easily performed by immersing 

the implant in peptide solutions, allowing the AMPs to become entrapped during processing 

[58]. To achieve a more controlled release of AMPs, some studies have employed layer-

by-layer deposition of cationic and anionic molecules to form films on the surface, enabling 

gradual peptide release [59].  

Additionally, AMPs can be engineered with affinity domains to enhance their electrostatic 

and hydrophobic interactions with surfaces. Surface-binding peptides utilise these 

electrostatic interactions, where their binding affinity can be significantly increased by 

incorporating repeated sequences rich in basic amino acids. This modification strengthens 

the attachment of AMPs to surfaces, thereby improving their stability and effectiveness in 

various applications. Physical adsorption is more applicable for clinical approaches, 

although it results in poor orientation, low stability, and poor activity compared to covalent 

interactions [60]. Recently, surface-binding peptides composed of histidine and lysine were 

developed which can directly assemble onto the biomaterials with high affinity. These self-
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assembly peptides can be utilised to integrate various peptides, principally AMPs, onto 

biomaterials [61]. Chen et al. integrated a surface-binding peptide at the N-terminal of AMP 

Tet213 and utilised it to prepare antimicrobial implants made of titanium, gold, 

Hydroxyapatite (HAp), and polymethyl methacrylate [62]. 

1.3.4 Chemical binding on functionalised surfaces 

This section has been adapted from the book chapter written by Zare et al. (2022). 

Antimicrobial Bioceramics for Biomedical Applications. Innovative Bioceramics in 

Translational Medicine I. Springer Series in Biomaterials Science and Engineering, vol 17. 

Springer, Singapore. The specific sections used here were authored by Mohadeseh Zare as 

a contributing writer to the chapter. 

In order to prepare more stable and durable immobilisation compared to the physical 

adsorption method, covalently binding of AMPs using functionalisation of surfaces with 

varied functional groups can be applied [3]. Following the surface functionalisation, 

different biomolecules, including AMPs, can be directly grafted onto the implant surface. 

After the surface functionalisation step, AMPs can be attached to the surface through 

various strategies, either directly or via covalently bound linkers. The most effective 

strategy depends on the compatibility of the peptide sequences, where the inclusion of 

active functional groups within the sequence allows for chemical reactions without the need 

for additional steps to functionalise the peptides [3]. 

Different forms of the chemically immobilised AMPs, and the immobilisation strategies 

which have been used in recent studies in the last 10 years have been summarised in Table 

1-1. According to the studies reported in Table 1-1, the most common strategy used for 

AMP immobilisation to implant surfaces is the physical adsorption method because of its 

simplicity and non-toxicity. Among chemical techniques, silanisation is the most general 

method for the peptide immobilisation. 

Table 1-1. A summary of recent studies on the immobilisation of AMPs on different forms 

of medical implants for various applications. 

AMP name Substrate 
Immobilisation 

strategy 

Bacteria 

tested 
Application Research team 

KR-12 

Polymer (2-

methacryloylox

yethyl 

Silanisation E. coli  Orthopaedics 
Kozuka et al. 

2024 [63] 
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phosphorylchol

ine) 

KR-12 
Gold 

nanoparticles 
Silanisation E. coli  

Drug delivery 

system 

Romero et al.  

2023 [64] 

KR-12 Silica particles 
Physical 

adsorption 
E. coli 

Drug delivery 

system 

Ki et al.  

2023 [65] 

KR-12 
Polyethylene-

glycol 

Physical 

adsorption 
P. aeruginosa Orthopaedics 

Ajish et al. 

2022 [66] 

Nisin Polydopamine Plasma treatment E. coli & S. aureus Orthopaedics 
Mondal et al. 

2021 [67] 

GL13K 
Collagen fibril/ 

Hydroxyapatite 

Physical 

adsorption 
E. coli & S. gordonii Dentin scaffold 

Ye et al. 

2021 [68] 

Nisin Silicon wafers Plasma treatment E. coli & S. Aureus Orthopaedics 

Vanslambrouck  et 

al.  

2020 [69] 

HHC-36 
silk fibroin/ 

Hydroxyapatite 
PDA coating E. coli & S. aureus Orthopaedics 

Abbasizadeh et al. 

2020 [70] 

LL-37 
Polydopamine/ 

Hydroxyapatite 

Ceramic binding 

peptide 

E. coli & 

Streptococcus mutans 
Bone substitute 

Fateme et al. 

2020 [71] 

Nisin 
Polydopamine/

hydroxyapatite 
PDA coating S. aureus 

Bone implants & 

drug delivery 

Wang et al. 

2020 [72] 

Protamine Hydroxyapatite 

Physical 

adsorption by 

batch method 

E. coli & S. aureus Bone substitute 
Honda et al. 

2020 [73] 

Melittin 
Silica 

nanoparticles 

Physical 

adsorption 
P. aeruginosa 

Drug delivery 

system 

Yu et al. 

2020 [74] 

LL-37 

Calcium 

Phosphate 

Nanoparticles 

Physical 

adsorption 

E. coli & S. 

pneumoniae 
Drug delivery 

Tsikourkitoudi et al. 

2020 [75] 

Mel4 
Quartz glass 

slides 

Surface 

functionalisation 
P. aeruginosa Medical devices 

Yasir et al. 

2019 [76] 

Protamine 
Calcium 

phosphates 

Physical 

adsorption 
Streptococcus mutans Dental field 

Fujiki et al. 

2019 [77] 

BP100 

DD K 

Alumina 

nanoparticles 

Surface 

functionalisation 

E. coli & S. aureus & 

Salmonella 

typhimurium 

Medicine & 

orthopaedics 

Torres et al. 

2019 [78] 

Tet127 Titanium 
Ceramic binding 

peptide 

E. coli & 

Streptococcus mutans 
Bone implant 

Yazici et al. 

2019 [79] 

HAL-2 

Calcium 

phosphate 

cement   

Physical 

adsorption 

S. aureus, S. 

epidermidis & P. 

aeruginosa 

Bone implant 
Melichercik et al. 

2018 [80] [81] 

BP100 Alumina Silanisation 
E. coli & Salmonella 

typhimurium 

Biological 

applications 

Torres et al. 

2018 [82] 
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Tet213 

 Polymethyl 

methacrylate/ 

hydroxyapatite 

Ceramic binding 

peptide 
E. coli & S. aureus Bone implant 

Chen et al. 

2017 [62] 

Human 

defensins 
Hydroxyapatite 

Physical 

adsorption 

& Surface 

functionalisation 

S. aureus, S. 

epidermidis & P. 

aeruginosa 

Orthopaedics 
Townsend et al. 

2017 [83] 

Cysteinylate

d 

Lipopeptide

s 

Titanium/ 

glasss/ silicon 
Silanisation 

P. aeruginosa & E. 

coli 
Medical implants 

De Zoysa et al. 

2017 [84] 

GL13K Titanium oxide 
Physical 

adsorption 

Fusobacterium 

nucleatum & 

Porphyromonas 

gingivalis 

Orthopaedics 
Li et al. 

2017 [85] 

Inverso-

cyshhc10 

Calcium 

aluminum 

oxide/ 

hydroxyapatite 

Alkene-thiol 

reaction 
E. coli Bone implant 

Buckholtz et al. 

2016 [86] 

LL-37 
Silica 

nanoparticles 

Physical 

adsorption 
E. coli Drug delivery 

Braun et al. 

2016 [87] 

KSLW 

 Hydroxyapatite 

Ceramic binding 

peptide 
S. mutans Oral infection 

Huang et al. 

2016 [88] 

PSI 10 

Magnesium 

alloy/ 

hydroxyapatite 

Physical 

adsorption 
S. aureus Orthopaedics 

Tian et al. 

2015 [89] 

HHC-36 

 

Natural 

trabecular bon 

Physical 

adsorption 
S. aureus Bone scaffold 

Kazemzadeh et al. 

2014 [90] 

HHC-36 Titanium 
Physical 

adsorption 

S. aureus and P. 

aeruginosa 
Bone implant 

Kazemzadeh et al. 

2013 [91] 

GL13K Titanium Silanisation 
Porphyromonas 

gingivalis 

Dental 

application 

Holmberg et al. 

2013 [92] 

HHC-36 

Tet213 
Titanium 

Physical 

adsorption 

P. aeruginosa & 

S. aureus 
Orthopaedics 

Kazemzadeh et al. 

2012 [36] 

HHC-36 Titanium oxide 

Vacuum-assisted 

physical 

adsorption 

S. aureus Orthopaedics 
Ma et al. 

2012 [59] 

Nisin 

β-tricalcium 

phosphate/ 

monocalcium 

phosphate 

cement 

Physical 

adsorption 
S. aureus Bone cement 

Van Staden et al. 

2012 [93] 
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1.4. Covalent immobilisation of AMPs on titanium implants 

Modern biomaterials can be modified through surface functionalisation or coating to 

minimise the risks of inflammation and infection, particularly before biofilm formation 

occurs [94]. Traditionally, the management of implant-associated infections has relied on 

embedding antibiotics or biocides within these materials. However, the prolonged use of 

antibiotics can lead to the development of antibiotic-resistant bacteria, while biocides carry 

potential cytotoxic risks, raising concerns about their safety for patients. Consequently, 

there is growing interest in alternative antimicrobial approaches. As discussed in 

previously, AMPs present a promising alternative to conventional antimicrobial agents. 

AMPs function through mechanisms that lessen the potential for microbial resistance. 

However, achieving effective infection control may require high concentrations of AMPs, 

which can pose cytotoxic risks due to the rapid degradation of natural AMPs by proteases. 

Therefore, enhancing the stability of free AMPs against degradation in vivo and improving 

the binding efficiency of immobilised AMPs on biomaterial surfaces are crucial steps in 

developing non-toxic, durable antimicrobial surfaces. By reducing the need for implant 

removal due to AMP inactivity, patient outcomes can be improved, and healthcare costs 

can be significantly reduced [95].  

Titanium is widely used for implants due to its excellent biocompatibility, corrosion 

resistance, and mechanical properties, making it suitable for long-term integration with 

human tissues. Its surface forms a stable oxide layer (mainly titanium dioxide), which 

enhances osseointegration by promoting bone growth [96-98]. The surface characteristics 

of titanium, including roughness, chemical composition, and surface energy, significantly 

impact peptide binding. Surface roughness provides physical anchoring points, while its 

oxide layer enables chemical interactions like covalent bonding or electrostatic interactions 

with peptides. Surface functionalisation techniques can modify these surface properties, 

increasing reactivity for peptide immobilisation for enhanced antimicrobial or biological 

functionality [84]. Numerous strategies have been investigated for the chemical 

functionalisation of metallic implant surfaces, with titanium being a primary focus [96-98]. 

Among these, silanisation and plasma treatment are two of the most extensively studied 

methods [97, 98]. The following sections will provide a detailed explanation of these 

techniques, allowing for a better comparison of their effectiveness and applications. 
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1.4.1 Silanisation of titanium surfaces 

Silanisation has emerged as the most widely utilised method for immobilising AMPs on 

titanium implants [84]. This process begins by modifying the hydroxyl groups present on 

the titanium surface with alkoxysilane, which introduces amino groups. The surface can 

then be further modified, either directly or through the use of a crosslinker, to facilitate the 

immobilisation of thiol-containing peptides. Depending on the functional groups present on 

the surface and the reactive groups of the AMPs, peptides can be covalently attached to 

these functionalised surfaces using various chemical reactions, such as those between amine 

and carboxyl groups or through azide-alkyne cycloaddition reactions [99-102]. 

Gabriel et al. demonstrated the conjugation of the peptide cysteine-LL37 with added N-

terminal cysteine residues onto amino-silanised titanium surfaces using a three-step 

procedure [103]. Initially, the samples were silanised with amino silane (3-aminopropyl 

triethoxysilane). Following this, the amino-silanised surfaces were treated with N-

maleimidopropionic acid succinimide ester, and finally, the samples were incubated with 

Cysteine-LL37. This resulted in coatings that were significantly more effective, eradicating 

50 times more E. coli than control coatings. 

Similarly, Li et al conjugated the AMP GL13K onto silanised titanium surfaces [81]. The 

process involved sequential treatment of titanium samples with sodium hydroxide and (3-

chloropropyl) triethoxysilane, which prepared the surfaces for effective peptide attachment 

and enhanced their antimicrobial properties. AMPs were covalently attached to silanised 

titanium surfaces through immersion in a GL13K peptide solution. The resulting GL13K-

coated surfaces effectively eradicated Streptococcus gordonii and prevented biofilm 

formation and growth in a simulated salivary environment, demonstrating steady AMP 

release, even in the presence of continuous shear forces. 

Also, another recent study reported a melamine coating grafted onto titanium surfaces for 

the antibacterial activity [104]. The titanium sample was first amine functionalised with 3-

Aminopropyltriethoxysilane (APTES) and then reacted with the linker 4-(N-

maleimidomethyl) cyclohexane-1-carboxylic-3-sulfo-N-hydroxysuccinimide ester to 

create a functionalised maleimide surface. Melamine was then tethered to the substrate via 

a thio-ether linkage formed through a Michael-addition reaction between the cysteine at the 

N-terminus of melamine and the maleimide moiety on the surface. The coating effectively 

decreased bacterial adhesion and biofilm formation of P. aeruginosa by as much as 62% 
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and S. aureus by up to 84% in vitro. Moreover, in vivo studies using subcutaneous infection 

models showed a reduction in bacterial load by 2 log units when compared to surfaces 

without the coating. 

In a recent study, Makihira et al immobilised the AMP JH8194, known for its osteogenic 

as well as antibacterial properties, onto titanium surfaces using a method that involved 

successive immersion in 5% γ-aminopropyltriethoxysilane followed by treatment with 

sodium borohydride (NaBH₄) to reduce imines to amine groups [105]. Carboxyl groups on 

the surface were activated with NHS and 1-Ethyl-3-(3-dimethyl-aminopropyl) 

carbodiimide (EDC), and the samples were subsequently reacted with the AMP. The 

JH8194-Ti immobilisation significantly contained Porphyromonas gingivalis (P. 

gingivalis) colonisation and enhanced osteogenic mRNA expression in the MC3T3-E1 cell 

line. 

In a recent study, antibacterial and antifungal agents were effectively delivered by attaching 

them to stainless steel surfaces using a grafted chitosan polymer layer [106]. The peptides 

magainin I, known for its efficacy against a range of bacteria and fungi, and nisin, which 

targets Gram-positive bacteria, were covalently linked to the surface. The peptides 

magainin I, which is effective against various bacteria and fungi, and nisin, effective against 

Gram-positive bacteria, were covalently bound to the surface. The covalent binding of 

bioactive peptides was performed using a three-step functionalisation process, based on two 

successive amination reactions. In this approach, a dialdehyde crosslinker, either 

glutaraldehyde (GA) or terephthalaldehyde (Tere), was introduced between the chitosan-

modified stainless-steel surface and the peptides. The magainin- and nisin-coated surfaces 

demonstrated significant antibacterial activity, killing more than 90% of Listeria ivanovii 

and 70% of E. coli. 

To summarise the silanisation technique, the metal surface is immersed in a silane solution 

APTES to create amine groups on the surface. In this process, the first hydrolysis happens 

by cleaving off ethyl residues. Then, silane molecules attach to the hydroxyl groups on the 

surface via hydrogen bonds. Eventually, this condensation leads to the covalent bonds 

linking silane and surface (Figure 1-3). After silanisation, the metals can be added to a 

peptide solution to obtain a reaction between carboxyl groups of the peptides and the amine 

groups of the APTES activated by EDC and NHS. With this common activation process, 

the carbodiimide carbons of EDC couple to carboxylic groups and form reactive 
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intermediate where NHS can finally bind. This creates a semi stable NHS ester with reactive 

amine groups. Finally, this forms amide bonds between peptides amino groups and NHS 

esters [107]. The silanisation method can be applied for most metals and some studies used 

this technique for titanium surfaces, where coupling with APTES and EDC/NHS activation 

was applied to attach AMP KR-12. This effort resulted in 90% antimicrobial activity against 

S. epidermidis. They also used a linker, polyethylene glycol (PEG), between APTES amine 

groups and amine terminus of peptides, resulting in increased flexibility and consequently 

100% antimicrobial activity against S. epidermidis [108].  

In addition to the activation by EDC/NHS, the coupling can also be done by other chemical 

reactions. For instance, the immobilisation can be done by Michael-addition reaction of the 

peptide cysteine and maleimide. In one study, alumina was incubated in a solution of 

succinimidyl-3-maleimidopropionate and then underwent peptide immobilisation by the 

same technique [109]. Moreover, coupling of 3-(maleimido)propionic acid N-

hydroxysuccinimide ester to APTES is also applied. In one study, peptides were coupled to 

tantalum and titanium by modifying the n-terminals with 3-mercaptopropionic acid and 6-

aminohexanoic acid tetramer [110]. This strategy resulted in nucleophilic substitution using 

the immobilised iodine and thiol group of peptides which brought peptides binding to the 

surface.  

 

Figure 1-3. Schematic illustration of the structure of an APTES molecule, its activation. 

process, and its reaction with a hydroxylated oxide surface. 

Similar to APTES, APTMS can also produce amine groups on metal surfaces activated by 

EDC/NHS [111]. There are also other silanes with different functional groups such as (3-

Glycidyloxypropyl)-trimethoxysilane (GPTS). In one study, GPTS combined with PEG 

was used to coat a titanium surface with carboxyl groups. To bind AMPs (LL-37), the 

carboxyl groups were activated by Dicyclohexylcarbodiimide (DCC) and NHS [103].  

The silanisation strategy is also applicable to create thiol rich surfaces by cysteine coupled 
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APTES. In this case, cysteine containing peptides can be coupled using a disulfide bond 

[78]. Moreover, another kind of silanes, 3-Mercaptopropyltrimethoxysilane, can be paired 

with sodium azide. Therefore, peptides modified with 2-aminopent-4-ynoic acid can 

undergo a copper-catalysed azide-alkyne cycloaddition [78]. Halogen-containing silanes, 

such as BPTCS1, can be used for AMP immobilisation where halogens act as initiators for 

polymer brushes to polymerise in-situ on the surface [48]. 

Overall, silanisation provides a wide range of functional groups such as amine, carboxyl, 

thiol, azide, halogen, and epoxy. Moreover, this strategy can be used for a variety of metals 

as well as glasses [112, 113]. The drawback for this strategy is the requirement for the pre 

functionalisation and the use of EDC/NHS activation. 

1.4.2 Plasma treatment of titanium surfaces 

Plasma consists of gases that are either fully or partially ionised [114]. When enough energy 

is imparted to a gas, electrons are stripped away from atoms, resulting in a mixture 

containing free electrons, neutral particles, free radicals, and positively charged ions [114]. 

These free electrons continue to interact with other particles, sustaining or increasing the 

density of charged species within the plasma. Despite the presence of charged particles, 

plasmas often remain electrically neutral overall, a characteristic that helps define them as 

the fourth state of matter [115]. The properties of plasma, such as electron density and 

temperature, can vary significantly depending on the energy source and its intensity [116]. 

Non-thermal plasmas, which are not in thermodynamic equilibrium, include what is known 

as "cold plasma," where electron temperatures are significantly higher than those of ions 

and neutral particles [117]. 

Plasma technology is currently demonstrating significant potential across various 

applications, particularly in the degradation of macromolecules, pollution control, 

sterilisation, and chemical synthesis [118-121]. During plasma discharge, electrons emitted 

from the electrode interact with nearby molecules [122]. These interactions can be 

categorised into two types: elastic and inelastic collisions. In elastic collisions, no new 

chemical reactions take place, and the energy is merely redistributed among the particles. 

In contrast, in inelastic collisions, the electrons transfer their energy to the internal energy 

states of surrounding molecules or atoms. This energy transfer can excite the molecules or 

 
1 1-(2-bromo-2-methyl)-propionyloxyundecenyltrichlorosilane 
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atoms, causing them to transition from their ground state to an excited state, which makes 

them more chemically reactive and capable of inducing further dissociation or initiating 

additional reactions [123, 124].  

Chemically reactive species generated during plasma treatment can undergo 

interconversions. The plasma discharge process is complicated, producing a wide range of 

reactive species, each with distinct generation mechanisms and specific roles in the 

treatment process [122]. Due to their strong oxidative properties, these reactive species 

make plasma technology a form of advanced oxidation technology, particularly effective in 

the degradation of macromolecules. Numerous studies have focused on the application of 

plasma technology for the degradation of polysaccharides, which have diverse 

physicochemical properties and biological activities. The degradation process can alter 

these properties, potentially enhancing the biological activities of the polysaccharides [125, 

126]. 

Plasma treatment is typically performed in an evacuated chamber, and a mixture of gases 

can flow into the chamber at a controlled pressure, and then any electrical energy is applied 

(Figure 1-4(a)). A plasma consists of electrons, neutral gas atoms, positive ions, excited gas 

molecules, and atoms, along with Ultraviolet (UV) light carrying a high amount of internal 

energy [127]. When all these components interact with a surface, plasma treatment can be 

initiated. The effects of plasma treatment on any surface can be tuned precisely by 

controlling a special gas mixture, temperature, pressure, or even power. During plasma 

nitriding, energetic nitrogen ions can bombard surfaces in the electric field, and therefore 

entrapment of nitrogen into the surface and heating the targeted surface happen [127]. The 

edge effect can occur due to the electric-field distributions around the corners of samples. 

Generally, in the conventional DC plasma nitriding, the furnace wall has an anodic 

potential, and the samples are treated in a cathodic potential [127].  

 

Figure 1-4. (a) Schematic representation of a plasma nitriding reactor illustrating the 
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placement of the forming tool at the cathodic potential [128]. (b) Townsend breakdown and 

electron avalanche formation between two electrodes [129]. 

Plasma surface modification can be used to modify the surface properties by 

functionalisation of the surface with different functional groups [130]. The surface 

modification based on plasma treatments is typically used to introduce functional groups 

onto material surfaces through the plasma adsorption and diffusion, which consists of 

ionised gas mixtures. The type of formed functional groups depends on the working gas 

injected to generate the plasma. For instance, plasma nitriding, also known as glow-

discharge nitriding, employs a mixture of nitrogen (N2) and hydrogen (H2) gases to 

introduce nitrogen-based functional groups onto the surface [131]. These newly formed 

functional groups can subsequently serve as anchors for further surface modifications, as 

explored in this work. Plasma nitriding provides numerous benefits compared to 

conventional nitriding techniques, such as nitrocarburising (salt bath nitriding) and gas 

nitriding with ammonia, which involve hazardous chemicals like caustic cyanides and toxic 

gases [132, 133]. In contrast, plasma nitriding utilises nitrogen-hydrogen gas directly for 

surface functionalisation and requires significantly less gas, making it more efficient. 

Additionally, plasma nitriding provides enhanced control and consistency in surface 

treatment, as the process parameters, including applied voltage and gas ratios, can be 

precisely controlled, leading to a uniform surface modification [132, 134]. Moreover, the 

by-products of plasma treatment using nitrogen/hydrogen gas are non-toxic, contributing 

to its reputation as an environmentally friendly technology [135, 136]. This non-toxic 

nature has led to increased industrial interest in plasma nitriding since its introduction. 

 Up to the present, different functionalities have been provided by plasma treatment, such 

as carboxyl, hydroxyl, and primary amine [137, 138]. In order to immobilise the peptides, 

primary amine (-NH2) groups can initiate the covalent immobilisation of AMPs using 

chemical reactions between carboxyl groups (-COOH) of peptides and primary amine 

groups (-NH2) [139]. Moreover, protonated amines can create a localised positive charge 

in an aqueous solution at the physiological pH, which can potentially be beneficial for 

electrostatic interactions with negatively charged cells and proteins and is advantageous to 

promote cell adhesion and proliferation [139]. 

In addition to surface functionalisation, plasma technology can be applied to sterilise 

biomaterials. The bombardment of the material surface with ionised gas mixtures during 
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plasma treatment can effectively remove impurities, such as dust and particles left after 

polishing [140]. Plasma nitriding also offers the advantage of enhancing mechanical 

properties, achieving surface functionalisation without the need for wet chemical processes, 

with faster processing times, and a reduced environmental impact [141]. Plasma nitriding 

of polymers is usually conducted in either vacuum or ambient atmospheric conditions, with 

the treatment temperature restricted by the polymer's melting point. [142]. As a result, 

plasma treatment of polymers is generally impacted just a few microns in depth, with the 

physical and chemical changes mainly confined to the surface or near-surface layers, having 

lowest effect on the bulk properties of the material. 

For stable plasma formation, it is crucial to maintain steady ionisation of the injected gas 

between the anode and cathode. In highly ionised plasma, collisions among active 

molecules are predominant, while in plasma with lower ionisation, interactions between 

active and neutral species dominate. The level of ionisation primarily depends on the 

pressure at which the plasma is produced, as this influences the mean free path of the ionised 

molecules [143]. At atmospheric pressure, the mean free path of the gas molecules is 

relatively short, limiting their momentum and resulting in fewer molecular collisions. 

Conversely, at extremely low pressures around 0.01 Pa, the mean free path is extended, but 

the large distances between molecules reduce collision frequency. In both atmospheric and 

very low-pressure environments, it becomes challenging to sustain consistent ionisation 

between the anode and cathode. Optimal plasma formation typically occurs at lower 

pressures, around 10 Pa, where the mean free path is sufficient to allow frequent collisions, 

facilitating the development of self-sustained plasma [143]. 

The ability of plasma to maintain self-sustainability is described by the Townsend 

avalanche process, a simplified schematic of which is shown in Figure 1-4(b). Briefly, the 

electric field between the anode and cathode accelerates free electrons, causing them to 

collide with gas molecules in the working gas, which in turn releases secondary electrons. 

This chain reaction of electron collisions leads to an "avalanche" effect, where the 

multiplication of free electrons allows for continuous electrical conduction through the 

working gas, thereby sustaining the plasma [143]. 

1.4.3 Direct immobilisation of AMPs 

In order to immobilise AMPs on the implant surfaces, after the process of biomaterial 

surface functionalisation, activating agents including EDC and NHS, are employed to 
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promote the formation of amide bonds between peptides and surfaces, thereby avoiding the 

creation of carboxylic salts with amines [144]. Other molecules can serve as alternatives to 

NHS and EDC for coupling similar functional groups. Moreover, cysteines or thiols are 

frequently used for efficient chemo-selective conjugation of AMPs to a range of polymeric 

substrates [145]. Humblot et al investigated the antimicrobial activity of Magainin-1 by 

directly immobilizing it onto a mixed self-assembled monolayer of thiol compounds. The 

effectiveness of this setup was tested against S. aureus, Listeria ivanovii, and Enterococcus 

faecalis [146].  

The orientation of the AMPs during immobilisation cannot be precisely controlled, as the 

coupling chemistry facilitates the attachment of any available amine group in the peptides 

to the functional groups present on the surface. Due to the restricted lateral orientation and 

mobility of the directly immobilised AMPs, they are unable to fully engage their natural 

membrane-targeting mechanisms [147].  

1.4.4 Linker incorporated immobilisation of AMPs 

Direct immobilisation may limit AMP mobility, potentially reducing the effectiveness of 

membrane permeabilization or polarisation. Therefore, many advancements utilise linkers 

between the surface functional groups and the AMP. Research indicated that the length of 

linkers, which refers to the distance between the surface and the peptide, plays a crucial 

role in influencing the activity of surface-immobilized AMPs, particularly concerning the 

density of AMPs on the surface [69]. Additionally, the degradation of polymers can result 

in the cleavage of linker chains, facilitating the controlled release of immobilized AMPs 

[148, 149].  

The increased activity observed with linkers is generally attributed to the enhanced lateral 

mobility of AMPs, which increases the likelihood of membrane permeabilization and 

microbial cell death [69]. This hypothesis assumes that AMPs function similarly to their 

free-form counterparts. However, some AMPs, when immobilised, may disrupt the 

cytoplasmic membrane and electron transport, leading to partial membrane 

permeabilization and cell death [150]. 

Gabriel et al. conducted a comprehensive study on silanised titanium surfaces to assess the 

impact of linker specifications and orientation on the antimicrobial efficacy of LL-37 [103]. 

Their research compared direct immobilisation and spacer-incorporated immobilisation, 

using PEG-based linkers, through various multi-step coupling chemistries. Direct 



 

Chapter One  General Introduction 

 

 
22 

immobilisation of LL-37 on silanised titanium did not yield observable antimicrobial 

activity. Similarly, LL-37 remained inactive when linked to a flexible PEG linker at its C-

terminal. In contrast, conjugation of LL-37 to PEG through its N-terminal resulted in 

effective killing of E. coli. This suggests that LL-37 requires sufficient lateral freedom to 

interact with microbial membranes, which was achieved using a long, flexible linker 

positioned in a specific orientation. PEG's antifouling properties offer additional benefits, 

including the creation of non-adhesive surfaces and improved peptide solubility and 

stability against protease degradation and aggregation [151, 152]. Exploiting the antifouling 

characteristics of linkers alongside the antimicrobial properties of AMPs presents a 

promising strategy to mitigate biofilm formation.  

The Varieties of surface functionalisation techniques, coupling chemistries, linker designs, 

and available AMPs, underscores the complexity in developing antimicrobial biomaterial 

surfaces. Comparing these approaches is challenging due to the variability in reactants, 

biomaterial surfaces, and AMPs, which can influence the observed antimicrobial efficacy. 

A thorough comprehension of structure-function relationships is essential for improving the 

effectiveness of surface-immobilised AMPs. It is also important to understand the kinetics 

of leaching, as degradation of materials and coupling agents can compromise structural 

integrity and result in the release of AMPs or debris, potentially causing negative biological 

responses. Despite these challenges, AMPs offer considerable potential as alternatives to 

conventional biocides and antibiotics for the development of advanced antimicrobial 

surfaces in medical devices. 

While direct coupling offers a quick and straightforward approach, incorporating linkers is 

essential to enhance the flexibility of AMPs. The close attachment of AMPs to the surface 

and the limited spacing between them can restrict their functional activity. 

After functionalising surfaces, various polymer chains can be utilised as linkers between 

peptides and functional groups to enhance their mobility and flexibility. For instance, Diaz-

Rodriguez et al. employed glutaric anhydride as a linker in their research [153, 154]. 

Initially, they created an amine-rich surface using plasma treatment, followed by immersion 

in a glutaric anhydride solution, which resulted in the formation of carboxylic anhydride 

groups. Subsequently, EDC activation in MES (2-(N-morpholino) ethanesulfonic acid) 

buffer (pH = 4.5) was used to facilitate peptide binding to the carboxyl groups of the linker 

chains [111]. The only limitation of applying such linkers is the need for an additional 
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activation step. An ideal approach for immobilising AMPs on titanium implants could 

involve extracellular matrix (ECM) inspired linkers, such as the human elastin-like 

polypeptide (HELP) [49, 50]. HELP is a recombinant biopolymer that mimics the natural 

human tropoelastin, providing advantages such as enhanced biocompatibility, improved 

cell adhesion, and additional anchoring sites for effective immobilisation [51, 52]. 

Importantly, HELP can be degraded through physiological pathways, reducing the potential 

for harmful byproducts [53-55]. Previous research has explored the proteolytic 

susceptibility of HELP matrices, indicating their potential for enzyme-triggered release of 

model compounds [56-59]. The elastolytic activity found in both prokaryotic and 

eukaryotic organisms is linked to various pathological conditions, including pulmonary 

emphysema, cystic fibrosis, infections, inflammation, chronic wounds, and atherosclerosis 

[60, 61]. Building on this concept, HELP polypeptides offer potential as proteolytic stimuli-

responsive linker for the controlled release of AMPs [53]. The application of HELP as a 

linker for peptide immobilisation has not been proposed in previous studies and is explored 

for the first time here. 

1.4. Aims and objectives  

In this chapter various strategies for AMP immobilisation on different forms of implants 

were presented, including scaffolds, coatings, composites, and micro/nanoparticles, to 

impart antimicrobial properties for specific biomedical applications. The literature review, 

conducted in this study, identified silanisation and plasma treatment as two of the most 

reliable methods for AMP immobilisation on titanium implants [97, 98]. Consequently, this 

research focuses on utilising these two techniques and evaluating them through surface 

characterisation, antimicrobial analysis, and biological assessment. A main concern about 

peptide immobilisation is that AMPs need complete flexibility and freedom in order to 

interact with bacteria efficiently. Moreover, AMPs need enough space between each other 

to form a secondary structure. Therefore, an optimised concentration of AMPs must be 

immobilised on the surface [107, 155]. 

As previously discussed, achieving optimal antimicrobial activity requires careful 

consideration of not only the peptide structure but also the immobilisation strategy and the 

available functional groups for immobilisation. Additionally, optimising AMP 

concentration on titanium implants depends on several factors, including the surface 

functionalisation method (which involves optimising the number of functional groups on 
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the surface), the choice of linkers, and the specific chemical reactions employed. 

Accordingly, this study is divided into two main phases, each focusing on surface 

functionalisation of titanium surfaces using silanisation or plasma treatment methods in 

conjunction with the application of different linkers. The key steps of these methodologies 

are as follows: 

Phase One:  

Enzyme-Responsive antimicrobial coating based on silanisation technique for surface 

functionalisation and HELP linking arms. (Zare et al., (2024). Enzyme-Responsive 

Coatings Supporting Dual Functionality: Osteoblast Promotion and Antimicrobial Activity 

for Orthopaedic Implants) 

• In the first step, plasma treatment is employed to introduce primary amine 

functional groups onto the surface using a gas mixture of nitrogen and hydrogen. 

To achieve optimal antimicrobial activity, both the parameters of the plasma 

treatment and the conditions of the subsequent chemical reactions must be carefully 

optimised. These amine groups can react with carboxyl groups of the AMPs (or 

PEG linkers) for covalent immobilisation. 

• In the second step, the AMPs are directly bonded to the primary amine groups on 

the treated titanium surfaces using EDC/NHS reactions. 

• In the third step, PEG is attached directly to the titanium surfaces as a linker before 

attaching AMPs to enhance their mobility and subsequently their activity.  

• After the PEG linker attachment, the fourth step is peptide immobilisation. 

Generally, peptides can be attached chemically by their either C-terminus or N-

terminus. In this project, C-terminus of the AMPs are used to react with. To activate 

the reaction, the NHS and EDC are used as activating agents. 

Phase Two:  

Optimisation of plasma treatment for covalent immobilisation of amps and peg linkers with 

antifouling properties (Zare et al.,. (2024). Optimised Amine Density via Plasma Treatment 

for Covalent immobilisation of AMPs to Promote Osteoblasts and Enhance Antimicrobial 

Activity) 
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• In the first step, the silanisation technique using APTES is employed to introduce 

primary amine functional groups onto the surface. To facilitate this, the surface must 

first be equipped with hydroxyl groups, which are generated through a chemical 

reaction with Piranha solution. As in the initial phase, primary amine groups are 

introduced to the surface to enable subsequent reactions with carboxyl groups of 

AMPs. 

• In the second step, the AMPs are directly attached to the primary amine groups on 

the treated titanium surfaces through EDC/NHS coupling reactions. 

• In the third step, HELP is attached directly to the titanium surfaces as a linker to 

enhance the mobility and activity of the subsequently immobilised AMPs as well as 

mimicking the ECM. 

• After the HELP attachment, the fourth step is peptide immobilisation on the HELP-

attached titanium surface using their C-terminus. To activate the reaction, the NHS 

and EDC are used as activating agents. 

To assess the efficacy of plasma treatment and silanisation techniques for surface 

functionalisation, a series of physical and chemical characterisations are conducted 

following surface functionalisation, linker attachment, and AMP immobilisation. These 

characterisation methods include Fourier-Transform Infrared (FTIR) spectroscopy, X-ray 

Photoelectron Spectroscopy (XP, Atomic Force Microscopy (AFM), Scanning Electron 

Microscopy (SEM), and Water Contact Angle (WCA) measurement. Furthermore, after 

AMP immobilisation, the antimicrobial properties of the surface are evaluated using four 

different bacteria strains: E. coli, P. aeruginosa, S. epidermidis, S. aureus. Given that the 

implant surface will interact with the biological environment, its characteristics 

significantly influence cell-material interactions. Thus, biological assessment, including 

cell viability on human osteoblast cell line (hFOB) based on MTT (3-(4, 5-

dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay, morphological assessment 

using SEM, are performed to correlate these properties with the biocompatibility of the 

materials. 

In brief, this study is structured around the following aims and objectives: 

Aims: 

▪ To enhance the antimicrobial activity and biocompatibility of titanium implants 
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through optimised functionalisation strategies and AMP immobilisation. 

▪ To evaluate and compare the effectiveness of plasma treatment and silanisation as 

the two most robust techniques for surface functionalisation. 

Objectives: 

▪ To assess the efficiency of plasma treatment and silanisation in introducing 

functional groups for AMP attachment. 

▪ To characterise functionalised titanium surfaces using advanced surface analysis 

methods. 

▪ To optimise AMP immobilisation by ensuring sufficient flexibility to preserve 

antimicrobial efficacy. 

▪ To investigate the role of PEG linkers in enhancing AMP mobility, antifouling 

properties, and bacterial inhibition. 

▪ To explore the potential of HELP-based linkers for controlled AMP release in 

response to enzymatic activity. 

▪ To evaluate the antimicrobial performance of functionalised surfaces against 

clinically significant pathogens, including S. aureus, S. epidermidis, E. coli, and P. 

aeruginosa. 

▪ To validate the biocompatibility and cell adhesion properties of the modified 

surfaces using in vitro assays. 

▪ To compare the cost, toxicity, and efficiency of plasma treatment and silanisation 

as functionalisation techniques for titanium implants. 

The subsequent chapters will provide a comprehensive explanation of these methodologies, 

facilitating a thorough comparison of their effectiveness and applications. 
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Abstract 

Biomedical implants, although capable of establishing functional connections with living 

tissues, are susceptible to bacterial infections, often leading to implant failure. Biomedical 

surface science employs different strategies, using bactericidal agents to prevent initial 

bacterial attachment, or antifouling agents to induce cell death by disrupting bacterial cell 

membranes or diffusing through them. However, bacterial resistance limits the efficacy of 

certain bactericidal agents like antibiotics. Recent research suggests that antimicrobial 

peptides (AMPs) can be promising alternatives to traditional antimicrobial agents. 

To effectively inhibit bacterial biofilm formation, combining antifouling and bactericidal 

properties while promoting tissue integration is crucial. Our approach involves 

immobilising the KR-12 peptide as a bactericidal agent on titanium implant surfaces using 

Polyethylene glycol (PEG) as a linker, providing antifouling properties and enhancing 

peptide mobility for improved antimicrobial efficacy. Various methods exist for grafting 

PEG and peptide molecules onto titanium surfaces, including wet chemical and low-

pressure plasma processes. We focus on plasma treatment due to its ability to introduce 

functional groups, simplify chemical reactions, and minimise process time requirements. 

Additionally, plasma treatment increases surface energy and wettability, facilitating 

protein adsorption and promoting favourable cell behaviour without altering surface 

topography. Primary amine groups generated during the treatment can strongly attach to 

titanium surfaces, acting as anchors for bioactive agents and positively impacting cell 

adhesion and signalling processes. Despite being a well-established technique for covalent 

binding, plasma treatment has seen limited success in immobilising antimicrobial agents 

compared to wet chemical methods, often due to the low efficiency of functional group 

creation. In this study, the first aim was to optimise the plasma treatment parameters to 

achieve comparable levels of surface-bound amine groups as with chemical techniques 

like silanisation. X-ray photoelectron spectroscopy (XPS) results revealed that the 

distribution and density of primary amine groups could be adjusted with plasma 

parameters, reaching a maximum of 9.18% nitrogen atoms associated with primary amines 

without altering the titanium surface morphology or bulk properties. Following the 

creation of primary amine groups, PEG and AMP were immobilised on the surface, 

sequentially and then the characterisation of the peptide-immobilised coatings was 

conducted using Atomic Force Microscopy (AFM), static Water Contact Angle (WCA) 

measurements, and XPS to analyse surface morphology and chemistry. Antimicrobial 
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testing against four pathogenic bacterial strains showed more than 90% of inhibition of 

bacterial adhesion and colonisation, with enhanced activity attributed to the improved 

orientation of linker-grafted AMPs compared to directly immobilised peptides. 

Additionally, the impact of the plasma-treated surface on cell promotion and adhesion was 

demonstrated by cell viability assay and Scanning Electron Microscopy (SEM). Cell 

viability results from the MTT assay of hFOB cells cultured on various substrates over 3, 

5, and 7 days, no significant difference was observed compared to UTi. These findings 

emphasise the potential of integrating plasma treatment with the covalent bonding of 

AMPs to benefit from both the antimicrobial activity of the AMPs and the cell promotion 

properties of the plasma-treated surface. 

Keywords: Antimicrobial Peptide, Plasma treatment, Antifouling properties, KR-12, 

Osteoblast promotion, Bacterial growth inhibition. 

Graphical abstract: 

 

2.1. Introduction 

The successful long-term function of biomedical implants depends not only on their 

biocompatibility, encompassing hemocompatibility and osteoconductivity, but also on 

their inherent or acquired antibacterial efficacy [1]. Upon implantation, the surface 

undergoes protein adsorption, forming a layer that can serve as a potential receptor for 

bacterial adhesins, thereby promoting further colonisation and biofilm formation [2, 3].  

To effectively prevent bacterial biofilm formation on medical device surfaces, the 

development of surface modifications that incorporate antimicrobial coatings is essential. 
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Ideally, these coatings should exhibit a trifecta of functionalities: 1) antifouling properties: 

to repel or resist initial bacterial attachment through physicochemical properties like 

electrostatic repulsion and surface energy manipulation [4, 5], 2) bactericidal activity: 

using incorporated antimicrobial agents to interact with the bacterial membrane to induce 

cell death [6], and 3) biocompatibility: to promote host cell adhesion and minimise 

cytotoxicity to ensure proper tissue integration [7]. 

Current research on bactericidal agents for antimicrobial coatings emphasises the 

development of multifaceted structures with tuneable toxicity and improved 

bioengineering functionalities to achieve desired antimicrobial properties. In this pursuit, 

antimicrobial peptide (AMP)-based systems have emerged as particularly promising 

candidates [8, 9]. AMPs are naturally occurring molecules found across diverse organisms. 

These peptides possess unique structural characteristics, typically containing both cationic 

and amphiphilic domains. These domains are crucial for their membrane-disruptive 

activity against bacteria [10]. Unlike traditional antibiotics, AMPs exhibit a broad 

spectrum of activity, targeting a wide range of microorganisms including bacteria, fungi, 

and viruses [11, 12]. Notably, AMPs display a reduced tendency to bacterial resistance 

compared to traditional antibiotics. This advantage stems from their distinct mechanism 

of action where the AMPs primarily disrupt bacterial membranes, bypassing common 

resistance pathways employed by bacteria to evade antibiotics [13, 14]. 

Among the diverse documented AMPs, the human cathelicidin peptide LL-37 stands out 

for its potent antimicrobial activity and multifaceted immunomodulatory properties [15]. 

A shorter fragment of LL-37, the cationic KR-12 peptide, offers lower cytotoxicity and 

improved cost-effectiveness owing to lower length, making KR-12 an attractive candidate 

for various biomedical applications including orthopaedic implants [16, 17]. The α-helical 

conformation and positive charge of KR-12 facilitate favourable interactions with bacterial 

membranes, leading to antimicrobial activity while minimising cytotoxicity. Structural 

studies suggest that AMPs like KR-12 exert their antibacterial effects by creating 

nanoscale pores or inducing membrane micellisation [18].  Furthermore, recent research 

demonstrates that controlled concentrations of KR-12 not only possess bactericidal 

properties but also promote osteogenic differentiation in human bone marrow-derived 

mesenchymal stem cells [19-21]. 

To immobilise AMPs on implants such as titanium alloys, two main strategies, physical 
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adsorption and covalent immobilisation, have been explored [22, 23]. Physical adsorption, 

while simpler, suffers from lower stability compared to covalent attachment. This leads to 

rapid release of AMPs from the surface, resulting in a decline in antimicrobial activity 

over time [24-26]. Conversely, covalent immobilisation establishes a strong chemical 

bond between the AMP and the implant surface, ensuring long-term stability and 

preservation of AMP activity [27, 28]. However, this method can restrict the mobility of 

the AMP and potentially hinder its interaction with bacteria due to steric hindrance [29].  

To overcome this limitation, researchers have explored the use of flexible linker molecules 

between the AMP and the implant surface [30, 31].  These linkers provide the AMPs with 

increased flexibility and exposure, facilitating better bacterial interaction and penetration, 

and ultimately enhancing the overall antimicrobial efficacy [31, 32]. 

Concurrently, imparting antifouling properties to inhibit initial bacterial adhesion is crucial 

which typically involves two strategies: those that resist bacteria adhesion through the 

formation of a hydration layer and those that repel bio-contaminants due to low surface 

energy [4]. Among many different methods, the PEG and PEG-copolymers are widely 

utilised as anti-fouling coatings [33-35]. Although PEG exhibits antifouling characteristics 

against bacteria, it demonstrates favourable biocompatibility with fibroblasts and 

osteoblasts [36, 37]. The antifouling attributes of PEG are presumed to arise from steric 

repulsion mechanisms, which result from an entropic loss when proteins endeavour to 

adsorb onto surfaces [36, 37]. Despite significant experimental research and molecular 

dynamic simulations into PEG’s applications on surfaces, its mechanism of action is still 

not fully understood [38-40]. PEG's efficacy is influenced by various factors, such as 

grafting density (higher densities correlating with increased protein repellence), chain 

length, and the specific branching architecture of PEG [39, 41, 42].  Considering the 

antifouling properties and biocompatibility of PEG, it can be regarded as a flexible linker 

for the covalent immobilisation of AMPs [43]. 

In order to chemically attach both the PEG and KR-12 peptide onto the surface, it is 

necessary to prepare functional groups, as anchors, through wet chemical or low-pressure 

plasma processes [43-47]. Comparing these methods suggests that plasma treatment holds 

superior advantages due to its ability to eliminate toxic multi-step chemical reactions, 

while also increasing surface energy and wettability without altering surface topography, 

thereby accelerating protein adsorption and promoting cell biological responses. Plasma 

treatment has the capability to create functional groups such as hydroxyl, carboxyl, or 
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amine groups on surfaces [48-50].  When modifying titanium alloys through plasma 

treatment, amine functional groups facilitate robust cross-linking and adhesion to the 

surface, while also exhibiting positive charges upon protonation in aqueous solutions at 

physiological pH levels [51-54]. In this instance, the carboxyl group of KR-12 peptides, 

initially activated by carbodiimide and succinimide-based compounds, can then covalently 

attach to the primary amine groups on the titanium surface induced by plasma treatment 

[54, 55].  

Despite its numerous advantages, plasma treatment is not commonly used for AMP 

immobilisation. This discrepancy may arise from an insufficient number of anchor points 

available for immobilising AMPs. To achieve the highest amount of primary amine groups 

on the surface, the optimisation of plasma treatment parameters becomes crucial to achieve 

the highest amount of amine groups on the surface, a process requiring interdisciplinary 

knowledge encompassing physics, chemistry, and materials science [56]. Furthermore, the 

uniformity and stability of functional groups generated by plasma treatment must be 

considered throughout the entire process of immobilisation, sterilisation, and subsequent 

reactions between the surface and biological environment after the implantation [45, 57, 

58]. 

The proposed approach can be utilised to create a multifunctional, antimicrobial, and 

biocompatible coating for all biomaterial implants.  However, this study focuses on 

titanium alloys as the initial attempt, as preferred choices for orthopaedic, bone surgery, 

and dental applications owing to their remarkable mechanical strength, chemical inertness, 

and compatibility with biological systems [36, 59, 60]. Despite their capability for 

osseointegration, bacterial infections on titanium surfaces persist as a significant 

challenge, frequently leading to implant failure and complicating patient treatment [60-

64]. Therefore, this study begins by optimising plasma treatment parameters to maximise 

the density of primary amine groups on the titanium surfaces. The surface density of -NH2 

groups, among other nitrogen-containing functional groups, can be fine-tuned by adjusting 

factors such as gas mixture (N2/H2) feed ratio, power input, sample position (glow or 

afterglow), and frequency, among others. 

Here, we introduce a trifunctional coating that combines: i) the cell adhesive potential of 

plasma-treated surfaces; ii) the antifouling capabilities of PEG; and iii) the antimicrobial 

properties of the KR-12 peptide. For this purpose, we propose a rapid and straightforward 
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method involving plasma treatment of titanium alloy, followed by the immobilisation of 

PEG and subsequent attachment of the KR-12 peptide. The antimicrobial efficacy of the 

coating against various pathogenic bacteria was evaluated, and the cytocompatibility of 

the coating was assessed using human osteoblast bone cells. 

2.2. Experimental methods 

2.2.1 Sample preparation 

The process of creating an antimicrobial coating for titanium substrates involved a 

systematic three-step procedure. First, plasma treatment was used to add primary amine 

groups to the substrates. Next, PEG linkers were attached, followed by the immobilisation 

of KR-12 peptides. Each stage of this sequential process is thoroughly explained in the 

following sections. An overview of the processing steps can be found in Figure 2-1. Table 

2-1 provides descriptions of the sample names used in the experimental study. 

 

Figure 2-1. Schematic illustration of the step-by-step process of A. plasma treatment, B. 

PEG attachment, and KR-12 immobilisation, outlining the preparation of C. antimicrobial 

coating for titanium surfaces. 

Table 2-1. Description of sample names corresponding to various surface modifications. 

Name Description 

UTi Polished titanium alloy Ti6Al4V 

NH2-Ti Plasma-treated titanium surface 

KR12-NTi KR-12 immobilisation on the treated titanium surface 
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PEG-NTi PEG attachment on the treated titanium surface 

KR12-PNTi KR-12 immobilisation on the PEG-functionalised titanium surface 

 

2.2.2 Plasma treatment 

The plasma process involves numerous adjustable parameters, including precursor 

pressure, applied power, frequency, time, pulse duration, and substrate location [65, 66]. 

Therefore, optimising a specific plasma process requires systematically studying how 

material properties depend on each of these parameters. In plasma treatment, various 

voltage supplies such as direct current (DC), radio frequency (RF), microwave (MW), 

Pulsed DC, and alternating current (AC) can be utilised, each tailored to specific 

applications and material requirements [67, 68]. Pulsed DC power supplies deliver voltage 

in a controlled, pulsed manner rather than continuously, reducing the thermal load and also 

improving process control [69, 70]. Controlling the pulse voltage, duration and repetition 

rate, allows better management of ion energy and plasma density, leading to more precise 

and uniform coatings and surface modifications [71]. This type of power supply is 

especially useful for applications requiring high precision and minimal substrate 

modification. RF power supplies are also commonly used, particularly in research to 

introduce functional groups on surfaces [66, 72]. Therefore, this study initially evaluated 

the efficacy of pulsed DC and RF power supplies in generating primary amine groups on 

surfaces to determine the more effective power supply. The plasma parameters for both 

processes were optimised to maximise the grafting extent of primary amine groups, as 

quantified by the N/C ratio and NH2/N ratio using XPS. Ultimately, pulsed DC 

demonstrated greater efficiency compared to RF supply. Therefore, we configured our 

plasma equipment utilising the pulsed DC supply for further detailed investigations aimed 

at optimising the parameters.  

Plasma treatments were conducted using a purpose-designed reactor featuring adjustable 

plasma parameters. The reactor employs a parallel plane, hollow disk-shaped electrode 

configuration within a Pyrex glass chamber (300 cm³). The upper electrode, serving as the 

anode, has an inlet for injecting working gases into the chamber, while the lower electrode, 

serving as the cathode, includes a sample holder. This geometric setup (Figure 2-2a) 

ensures rotational symmetry and a uniform plasma distribution over surfaces. 
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Discharges were ignited between the positively driven upper electrode and the grounded 

lower electrode, positioned 7 cm apart. The power supply, applied for the experiments, 

delivers a peak voltage of 2 kV, with adjustable pulse duration and repetition rates ranging 

from 5 to 12 µs and 20 to 90 kHz, respectively. High-purity H2 and N2 gases (99.999%, 

air-liquid) were injected through electronic MKS mass flow controllers (MFC). The setup 

includes a Pfeiffer HiPace 80 turbomolecular pump and an MVP 015-2 diaphragm pump, 

ensuring a base pressure of less than 5 x 10⁻⁵ mbar. A Pfeiffer PKR 251 vacuum gauge 

and a gate valve were used to establish the working pressure. 

Before performing the plasma treatment, the sample preparation started with polishing 

titanium disks (10 mm diameter, 2 mm thickness) which served as representative models 

for the prevalent materials found in dental and orthopaedic implants (commercially pure 

medical grade 5 Ti6Al4V, William Gregor LTDL.T.D., East Grinstead, UK). The 

polishing process started with grinding the disks consecutively with 800, 1200, and 2500 

grit Struers silicon carbide/abrasive papers using Struers Metallographic equipment. 

Subsequently, the disks were polished to mirror-finish using a 0.05 μm particle size 

colloidal silica, following Bruker's protocols. After polishing, substrates were cleaned 

using sequential water and ethanol washes in an ultrasonic bath and then dried under a 

high vacuum (< 5×10-6 mbar). The cleaned substrates were subsequently placed in the 

plasma reactor, and the chamber was evacuated. This procedure ensures the removal of 

any unwanted organic materials from the surface before plasma treatment. 

When the chamber reached the appropriate base pressure (< 5×10-5 mbar), the mixture of 

N2 and H2 was introduced via MFCs until steady working flow rates were achieved. 

Plasma ignition was achieved using a variety of pulse parameters over designated time 

intervals of 30 seconds, 1 minute, 5 minutes, and 10 minutes. Table 2-2 details the range 

of plasma parameters employed with the pulsed DC power supply. 

Immediately following plasma modification, the processed substrates were stored for 12 

hours before undergoing XPS analyses. This analysis quantified the extent of primary 

amine group grafting by measuring the N/C ratio and NH2/N ratio on the modified titanium 

surfaces. 
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Table 2-2. Range of Plasma Parameters Investigated for Pulsed DC Power Supply. 

Voltage 

supplier 

N2/H2 

gas ratio 

Flow rate 

(SCCM) 

Distance 
Pressure 

(mbar) 

Frequency 

(kHz) 

Pulsed duration 

(µs) 

Time 

(seconds) 

Pulsed 

DC-2 kV 
25 / 75 10 /10 

Afterglo

w 

7 cm 

0.06 - 3.5 20 - 90 5 - 11 30 - 600 

 

2.2.3 PEG attachment 

In order to attach PEG as a flexible linker onto titanium surfaces a hetero-bifunctional PEG 

(NH2-PEG-COOH, average MN 2000, Catalogue number: 757545), purchased from Sigma 

Aldrich, was used. The procedure entailed the activation of the carboxyl group in PEG 

using 1-Ethyl-3-(3-dimethyl-aminopropyl) carbodiimide (EDC, supplied by Thermo 

Fisher Scientific, CAS number: 33472-58-9), leading to the creation of a highly reactive 

O-acylisourea [73]. Following this, the formed intermediate complex underwent reaction 

with the primary amine groups located on the titanium surface by Sulfo-NHS (N-

hydroxysulfosuccinimide, supplied by Thermo Fisher Scientific) as an activating agent, as 

outlined in the literature [73].  

The initial phase involved preparing a 1 mg/ml solution of PEG in MES (2-(N-

morpholino) ethanesulfonic acid) buffer (0.1M, pH 6.0). Amino-functionalised substrates 

(NH2-Ti, as detailed in Table 2-1) were then immersed in the PEG solution for 1 hour. 

Subsequently, a solution containing EDC (23 mg.l-1) was added, followed by the gradual 

addition of Sulfo-NHS (77 mg.l-1). The resulting grafted samples, denoted as PEG-NTi, 

underwent sequential washing with deionised (DI) water and ethanol using vortex 

agitation to eliminate non-covalently bound reactants before being dried and stored in a 

desiccator. 

2.2.4 Covalent immobilisation of KR-12 

To immobilise the KR-12 (H-KRIVQRIKDFLR-OH), supplied by BOCSCI Inc., NY, 

USA, on the amine groups of the grafted PEG, a similar EDC/NHS protocol was 

employed. The resulting samples were labelled as KR12-PNTi. The same methodology 

was utilised to immobilise KR-12 directly onto the plasma-treated surface of NH2-Ti, 
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labelled as KR12-NTi. Following the protocol outlined in the previous section, the 

substrates were immersed in a 1 mg/ml solution of KR-12 in MES buffer. After 1 hour of 

incubation, EDC and Sulfo-NHS solutions were sequentially added dropwise to activate 

the carboxylic groups of the peptides and subsequently react with the primary amine 

groups. This systematic approach ensured a consistent process for immobilising KR-12 

onto either the amine-functionalised surface of NH2-Ti or the amine terminal of the PEG 

chains grafted onto the surface of PEG-NTi. To eliminate peptides not bound covalently 

to the samples, two washing cycles using DI water and ethanol, employing vortex agitation 

were conducted for thorough cleansing. To quantify the density of immobilised peptides, 

an Fmoc (fluorenyl methyloxy carbonyl)-labelled KR-12 (Fmoc-KRIVQRIKDFLR-OH) 

was employed, using the same protocol as described. 

The KR-12 concentration, used for the immobilisation, was selected based on the 

minimum inhibitory concentration (MIC) of KR-12 as reported in previous studies [74-

76]. This guaranteed that the released quantity remained below the MIC threshold while 

determining optimised concentrations favourable for antimicrobial properties and 

osteogenic differentiation and promotion. 

2.2.5 Thermal and mechanical stability of plasma-treated surfaces 

To assess the thermal and mechanical stability of plasma-treated surfaces, NH2-Ti samples 

underwent various conditions, with subsequent re-examination of XPS analysis to quantify 

NH2 content changes. For ambient stability, discs were placed in a 24-well plate at room 

temperature for intervals up to 14 days, with three replicates for each period. Then, the 

XPS analyses were conducted to measure NH2 amount alternations. 

In aqueous environments, NH2 percentage alterations were measured after the incubation 

in phosphate-buffered saline (PBS) at 37°C over 14 days, with three replicates per 

duration. The mechanical stability was determined by subjecting discs to ultrasonication 

in PBS for 30 min, 1, 1.5, 2, 2.5 and 3 hours, followed by XPS analysis, with three 

replicates per duration. 

2.2.6 Surface characterisation  

X-ray Photoelectron Spectroscopy (XPS) 

The surface elemental compositions of UTi and NH2-Ti were characterised using a Thermo 

NEXSA XPS at Harwell XPS, Oxford.  This system features a monochromated Al Kα X-
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ray source (1486.7 eV), a spherical sector analyser, three multichannel resistive plates, and 

128-channel delay line detectors. Data acquisition was performed at 19.2 W, with an X-

ray beam measuring 400 x 200 µm. Survey scans were performed at a pass energy of 200 

eV, and high-resolution scans employed a pass energy of 40 eV. To neutralise the 

electronic charge, a Dual-beam low-energy electron/ion source (Thermo Fisher Scientific 

FG-03) was used. Measurements were conducted at a pressure below 10-8 Torr and at a 

temperature of 294 K. For data analysis, CasaXPS v2.3.20PR1.0 was employed, with peak 

fitting performed using a Shirley background subtraction before component analysis. All 

binding energies were calibrated to the C 1s signal at 284.8 eV. 

Atomic Force Microscopy (AFM)  

The surface topography and roughness variations of PEG-attached and KR-12-attached 

samples were examined at room temperature using tapping mode AFM. A Bruker 

Multimode 8 system with Pt-coated silicon cantilevers (SCM-PIT) from Bruker was 

employed. Random sites were scanned in 5 µm² and the images were digitally processed 

with NanoScope Analysis 1.7 software to determine the Ra. 

Atenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

To validate the mechanisms of the chemical reactions, the substrates were examined using 

ATR-FTIR spectroscopy. This analysis was conducted before and after the reactions with 

a Nicolet 6700 FTIR instrument (Thermo Fisher Scientific) and processed using the Omnic 

8 software suite (Thermo Fisher Scientific). The spectra covered a range from 4000 to 400 

cm−1, obtained from an average of 64 scans per background, with a spectral resolution of 

2 cm-1. 

Water Contact Angle (WCA) measurements 

Surface wettability, assessed through static WCA measurement, is a key determinant of a 

surface's hydrophilic or hydrophobic nature, influencing cell attachment. The static WCAs 

were measured at room temperature by examining the profile of sessile water droplets. A 

5 µL droplet of DI water was placed on the sample surface using a Hamilton syringe on a 

Kruss DSA100 apparatus (Germany), which includes a CCD camera and an image analysis 

processor. The WCAs were calculated using the built-in CAM 100 software. Each test was 

performed in triplicate, with four droplets measured at different locations on each sample 

and three different samples analysed per group. A static image was taken within three 

seconds after droplet deposition, and the angles were measured from this image. The 
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reported values are the averages of these nine measurements for each surface type. 

2.2.7 Concentration of immobilised KR-12 

To quantify the KR-12 loading on the surface, the number of Fmoc groups was estimated 

by measuring the maximum ultraviolet (UV) absorption at 301 nm. This estimation 

enabled the calculation of the peptides, as each peptide contained one Fmoc group (Fmoc-

KRIVQRIKDFLR-OH). Fmoc groups attached to the peptides were cleaved using 20% 

piperidine in dimethylformamide (DMF), a common reaction mechanism in solid-phase 

peptide synthesis utilising the Fmoc/t-Bu (Tert-Butyl) method [77]. The presence of 

piperidine leads to the formation of dibenzofulvene–piperidine adducts, through a 

Michael-type addition, which are soluble in the reaction solvents. This solubility allows 

for spectrophotometric measurement based on the Beer-Lambert law. A multipoint 

standardisation method, involving a calibration curve, was used to measure the solution's 

UV light absorption at a specific wavelength. Calibration points were prepared and 

validated on the same day as the analysis to ensure accuracy. 

For the preparation of the calibration curve, Fmoc-KR12 stock solutions (1 mg/mL = 637 

μM) were prepared in 20% (v/v) piperidine in DMF (99.8% purity), with both solvents 

supplied by Sigma Aldrich. The Fmoc removal reactions were conducted for 30 minutes 

at room temperature. Following this, 5.0 mL of the stock solution was diluted to 50.0 mL 

with 20% (v/v) piperidine in DMF. Dibenzofulvene-base solutions with varying 

concentrations (from 10 to 310 μM in 30 μM intervals) were prepared using a dilution 

technique. These solutions were prepared in triplicate and their absorbance was measured 

at 301 nm, where the absorption was attributed solely to the dibenzofulvene-base adduct. 

A calibration curve plotting dibenzofulvene-base adduct concentration against absorbance 

was then constructed. 

For the analysis, every peptide-immobilised titanium surface (KR12-NTi and KR12-

PNTi) underwent immersion in a 20% v/v piperidine solution in DMF, where Fmoc 

removal reactions took place over a 30-minute period at room temperature. Following this, 

the absorbance of each solution was measured at 301 nm (n = 3) and then correlated with 

the calibration curve. 

2.2.8 KR-12 release rate 

To simulate the release of KR-12 from the KR12-NTi and KR12-PNTi disks, the samples, 
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which were immobilised with Fmoc-labelled KR-12, underwent incubation in a 20 ml PBS 

solution at 37°C with mild shaking for 7 days. 

To evaluate the rate of KR-12 release, the samples were removed from the reaction 

solution at predetermined intervals. Subsequently, the absorbance of each solution was 

measured at 301 nm (n = 3) and then correlated with the established calibration curve. The 

preparation of this calibration curve involved preparing varying concentrations (ranging 

from 10 to 310 μM in 30 μM intervals) of Fmoc-labelled KR-12 in PBS (supplied by 

Sigma-Aldrich) using a dilution technique. This enabled the plotting of Fmoc-labelled KR-

12 concentration against absorbance. 

2.2.9 Antimicrobial activity assay  

Orthopaedic implant infections commonly originate from bacteria such as Staphylococcus 

aureus (S. aureus), Staphylococcus epidermidis (S. epidermidis), Escherichia coli (E. 

coli), and Pseudomonas aeruginosa (P. aeruginosa) [78-80]. Therefore, in this study the 

antimicrobial efficacy of the coatings was assessed against two Gram-positive bacteria, S. 

aureus (SH1000) and S. epidermidis (ATCC 12228), as well as two Gram-negative 

bacteria, E. coli (ATCC 25922) and P. aeruginosa (PAO1). To begin, the strains were 

grown on Mueller-Hinton (MH) agar plates (supplied by Thermo Fisher Scientific) using 

the Streak Plate method. Subsequently, a colony of each strain was cultured in MH broth 

(Thermo Fisher Scientific) at 37°C overnight with mild shaking. To count the number of 

colonies forming units (CFUs) in a bacterial suspension, serial dilutions of the bacterial 

culture were prepared in a 96-well plate and then cultured on MH agar plates based on the 

Miles and Misra method [81]. The bacterial suspension was diluted to a concentration of 

105 CFU mL−1 in MH broth for subsequent analyses.  

The titanium disks with different coatings alongside the polished titanium, as a control 

sample, were sterilised in 1 mL of 70% ethanol for 5 minutes at room temperature and 

then rinsed with sterilised DI water in a sterile environment, repeated thrice. Following 

that, 20 μL of the bacterial suspension was dropped onto each sample, and they were 

incubated for 24 hours at 37°C, using a direct contact test protocol, as described in detail 

in the following section. Then, bacterial growth inhibition ratio,  Confocal Laser Scanning 

Microscopy (CLSM), and SEM were employed to characterise bacterial colonisation for 

each coating group. All procedures were conducted within a class II ventilated hood, and 

tools were autoclaved or sterilised with 70% ethanol before operation. 
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2.2.10 Bacterial growth inhibition 

The surface antimicrobial activity was assessed against S. aureus, S. epidermidis, E. coli, 

and P. aeruginosa using a direct contact test (DCT) protocol. For each sample, a sterile 

petri dish was prepared by placing a round filter paper, saturated with PBS, inside to 

maintain humidity and prevent evaporation of the bacterial suspension. A sterile 

microscope slide was then positioned on the filter paper, and the sample (10 × 10 mm2) 

was placed onto the slide. Next, 20 µl of the overnight bacterial suspension (containing 

105 bacteria/ml) was pipetted onto the surface of the sample. A coverslip (20 x 20 mm2) 

was gently placed on top to evenly distribute the inoculum across the entire surface of the 

disk. The sealed petri dishes were then incubated at 37°C for 24 hours. After the incubation 

period, the substrates covered by the bacterial suspension were transferred to a sterile 10-

mL tube. Upon adding 5 mL of Mueller-Hinton (MH) broth, they were vortexed for 5 

minutes to detach adherent bacteria. Given that titanium substrates are non-porous and 

non-absorbent, this 5-minute process effectively removed the adhered bacteria, as 

confirmed by SEM studies conducted before and after vortexing. After vortexing, 200 µL 

of the bacterial suspension was retrieved, and 10-fold serial dilutions were performed to 

quantify bacterial colonies on MH agar plates according to the Miles and Misra method. 

Following an incubation at 37°C for 20 hours, the number of colonies on each surface was 

recorded per cm2 of the surface. 

The bacterial growth inhibition was determined by comparing the CFU of the control 

sample, UTi (denoted as X1), with those of each coated titanium sample (denoted as X2), 

using the following equation:  

Bacterial growth inhibition ratio (%)= (X1-X2)/X1×100                  [82, 83] 

The measurements were performed in triplicate for each type of sample, and the percentage 

of bacterial growth inhibition was calculated by averaging the values obtained from the 

three samples for each type. 

E. coli and S. aureus were chosen as representative strains for live/dead assays and SEM 

analysis to investigate the antimicrobial behaviour of our treatment. E. coli represents 

Gram-negative bacteria, characterised by an outer membrane that can affect susceptibility 

to treatments, while S. aureus represents Gram-positive bacteria with a thick 

peptidoglycan layer that presents distinct interaction profiles. Preliminary tests on other 
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Gram-negative (P. aeruginosa) and Gram-positive (S. epidermidis) bacteria showed 

similar behaviour, therefore, we present E. coli and S. aureus as representative models for 

clarity and conciseness. 

2.2.11 Bacterial morphology assay 

After the incubation of each sample with 20 µl of bacterial suspension, as previously 

described, the samples were immersed in 2.5% EM grade glutaraldehyde in 0.1 M sodium 

cacodylate buffer, pH 7.3, for 10 minutes to fix the bacteria on the surface. 

To facilitate gradual dehydration, the samples were then treated with ethanol solutions of 

increasing concentrations (20%, 30%, 40%, 50%, 60%, 70%, 90%, 95%, and 100%) for 

10 minutes each. Subsequently, hexamethyldisilizane (HMDS) from Sigma-Aldrich was 

used to completely remove the alcohol. 

Following fixation and dehydration, the samples underwent gold coating before being 

subjected to SEM imaging using a Zeiss MERLIN Field Emission SEM (Carl Zeiss 

GmbH, Oberkochen, Germany). All samples were scanned at a working distance of 9 mm 

and a voltage of 10 kV. 

2.2.12 Confocal Laser Scanning Microscopy (CLSM) 

CLSM was employed to characterise the live and dead bacteria on different coating 

surfaces. Following 24 hours of bacterial culture (20 µL, 105 bacteria/mL) with each 

substrate, as described, the surfaces were gently washed with PBS to remove non-adherent 

bacteria. The samples were then stained using the Live/Dead BacLight bacterial viability 

kit (Invitrogen, Paisley, UK) according to the manufacturer's instructions. 

The kit included SYTO 9, a green-fluorescent nucleic acid stain, and propidium iodide, a 

red-fluorescent nucleic acid stain, both dissolved in Dimethyl Sulfoxide (DMSO). Equal 

volumes of these components were thoroughly mixed in a microfuge tube. A 5 µL aliquot 

of the dye mixture was then added to each sample and incubated in the dark at room 

temperature for 15 minutes. The excitation/emission maxima of the dyes are 

approximately 480/500 nm for SYTO 9 and 490/635 nm for propidium iodide. The 

samples were then characterised using a non-inverted confocal laser scanning microscope, 

the Leica TCS SP8. Viable bacteria appeared green under fluorescence, while non-viable 

bacteria appeared red. Image analyses were performed using ImageJ version 1.53k. 
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2.2.13 Cell viability and compatibility assessment 

Cell culture 

The human fetal osteoblast 1.19 cell line (hFOB 1.19), sourced from ATCC, was cultured 

in a 1:1 mixture of Ham's F12 Medium and Dulbecco's Modified Eagle's Medium 

(DMEM) without phenol red. This medium was supplemented with 2.5 mM L-glutamine, 

15 mM Hepes, and 0.3 mg/mL G418, along with 1% Penicillin-Streptomycin and 10% 

Fetal Bovine Serum (FBS). The cells were incubated at 34°C until they reached 

confluence. At 90% confluence, the cells were washed with sterile PBS and treated with a 

0.25% (w/v) Trypsin-0.53 mM EDTA solution for 10 minutes at 34°C to detach them from 

the culture surface. The cells were then transferred to a centrifuge tube containing culture 

medium and centrifuged at 125 x g for 5 minutes. Post-centrifugation, the cells were 

resuspended and sub-cultured at a 1:4 ratio. Cells from passage 3 were used in all 

experiments. All cell culture reagents and supplements were obtained from Gibco, Thermo 

Fisher Scientific Inc.. 

MTT assay to quantify cell viability 

The cytotoxicity of the coated samples was evaluated using the MTT (3-(4, 5-

dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay kit from Sigma Aldrich. 

The cells were cultured as previously described and cell viability on each sample was 

assessed at 1, 3, 5, and 7 days after seeding.  

Before seeding the cells, titanium samples were rinsed twice with sterilised PBS, briefly 

soaked in ethanol, and then transferred to new 24-well plates. Cells were seeded onto the 

coated disks, 20,000 cells per disk, using a 20-μL drop. After the incubation for 30 minutes 

at 34°C, the cells were allowed to attach, after which additional medium was added to each 

well to reach a total volume of 500 μL for further culture. The culture medium was 

refreshed every two days. 

A blank growth medium was used as the background control. At determined intervals of 

the incubation at 37°C, the medium in each well was substituted with 100 µL of MTT 

solution (0.5 mg/ml in supplemented DMEM) and incubated for 4 hours. Subsequently, 

the solution was aspirated, and the insoluble formazan crystals were dissolved in 100 μL 

of dimethyl sulfoxide (DMSO). After a 15-minute incubation period, the optical density 

(OD) was measured at a wavelength of 570 nm by an ELISA microplate reader and stated 
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as a percentage relative to the absorbance of the control. Due to the light sensitivity of the 

MTT reagent, all procedures were conducted in the dark. 

Cell morphology 

Following the outlined cell culture protocol, the coated samples underwent sterilisation 

through a process involving washing with PBS and ethanol. Subsequently, they were 

cultured with hFOB cells at a density of 20,000 cells /cm2 to evaluate cell morphology 

after 5 days. After culturing, the surfaces were gently washed with PBS and fixed with 4% 

paraformaldehyde in PBS (supplied by Thermo Fisher Scientific) for 40 minutes. After 

fixation, the samples were subjected to sequential dehydration using ethanol solutions 

(from 20% to 100% v/v) for 10 minutes each. HMDS was employed to remove residual 

alcohol. Finally, the surfaces were sputter-coated with gold, and the cellular morphology 

was observed utilising a Zeiss MERLIN Field Emission SEM (Carl Zeiss GmbH). 

2.2.14 Statistical analyses 

The results are reported as mean ± standard deviation, with (n ≥ 3) denoted. Statistical 

analysis was conducted using SPSS, employing a one-way analysis of variance with 

Tukey's post hoc test to assess significant differences between groups. A p-value of < 0.05 

was regarded as statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). 

2.3. Results and discussion 

Plasma treatment was employed to introduce primary amine functional groups on a 

titanium surface, followed by the attachment of PEG and subsequent immobilisation of 

KR-12 on the PEG linker. Although numerous strategies for covalent bonding of 

biological molecules to titanium surfaces have been documented, with silane chemistry 

being particularly prominent, this study employed plasma treatment. This approach was 

chosen not only to minimise the number of chemical reaction steps but also to benefit from 

the enhanced biocompatibility of the plasma-treated surface. 

It is important to note that immobilising peptides directly on plasma-treated surfaces can 

reduce their mobility and affect their orientation due to steric hindrance, consequently 

impairing their activity [84]. To address this, following plasma treatment, the carboxyl 

groups of functionalised PEG were reacted with the primary amine groups on the plasma-

treated surface using an EDC/NHS activation process. This reaction primed the amine 

groups of PEG as anchoring points for subsequent an AMP immobilisation. In this study, 
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various ratios of PEG and peptide were explored. The concentrations reported here are the 

optimised and finalised parameters used for subsequent characterisations. 

2.3.1 Optimisation of plasma parameters and stability of treated surfaces 

Plasma, a quasi-neutral ionised gas, consists of photons, electrons, positive and negative 

ions, atoms, free radicals, and excited or non-excited molecules, all exhibiting collective 

behaviour [85]. Since surface reactions in a plasma environment such as etching, activation 

or cross-linking and the resulting surface properties are strictly dependent on plasma gas 

composition and process conditions, optimising these parameters is necessary to achieve 

the desired effects. Gaseous plasmas are ignited by applying a potential through a gas and 

can be generated in either low pressure or atmospheric pressure [86]. Low-pressure 

plasmas are widely used in biomaterials research since at these conditions, the discharge 

is more stable, and the plasma reactions can be more easily controlled. Low Temperature 

Plasma (LTP), also known as cold plasma, is generated at low pressures and power levels, 

resulting in low ion energies and densities [87, 88].  This results in more uniform treatment 

and the ion energies and densities are low enough to avoid causing unwanted defects, such 

as sample heating [86]. It also facilitates surface functionalisation and promotes extensive 

hydrophilisation [86]. 

Previous studies suggested that LTP treatment could increase surface energy and 

wettability without changing the surface topography, thereby accelerating protein 

adsorption and promoting the biological behaviour of cells [89, 90]. It was also 

demonstrated that hydrophilic surfaces obtained by plasma treatment before the surgical 

operation could reduce carbon contamination and prevent ageing, thereby enhancing new 

bone formation and osteointegration, and reducing the time of healing procedures [57, 88, 

89]. LTP treatment has also been extensively studied as a method for introducing surface 

functional groups or free radicals. These features served as anchorage points for grafting 

antibacterial agents, including antibiotics, AMPs, enzymes, Ag nanoparticles [45, 66, 91-

93]. 

Various parameters, including the composition of the gas mixture, gas flow rate, reactor 

chamber pressure, reaction time, and the reactor's geometry and physical dimensions, 

significantly influence the surface properties of the resulting product [86, 91]. Moreover, 

the electrical power input and treatment duration have a pronounced impact on the nature 

and concentration of the molecular species formed in the reactor, which in turn 
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significantly affect the incorporated functional groups [86]. Therefore, optimising power 

and time parameters was the first step of this study. Plasma conditions that promote a high 

concentration of functional groups are typically characterised by low power levels, which 

minimise precursor fragmentation and consequently reduce the degree of etching  [66, 94]. 

Pulsed plasmas, which introduce additional parameters such as pulse duration and 

frequency, are often employed to mitigate the undesirable effects associated with 

Continuous wave (CW) plasmas. The high plasma powers required to modify inorganic 

materials can lead to high ion accelerating voltages, potentially resulting in sputtering of 

reactor materials and substrate damage [94, 95]. Pulsed plasmas help prevent these issues 

by limiting charge buildup and reducing ion bombardment duration, thereby minimising 

surface damage due to the differing lifetimes of ions and radicals during the plasma-off 

time [96, 97]. They also offer advantages such as higher instantaneous powers, lower 

substrate temperatures, improved treatment uniformity, and greater control over the 

specific plasma species produced. Additionally, pulsed plasmas significantly affect the 

gas-phase densities of both charged and neutral species within the system [95]. Previous 

studies have demonstrated that the densities of plasma species during pulsed plasma 

operation can be up to ten times higher than those observed under steady-state plasma 

conditions. These findings are based on time-resolved measurements of fast pulses, which 

allow for the resolution of temporal density profiles [98, 99]. 

Two distinct distances can be utilised for the LTP process: in-the-glow and after-glow 

distances. It has been demonstrated that, under fixed parameters and identical gas 

mixtures, coating homogeneity is more readily achieved in the plasma afterglow due to 

the inherent uniformity of species in the afterglow [100]. 
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Figure 2-2. Plasma treatment evaluation: (a) Scheme of purpose-designed plasma reactor 

with adjustable parameters. (b-d) Concentration of primary amine groups measured by 

XPS as a function of varying plasma parameters to determine optimal conditions. (e)  

Ambient stability of primary amine groups on plasma-treated discs at room temperature 
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over a period of up to 14 days, with XPS analyses used to monitor changes in NH2 

concentration. (f) Mechanical stability of primary amine groups within 30 minutes of 

ultrasonication. Error bars represent the standard deviation from three independent 

experiments 

Previous studies have documented over 20 reactions involved in the production of NH₂ 

within plasma systems using a mixture of N₂ and H₂ [101-103]. The amine functional 

groups formed on the surface arise from the equilibrium of these reactions in the pulsed 

plasma atmosphere [101-104]. To maximise the surface concentration of -NH2 groups on 

titanium, the plasma equipment parameters listed in Table 2-2 were optimised. The 

concentration of primary amine groups for each experimental batch was then analysed 

using XPS. 

In this study, plasma treatments were conducted using a purpose-designed reactor 

featuring adjustable plasma parameters, as illustrated schematically in Figure 2-2(a).   

Based on previous studies, to achieve stable and homogeneous functional groups on the 

surface, the afterglow distance was utilised [100]. The pressure was analysed within the 

range of 0.06 to 3.5 mbar. Frequency and pulse duration were tested between 20–90 kHz 

and 5–11 µs, respectively. Comparing the XPS results of various durations ranging from 

30 seconds to 600 minutes in 30-second intervals, determined that the optimal treatment 

time was 60 seconds. Therefore, the resulting data for various parameters, with 1 minute 

identified as the optimal treatment duration, are presented in Figure 2. 

As illustrated in Figure 2-2(b), lower frequency pulses resulted in more effective 

production of primary amine groups. This enhanced efficacy is attributed to phenomena 

occurring during the breakdown phase of the plasma, where a sufficiently strong electric 

field generates an electron cascade, and ignites the plasma, and also the intervals between 

pulses are appropriately spaced to avoid disrupting the already-formed primary amine 

groups [104, 105]. 

As depicted in Figure 2-2(c), the optimal pressure for -NH2 production was determined to 

be 0.6 mbar. This pressure appears to favour the formation of primary amine groups by 

providing optimal conditions for particle mean free path, plasma density for the production 

of reactive species, and plasma sheath dynamics to ensure effective delivery of reactive 

species onto the titanium sample. 

Lower pulse durations were directly associated with shorter residence times of reactive 
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species in the plasma, thereby minimising the period available for recombination or 

decomposition of these species. Low pulse duration also resulted in a reduced thermal 

load, decreasing the likelihood of desorption from the substrate surface. Furthermore, 

shorter plasma lifetimes ensured that primary amine groups formed in the plasma and 

diffused onto the sample during the plasma off-time were not subsequently bombarded by 

high-energy particles. Consequently, the highest percentage of primary amine groups was 

achieved at the shortest pulse duration (5 µs), as demonstrated in Figure 2-2(d). 

To evaluate the thermal and mechanical stability of plasma-treated surfaces, the treated 

samples were subjected to various conditions. Figure 2-2(e) illustrates the ambient stability 

of primary amine groups on plasma-treated discs at room temperature over a period of up 

to 14 days, with XPS analyses used to monitor changes in NH2 concentration. During the 

initial 24 hours of ambient storage, there was a significant decrease in NH2 concentration, 

followed by a more gradual decline. After 14 days, the concentration of NH2 groups 

reduced to 6.22% ± 0.24, which remained sufficient for peptide immobilisation; however, 

for optimal immobilisation efficiency, it is advisable to perform the reaction within 24 

hours. For physiological stability, NH2 concentration was assessed in PBS at 37°C for 14 

days, resulting in a reduction to 4.15% ± 0.13. This indicates that the aqueous environment 

promoted instability and facilitated the removal of NH2 groups from the surface.  

Moreover, the mechanical stability was evaluated by subjecting the discs to ultrasonication 

in PBS for durations ranging from 30 minutes to 3 hours, as depicted in Figure 2-2(f). The 

graph illustrates that the mechanical stability of primary amine groups was significantly 

low. Most primary amine groups were depleted within 30 minutes of ultrasonication, 

suggesting that it may be excessively harsh for evaluating amine groups stability. 

2.3.2 Surface characterisation by XPS, AFM, FTIR, and WCA 

XPS measurements were performed to verify the functionalisation and grafting processes 

in the coating preparation by examining the chemical groups present on the titanium 

surface. The data were analysed using CasaXPS software with a Shirley background 

correction. These analyses aimed to quantify the primary amine groups on the plasma-

treated titanium surface, which serve as anchoring points for subsequent immobilisation 

steps. The XPS survey spectra, Figure 2-3(a), of modified surfaces displayed characteristic 

peaks for carbon (C), oxygen (O), nitrogen (N), silicon (Si), and titanium (Ti). Also, small 

traces of aluminum, vanadium, sulfur, and phosphorus were detected, likely originating 
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from the Ti6Al4V alloy and contaminants introduced during sample preparation. Higher-

resolution scans were performed to further investigate the chemical bonding on the 

surfaces, as shown in Figure 2-3(c) and (d). 

In the XPS scan of the UTi, the titanium (Ti 2p) peak is observed at approximately 458.7 

eV. The oxygen (O 1s) peak predominantly arises from the titanium oxide layer on the 

surface. The C 1s sharp peak is attributed to the residues from the polishing step, and the 

contamination from the equipment chamber, which is unavoidable in XPS measurements. 

This peak indicates the presence of C-C or C-H bonds, which constitutes around 10.5% of 

the atomic ratio on the surface. 

Following the plasma treatment of the titanium sample, the elemental composition analysis 

of NH2-Ti samples showed an increase in N% to 11.32% and a decrease in C% and O% 

to 6.75 and 49.99%, respectively. The high-resolution C 1s spectrum of the plasma-treated 

surface exhibited a primary peak at 285 eV attributed to C−C and C−N/C-O bonds, 

originating from the marginal presence of carbon contamination. Additionally, the high-

resolution N 1s spectrum displayed two main peaks attributed to primary amine (NH2) and 

secondary amine (NH) groups after plasma treatment. By measuring the percentage of N 

1s in NH2-Ti (11.32%) and the ratio of NH2 to overall N on the surface (81.09%) after 

deconvolution of N 1s scan, the calculated percentage of primary amine groups on the 

surface, which act as anchoring points for further step, is 9.18%. 

Upon the covalent immobilisation of the KR-12 peptide onto the NH2-Ti surface, the NH2 

groups formed covalent binding with the carboxyl group of the KR-12. This led to a 

significant enhancement in the C 1s signal to 39.08%, accompanied by a reduction in the 

O, Ti and N signals to 33.63, 20.05, and 7.24%, respectively (Figure 2-3(b)). The C 1s 

signal of KR12-NTi exhibited three peaks at a binding energy of 284.9, 286.3, and 288.4 

eV associated with C-C, C–O/C–N, and C=O bonds. The XPS N 1s scan of KR12-NTi 

revealed two peaks, one at 399.7 eV corresponding to amine bonds (-NH2) of side chains 

and the one at 401.5 eV arising from amide bonds (-NHCO). This confirms the successful 

covalent immobilisation of KR-12 on the surface [27]. As expected, the nitrogen signal 

corresponding to the amide bonds, which are more prevalent than those from amines, 

exhibits greater intensity. 

In PEG-NTi samples, reductions in the percentages of Ti, O, and N were observed, 

amounting to 19.11%, 30.13%, and 4.45%, respectively. This reduction is attributed to the 
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high carbon concentration (46.31%) in the PEG molecular chains. Upon attachment of 

KR-12 peptides to the PEG-NTi, the Ti content further decreased to 18.25%, while the 

amounts of O, N, and C showed slight increases to 30.32%, 5.04%, and 46.39%, 

respectively. The C 1s and N 1s scans of KR12-PNTi and KR12-NTi have similar peaks 

at identical binding energies, with variations in percentages, indicating no significant 

differences. 

Quantitatively, the N/Ti atomic ratio increased from 0.04 to 0.39 following plasma 

treatment of the polished titanium surface. Immobilisation of the KR-12 on the NH2-Ti 

subsequently reduced the N/Ti atomic ratio to 0.36, while the attachment of PEG further 

decreased the N/Ti ratio to 0.23 and 0.27 for PEG-NTi and KR12-PNTi, respectively. The 

shifts in atomic ratios of all elements after each step of surface modification are depicted 

in Figure 2-3(b).  

The FTIR and XPS results demonstrate the successful chemical grafting of KR-12 and 

PEG onto the plasma-treated surfaces. However, due to unavoidable surface 

contamination before and after immobilisation, precise quantification of the immobilised 

peptide amount using XPS and FTIR proved challenging. Consequently, an alternative 

approach employing the Fmoc/t-Bu strategy was utilised to quantify the immobilised 

peptide concentration, as detailed in Experimental Methods (Section 2.4). 
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Figure 2-3. XPS results of surface elemental composition after the modification steps 
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during the plasma treatment, PEG attachment and KR-12 immobilisation: (a) XPS survey 

spectra, (b) Relative atomic ratios of chemical compositions, (c) high-resolution C1 s 

spectra, and (d) high-resolution N 1s spectra of different surface modifications. See Table 

2.1 for abbreviations.  

Surface morphology and roughness, play crucial roles in influencing cell behaviour, 

including adhesion, proliferation, and differentiation [106, 107]. AFM was employed to 

accurately analyse these surface characteristics owing to its capability to deliver high-

resolution topographical data. The morphologies of surfaces were examined using AFM 

following each step of the coating preparation, as illustrated in Figure 2-4(a). Initially, 

untreated polished titanium (UTi) presented a smooth surface, although they showed 

barely detectable scratches remaining from the polishing step (Figure 2-4(a)). After the 

plasma treatment, NH2-Ti specimens displayed a smoother surface morphology, 

characterised by an average roughness of 0.91 ± 0.3 nm. The direct covalent 

immobilisation of the KR-12 peptide (KR12-NTi samples) had no impact on surface 

morphology compared to NH2-Ti, exhibiting a mean roughness (Ra) of 0.99 ± 0.3 nm. 

Conversely, the attachment of PEG to the surface (PEG-NTi) revealed the deposition of a 

polymeric layer, resulting in statistically significant increased roughness with an Ra of 5.68 

± 0.7 nm (Figure 2-4(a)). Following the introduction of KR-12 peptides after the PEG 

attachment, KR12-PNTi samples displayed no apparent changes compared to PEG-NTi, 

with a roughness of 5.81 ± 0.5 nm. This marginal alteration in morphology and roughness 

observed in comparison to the earlier step can be attributed to the smaller molecular chain 

of KR-12, as opposed to the larger molecular size of PEG. These findings allow for an 

evaluation of how these modifications impact surface properties and, consequently, the 

near-surface environment for cells. This evaluation determined that PEG attachment 

enhances the surface roughness, making it more conducive to promoting cell adhesion and 

proliferation [108]. 
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Figure 2-4. Characterisation of titanium surfaces after plasma treatment, PEG attachment 

and KR-12 immobilisation: (a) Surface morphology and mean roughness (Ra) analysed 

via AFM 3D imaging. (b) ATR-FTIR spectra of different coatings (c) Quantitative water 

contact angle measurements along with representative images of water droplets. Results 
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are presented as the mean ± standard deviation (SD) of three independent experiments 

performed in triplicate. Statistical significance is indicated by * for p < 0.05, ** for p < 

0.01, and *** for p < 0.001 between UTi and all modified surfaces. 

To understand the molecular composition and structural alterations during the coating 

preparation process, ATR-FTIR spectroscopy was utilised. The acquired IR spectrum 

displayed vibrational bands indicative of various chemical bonds throughout the coating 

development, as shown in Figure 2-4(b). The IR spectrum of UTi, identifies a prominent 

peak at 488 cm−1, attributed to the Ti-O stretching vibration band, together with bands at 

735 cm−1 and 786 cm−1 associated with the presence of Ti-O and Al-O bonds [109, 110]. 

The peaks at 998 cm−1 and 1419 cm−1 are associated with Ti-O-Ti stretching vibration 

bands [27, 111]. A broad band between 3150 and 3680 cm−1 corresponds to the stretching 

vibrations of -OH groups of adsorbed water molecules on the polished surface. 

Additionally, a weaker band at 1694 cm−1 is arising from the bending vibration of 

corresponding free -OH groups [111, 112]. 

After the plasma treatment, IR spectra exhibited broad bands corresponding to O-H bonds, 

albeit with elevated intensity. Notably, the plasma-treated surface, NH2-Ti sample, 

demonstrates a band at 1622 cm−1 indicative of bending vibration of primary amines [113, 

114]. Although N–H stretching vibrations of amines also appear in the 3300-3000 cm-1 

region, they are overshadowed by the stronger O–H stretching vibrations in this area. 

Additionally, a band attributed to amines in the 910-665 cm−1 region, corresponding to N–

H wag, aligns closely with titanium characteristic peaks, thus complicating their 

differentiation [50, 115]. 

Following PEG attachment, a distinct, robust band emerges at 839 cm−1 owing to C-C 

stretching vibrations. The recorded FTIR spectrum exhibits a broad signal centred at 3496 

cm−1, attributable to O‐H stretching of terminal hydroxyl groups as well as adsorbed water 

molecules [116-118]. Alkane C‐H stretching and bending vibration peaks are observed at 

2871 cm−1 and 1488 cm−1, respectively. PEG also displays characteristic stretching 

frequencies for C–O at 1081 and 1109 cm−1, and a peak at 1387 cm−1 associated with O‐H 

bending mode [117, 118]. The presence of these characteristic absorption peaks validates 

the successful grafting of PEG onto the titanium substrate. 

After PEG and KR-12 immobilisation, the broadness of peaks makes it challenging to 

discern individual peaks. Nonetheless, peaks at 1392 and 1421 cm−1 coincide with CH2 
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and CH3 bending vibrations in the backbone of the immobilised KR-12 [119, 120]. 

The primary amine group manifests a doublet at 1611 cm−1 and 1648 cm−1 for KR12-NTi 

and 1605 and 1634 cm−1 in KR12-PNTi, indicative of N-H bending vibrations of primary 

amines [120]. Specific peaks at 1751 cm−1 and 1748 cm−1 related to C=O emerge solely 

for KR12-immobilised samples, indicating the successful immobilisation process. 

The hydrophilicity of each substrate was assessed through WCA analysis. The titanium 

substrate exhibited a contact angle of 69.8° ± 2.7°. Subsequent plasma treatment resulted 

in a significantly decreased contact angle for the NH2-Ti, measuring 17.5 ± 1.4°. This 

indicates increased hydrophilicity compared to the Ti substrate (Figure 2-4(c)). The 

covalent immobilisation of the KR-12 peptide on the titanium surface to prepare the KR12-

NTi sample, slightly decreased hydrophilicity (22.2 ± 2.1°). This decrease can be 

attributed to the hydrophobic amino acids present in the KR-12 peptide 

(KRIVQRIKDFLR), such as leucine, isoleucine, and valine [121, 122].  Subsequently, the 

integration of PEG linkers demonstrated the lowest hydrophilicity compared to other 

coatings on titanium surfaces. Upon immobilising KR-12 on PEG linkers, the 

hydrophilicity of PEG-NTi (WCA = 14.6° ± 2.7°) increased to WCA = 15.1° ± 1.8° for 

KR12-PNTi.  

2.3.3 Concentration of the immobilised KR-12 and release rate 

The Fmoc/t-Bu method is commonly used for measuring peptide concentrations due to the 

beneficial UV absorption properties of the Fmoc group. Figure S1 (appendix) of the SI 

document shows how the Fmoc group is removed through a β-elimination reaction when 

treated with piperidine, as a secondary amine. This reaction produces the highly reactive 

dibenzyl-fluorescein (DBF) which then reacts with excess piperidine, resulting in a DBF 

adduct that exhibits a characteristic UV absorbance peak at 301 nm. 

A calibration curve correlating the concentration of the DBF-based adduct with 

absorbance was prepared by measuring UV absorption over a concentration range of 10 to 

310 μM. This curve demonstrated a linear relationship (molar absorption coefficient = 8.14 

L.mol-1.cm-1, at λ = 301 nm) as presented in Figure S1 (appendix) of the SI document. The 

absorbance of each solution (n = 3) was measured at λ = 301 nm and matched against the 

calibration curve. The findings indicated that the quantities of Fmoc groups on surfaces, 

without or with the PEG linker, were 59.67 nmol and 68.03 nmol, respectively, with 

reaction yields of 12.2% and 10.7%. 



 

Chapter Two                                                       AMP immobilisation by Plasma treatment 

 
69 

To analyse the stability of the coating and measure the release rate, the same Fmoc-labelled 

KR-12 peptide was used. The UV absorption of the released peptide was measured after 

the immersion of KR12-NTi and KR12-PNTi in PBS for various time intervals.  

As shown in Figure 2-5, the accumulated release profile can be described in two distinct 

stages. Initially, a significant amount of KR-12 was released from the substrates within 30 

minutes of immersion in PBS at 37 °C with gentle shaking. The amounts released within 

this period indicate the physically adsorbed KR-12, which were 5.91 ± 0.9 µM and 13.08 

± 1.8 µM for the KR12-NTi and KR12-PNTi substrates, respectively. These results 

indicate that approximately 19.67% of the peptide on KR12-PNTi was physically attached, 

while 8.90% of the peptide on KR12-NTi was physically attached. PEG is recognised for 

its amphiphilic properties, enabling it to physically adsorb a higher number of peptides 

through hydrogen bonding and van der Waals interactions. The remaining peptides were 

covalently immobilised, providing longer-term stability. Taking into account the burst 

release of peptides as physically adsorbed, it can be concluded that 54.35 nmol and 54.64 

nmol of peptides were covalently attached to the surfaces of KR12-NTi and KR12-PNTi, 

respectively. 

Following the initial release observed within the first 30 minutes of immersion, both 

KR12-NTi and KR12-PNTi coatings exhibited a gradual sustained release profile after the 

first hour, continuing throughout the 7-day measurement period. KR12-NTi released to a 

concentration of 6.81 ± 0.6 µM, while KR12-PNTi released to 15.76 ± 0.8 µM. Despite 

the nearly identical concentrations of covalently bonded KR-12 on both coatings, KR12-

PNTi showed a higher rate of peptide release. The gradual release could be attributed to 

the disentanglement and dissolution of PEG molecular chains as well as the slower 

detachment of peptides caused by the hydrolysis of amide bonds Although amide bonds 

are generally stable, they can undergo slow hydrolysis in aqueous environments, leading 

to gradual peptide release [123-125].  
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Figure 2-5. KR-12 release rates from KR12-NTi and KR12-PNTi in PBS at 37 °C for 168 

hours. Results are presented as the mean ± standard deviation (SD) of independent 

experiments performed in triplicate. 

 

2.3.4 Antimicrobial activity assay 

S. aureus and S. epidermidis, Gram-positive bacteria, along with E. coli and P. aeruginosa, 

Gram-negative bacteria, were selected to evaluate the antimicrobial efficacy of AMP-

immobilised titanium surfaces intended for orthopaedic applications. 

In this study, the antibacterial activities of the substrates were assessed using a DCT as 

graphed in Figure 2-6(a). UTi exhibited no antibacterial activity, demonstrating 0% 

bacterial inhibition ratio, while NH2-Ti displayed mild antibacterial effects, with inhibition 

ratio ranging from 3.49% to 4.15% for Gram-positive bacterial strains and 24.51% to 

26.65% for Gram-negative bacterial strains. 

This slight inhibition may be attributed to the highly positive surface charge introduced by 

amino-functionalised surfaces in an aqueous environment. Bacterial cell membranes are 

typically negatively charged, leading to electrostatic attraction between the bacteria and 

the surface. This interaction can disrupt the bacterial cell membrane, resulting in cell lysis 

[126, 127]. Gram-negative bacteria have a thinner peptidoglycan layer and possess both 

an inner and outer membrane [128]. This structural difference makes them more 

susceptible to surface interactions and membrane disruption, resulting in greater inhibition 

compared to Gram-positive bacteria [128]. This hypothesis is supported by SEM 

micrographs of E. coli morphologies (Figures 2-6(c)), which show shrunken and damaged 

membranes in some bacteria. 
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Upon modifying NH2-Ti with KR-12, the KR12-NTi surfaces exhibited significant 

antibacterial activity (p < 0.001), with growth inhibition of 88.43%, 87.18%, 85.30%, and 

85.45% against E. coli, P. aeruginosa, S. aureus, and S. epidermidis, respectively. The 

incorporation of KR-12 markedly enhanced the antibacterial properties of titanium 

surfaces against both Gram-positive and Gram-negative bacteria. This improvement aligns 

with previously reported findings on KR-12's effectiveness in killing Gram-negative and 

Gram-positive bacteria in solution [76, 129, 130]. 

PEG-NTi surfaces exhibited growth inhibition rates of 55.18%, 47.61%, 44.02%, and 

49.11% against E. coli, P. aeruginosa, S. aureus, and S. epidermidis, respectively. This 

demonstrates greater bacterial growth inhibition compared to NH2-Ti, which can be 

attributed to the antifouling properties of PEG. PEG is recognised for its capability to 

establish a hydrophilic and steric barrier that mitigates interactions between the surface 

and biomolecule. The hydrophilic properties of PEG facilitate the formation of a hydrated 

layer on the surface, thereby reducing nonspecific bacterial adsorption [261]. 

KR12-PNTi demonstrated the highest antibacterial efficacy, achieving growth inhibition 

of 92.30%, 94.79%, 91.29%, and 90.23% against E. coli, P. aeruginosa, S. aureus, and S. 

epidermidis, respectively (Figure 2-6(a)). The antibacterial mechanism of AMPs involves 

their interaction with bacterial cell membranes, facilitated by the peptides' positive charge, 

which disrupts and ultimately leads to bacterial death. AMPs attached with PEG linkers 

are hypothesised to exhibit enhanced interaction with bacterial membranes due to 

improved mobility, a phenomenon supported by previous research [31, 131]. Compared to 

KR12-NTi, KR12-PNTi, which incorporates flexible PEG linkers, demonstrated an 

average increase of 7% in antimicrobial activity across all bacterial strains. This 

enhancement can be attributed to  the burst release of  electrostatically bonded AMPs, 

attached to the PEG linkers which are more than twice as high compared to AMPs attached 

without PEG linkers. This phenomenon has been described in the previous section. 

For the evaluation of bactericidal efficacy and adherence properties of various substrates, 

live/dead staining analysis was employed after 24 hours, as illustrated in Figures 2-6(b) 

and 2-6(c). In the live/dead assay, dead bacteria were visualised emitting red fluorescence, 

whereas live bacteria emitted green fluorescence. S. aureus and E. coli were selected as 

representative Gram-positive and Gram-negative bacteria, respectively, to demonstrate 

bacterial behaviour on different substrates. Consistent with the DCT results, live/dead 
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staining revealed that UTi exhibited no antimicrobial activity against both strains, since 

all bacteria remained viable and stained green. On the NH2-Ti sample, both strains of 

bacteria appeared alive and emitted green fluorescence (Figure 2-6(b) and 2-6(c)). 

However, a few attached E. coli bacteria appeared red, possibly due to electrostatic 

interactions with the amine-functionalised surface and subsequent membrane disruption, 

resulting in mild growth inhibition. On PEG-NTi surfaces, a significantly lower number 

of attached bacteria were observed compared to NH2-Ti, indicating the antifouling 

properties of PEG without bactericidal activity, since all adhered bacteria appeared alive 

in the live/dead staining (Figure 2-6(b) and 2-6(c)). In contrast, KR12-NTi and KR12-

PNTi exhibited dead bacteria attached to the surface, evidence of the bactericidal property 

of KR-12. The number of dead attached bacteria was lower on KR12-PNTi, due to the 

antifouling effect of PEG. 

Furthermore, SEM analyses were conducted to characterise the morphology of S. aureus 

and E. coli after 24 hours of culture on the surfaces, as depicted in Figure 2-6(b) and 2-

6(c). On UTi and NH2-Ti surfaces, bacteria displayed typical shapes with intact cell walls, 

indicating a lack of antimicrobial activity. Despite the absence of biofilm formation on 

UTi, numerous bacteria adhered and formed aggregates. NH2-Ti, however, exhibited slight 

inhibition of bacterial colonisation compared to UTi, consistent with findings from DCT 

and live/dead staining results. Considering the antibacterial mechanism of amino-

functionalised surfaces, it is anticipated that electrostatic interactions of NH2-Ti with 

bacterial membranes played a critical role in bacterial eradication by inducing membrane 

damage, as observed in some E. coli bacteria of NH2-Ti shown in Figure 2-6(c). The cell 

morphology observed on PEG-NTi resembled that of NH2-Ti, with decreased bacterial 

attachment proposing PEG's role in preventing bacterial adhesion.  

SEM analysis revealed distinct changes in S. aureus cultured on KR12-NTi and KR12-

PNTi, characterised by shrunken and disrupted membranes indicative of damage. 

Similarly, E. coli on KR12-NTi and KR12-PNTi exhibited corrugated, distorted, and lysed 

morphology, suggesting membrane damage potentially induced by the AMPs.  

The observed results in SEM analyses can be explained by the mechanism of action of 

AMPs, against bacterial membranes. AMPs primarily target and disrupt bacterial 

membranes by interacting with their lipid components. These peptides often have 

amphipathic structures, allowing them to bind to bacterial membranes and insert 



 

Chapter Two                                                       AMP immobilisation by Plasma treatment 

 
73 

themselves into the lipid bilayer. This interaction disrupts the membrane integrity, leading 

to leakage of cellular contents, structural collapse, and eventually cell death.  

S. aureus cells on KR12-NTi and KR12-PNTi showed shrunken and disrupted membranes. 

This is likely due to KR-12 targeting the bacterial cytoplasmic membrane, forming pores 

or destabilizing the bilayer. This leads to osmotic imbalance and the loss of intracellular 

components, causing the cells to shrink and appear disrupted under SEM. 

E. coli cells exhibited corrugated, distorted, and lysed morphologies. These effects reflect 

the destabilization of the outer membrane (specific to Gram-negative bacteria like E. coli) 

in addition to the cytoplasmic membrane. The corrugation and lysis suggest that KR-12 

likely disrupts the lipid A and phospholipid regions of the outer membrane, allowing the 

AMP to penetrate and damage the inner cytoplasmic membrane. The loss of membrane 

integrity leads to cell lysis and the observed morphological distortions. 

AMPs immobilised on KR12-PNTi demonstrated higher bactericidal activity. This 

enhancement can be attributed to This enhancement can be attributed to the burst release 

of electrostatically bonded AMPs, attached to the PEG linkers.  

While SEM results provide valuable information, they are insufficient to fully elucidate 

the precise mechanism by which KR-12 interacts with cellular membranes. However, they 

do suggest that immobilised KR-12 can cause significant damage to bacterial membranes. 

Further studies using Transmission Electron Microscopy (TEM) will be essential for 

obtaining a more detailed understanding of this process. 
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Figure 2-6. Assessment of antimicrobial activity; (a) Bacterial growth inhibition of the 

various surface coatings against E. coli, P. aeruginosa, S. aureus, and S. epidermidis with 

UTi samples serving as controls showing 0.00% inhibition. Statistical significance is 

denoted by * for p < 0.05, ** for p < 0.01, and *** for p < 0.001. Error bars represent the 
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standard deviation from three independent experiments, each performed in triplicate. (b) 

The fluorescence live/dead assay and SEM images of (b) S. aureus and (c) E. coli cultured 

on different coatings (Live/Dead assay scale bars = 10 µm, green bacteria: live, red 

bacteria: dead); (SEM images scale bars = 5 µm). All assessments were taken after 24 

hours of surface incubation. Both KR12-NTi and KR12-PNTi surfaces exhibited higher 

bacterial affinity than NH2-Ti and PEG-NTi. The inclusion of PEG as a linker appeared to 

reduce bacterial adhesion. AMPs attached to KR12-NTi and KR12-PNTi demonstrated 

effective bactericidal activity, disrupting the membranes of both E. coli and S. aureus 

bacteria. 

2.3.5 Cytocompatibility and cell adhesion 

The cytocompatibility of various coatings on titanium surfaces was evaluated using hFOB 

1.19 cells, a human osteoblast cell line commonly used in studies of osteoporosis, bone 

tissue engineering, and orthopaedic biomaterials [132]. The MTT assay was used to 

evaluate cell viability, which indirectly measures cell proliferation through metabolic 

activity. This assay also provides insight into cytocompatibility by determining whether 

cells remain metabolically active when in contact with the materials. Previous 

investigations into the cytotoxicity of the KR-12 peptide in solution have shown no 

cytotoxic effects within a specific concentration range [19, 76, 129].  However, cell 

viability tends to decrease at higher concentrations of the AMP. Thus, it is critical to find 

an optimal balance in the loading of antibacterial agents to ensure efficacy without 

inducing cytotoxicity. High-loading densities of antibacterial agents can effectively kill 

bacteria but may also pose a risk of cytotoxicity.  

In this study, cell viability percentages of different substrates relative to the control were 

evaluated at three intervals (3, 5, and 7 days), presented in Figure 2-7(a). Results from the 

MTT assay demonstrated higher proliferation rates of hFOB cells on titanium samples 

with different coatings compared to the control (standard TCP- Tissue Culture Plastic) at 

each time point which is consistent with previous findings on the cytocompatibility of PEG 

and the non-toxicity of the KR-12 peptide at the concentration used in this study. [19, 37]. 

NH2-Ti and PEG-NTi surfaces, while exhibiting slight antimicrobial activity, showed 

comparable biocompatibility to UTi across all tested intervals. The biocompatibility of the 

plasma-treated titanium surfaces with the cell viability of 110.14%, 124.41%, and 

129.44% for days 3, 5, and 7, is attributed to the introduction of amine groups. Amine-
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functionalised surfaces can more effectively adsorb proteins from the biological 

environment, forming a protein layer that mediates cell attachment, promotes integrin 

binding, and activates subsequent cell signalling pathways that support cell proliferation 

and differentiation [133, 134]. Additionally, amine groups confer a positive charge to the 

surface in an aqueous environment, which can favourably interact with the negatively 

charged cell membranes, enhancing cell adhesion [135, 136]. KR12-NTi and KR12-PNTi 

samples also supported cell growth, indicating strong cell attachment despite minimal 

bacterial adherence. After 3 to 7 days of incubation, cell viability on all coated surfaces 

was significantly higher than the control, tissue culture plastic (TCP), indicating good 

cytocompatibility even with the grafted KR-12 and no statistically significant differences 

in metabolic activity were detected between the various coatings and UTi at any time point. 

Cell adhesion and interaction between cells and coatings are fundamental to the successful 

integration of implants into native bone tissue [95, 96]. To assess the cells adhesion and 

their distribution on each surface, SEM analysis was conducted following a 5-day 

incubation period. 

The SEM images in Figure 2-7(b), captured on day 5, illustrate normal attachment and 

growth of hFOB cells on UTi surface. Compared to UTi, cell spreading on NH2-Ti was 

slightly higher on day 5, consistent with MTT results, and these cells exhibited a well-

spread attachment morphology. These attached cells displayed extensive spreading after 

plasma treatment, highlighting the excellent biocompatibility of the amino-functionalised 

surfaces. Despite initial observations of suboptimal cell attachment on UTi, hFOB cells 

demonstrated consistent growth on KR12-NTi and KR12-PNTi surfaces with a flattened 

morphology and increased cell spreading, indicating viability and proliferation. The 

number of attached cells appeared similar across all surfaces. By day 5, the cells exhibited 

spread morphology with filopodia extending towards adjacent cells. This behaviour 

reflects active cytoskeletal remodeling, a hallmark of healthy cell attachment and 

intercellular communication. The similar number of attached cells across surfaces suggests 

that while surface modifications affect cell morphology and interaction, the overall cell 

viability remains high on all tested surfaces. These observations highlight the critical role 

of surface functionalization in modulating cell behaviour, particularly in promoting 

enhanced spreading and attachment, which are indicative of superior biocompatibility and 

suitability for biomedical applications. 
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Our ultimate objective was to develop a multifunctional coating that combines bone 

regenerative activity with antimicrobial properties. To fully realise this goal in the future, 

extensive in vivo investigations will be necessary to assess long-term biocompatibility, 

explore the molecular mechanisms underlying bone regeneration, and thoroughly examine 

the host immune response to the coated implants. 

 

Figure 2-7. Cytocompatibility and cell morphology analyses: (a) Cell viability results 

from the MTT assay of hFOB cells cultured on various substrates over 3, 5, and 7 days, 

no significant difference was observed compared to UTi; Statistical significance is denoted 
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by * for p < 0.05. (b) SEM micrographs depicting the morphology of hFOB cells on day 

5 (Scale bars = 20 µm); By day 5, cells displayed a spread morphology with filopodia 

extending towards neighbouring cells.  

2.4. Conclusions 

The prevention of bacterial adhesion and biofilm formation while promoting 

osteointegration remains a persistent challenge for medical implants. This study 

demonstrated the potential of plasma treatment to create functional groups as anchor points 

for peptide immobilisation, while mitigating the side effects of chemical reactions and 

minimising time requirements. Plasma treatment also increases surface energy and 

wettability without altering surface topography, thereby facilitating protein adsorption and 

promoting favourable cells behaviour.  

The objective was to optimise plasma treatment parameters to achieve comparable levels 

of surface-bound amine functional groups to those achieved with chemical techniques such 

as silanisation. XPS analyses revealed that the distribution and density of primary amine 

groups could be adjusted with plasma parameters, reaching a maximum of 9.18% without 

altering the titanium surface morphology or bulk properties. 

Following the creation of primary amine groups, PEG linkers and AMPs were immobilised 

on the surface to combine antifouling and bactericidal properties while promoting tissue 

integration, effectively inhibiting bacterial biofilm formation. Antimicrobial activity 

against four pathogenic bacterial strains showed more than 90% bacteria growth inhibition 

ratio. AMPs grafted with PEG linkers exhibited higher activity against bacteria adhesion 

and colonisation compared to those without linkers This can be justified by the peptide 

release analysis, which indicates that the burst release of electrostatically bonded peptides 

is approximately twice as high for samples with PEG linkers compared to AMPs attached 

without PEG linkers. Additionally, cell promotion and adhesion demonstrated by MTT 

assay and SEM micrographs underscored the potential of integrating plasma treatment 

with the covalent bonding of AMPs to capitalise on both the antimicrobial activity of KR-

12 and the cell promotion properties of the plasma-treated titanium. 

The integration of plasma treatment technology in the peptide attachment of medical 

implants presents a promising strategy to substitute chemical reactions. This innovative 

approach not only enhances the biocompatibility and functionality of implants but also 
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holds potential for broader applications. The versatility of plasma treatment allows for the 

adaptation of this technology to various types of peptides and substrates, paving the way 

for advancements across a range of medical applications. 
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Abstract 

Implant-associated infections pose significant challenges due to bacterial resistance to 

antibiotics. Recent research highlights the potential of immobilising antimicrobial peptides 

(AMPs) onto implants as an alternative to conventional antibiotics for bacterial infection 

prevention. While various AMP immobilisation methodologies have been investigated, 

they still lack responsiveness to biological cues. This study proposes an enzyme-

responsive antimicrobial coating for orthopaedic devices using KR-12, an AMP derived 

from Cathelicidin LL-37, coupled with the human elastin-like Peptide (HELP) as a 

biomimetic and stimuli-responsive linker while mimicking the extracellular matrix 

(ECM). During implantation, these customised interfaces encounter the innate immune 

response, triggering elastase release. The biodegradation of HELP biopolymer by the 

elastase enzyme enables the controlled release of KR-12. After coupling KR-12 with 

HELP attached titanium surface, the antimicrobial activity against four pathogenic 

bacterial strains (Staphylococcus aureus,  Staphylococcus epidermidis, Escherichia coli, 

and  Pseudomonas aeruginosa) was assessed, revealing an inhibition ratio of bacterial 

adhesion and colonisation exceeding 92% for all tested strains. Comparing this surface 

with a titanium surface functionalised directly with KR-12 without the use of HELP as a 

linker, the antimicrobial activity was significantly higher, with an average increase of 15% 

against all strains. It is thought that the enhanced antimicrobial activity was due to the 

improved mobility of KR-12 coupled with HELP and its stimuli-responsive controlled 

release. Furthermore, the prepared coatings demonstrated strong adhesion and 

proliferation of human osteoblasts, as evidenced by MTT assay and SEM (Scanning 

Electron Microscopy) micrographs. By day 5, cells on modified surfaces displayed well-

spread morphologies with extensive filopodia, indicating improved biocompatibility and 

cytoskeletal activity. These observations highlight the effectiveness of surface 

functionalisation in promoting cell adhesion, viability, and proliferation, making it suitable 

for biomedical applications. 

These findings suggest extensive potential for smart coatings that combine the 

antimicrobial potential of AMPs with HELP’s biological properties. 

Keywords: Antimicrobial peptide, Human-Elastin Like Polypeptide, KR-12, Enzyme-

responsive coating, Osteoblast promotion, Bacterial growth inhibition. 
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Graphical abstract: 

 

3.1. Introduction 

The implantation of medical devices carries a notable risk of nosocomial pathogens 

colonising and forming biofilms on device surfaces, subsequently leading to infections 

with prolonged healing periods [157, 158]. According to the concept of the "race for the 

surface", proposing a competition between host and bacterial cells for colonisation on the 

implant surface [276], the likelihood of bacterial attachment decreases if the host cells 

establish colonisation on the implant surface first, and vice versa [276, 277]. Upon implant 

placement, the surface becomes coated with a protein film, providing potential receptors 

for bacterial adhesive ligands, thus promoting further colonisation [278]. Biofilms, once 

formed, serve as effective shields for microorganisms against host immune responses and 

antibiotic treatments [279].  

Titanium, renowned for its mechanical strength, chemical inertness, and compatibility 

with biological systems, remains the predominant material choice in orthopaedic, bone 

surgery, and dental applications, with the goal of improving human tissue healing [204, 

207, 208]. However, despite its exceptional characteristics, bacterial colonisation on 

titanium surfaces remains a significant factor contributing to implant failure, often 

requiring revision surgery and introducing complexities to patient treatment and recovery 

processes [205, 206].  

To effectively inhibit bacterial biofilm formation, it is essential to modify surfaces with 
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antimicrobial coatings to combine antifouling methods to deter bacterial adhesion and 

colonisation while enhancing biocompatibility by reducing potential toxicity to human 

cells [7, 280, 281]. Recent advancements in antimicrobial coatings aim to develop 

multifaceted structures with controllable toxicity and bioengineering capabilities. This 

pursuit has led to a high interest in the development of AMP based systems [166, 167]. 

AMPs, which are naturally found in various organisms, possess distinct structural features 

characterised by cationic and amphiphilic domains. These features are crucial for 

disrupting bacterial cell membranes. Unlike traditional antibiotics, AMPs have 

demonstrated a broad spectrum of activity against bacteria, fungi, and viruses, while also 

avoiding the induction of bacterial resistance. This resistance avoidance stems from their 

ability to permeate the cytoplasmic membrane without triggering typical resistance 

mechanisms [168, 169].  

Amidst a diverse array of AMPs that have been documented, the human cathelicidin 

peptide LL-37 emerges as a noteworthy antimicrobial agent renowned for its multifaceted 

immunomodulatory capabilities [170]. One notable fragment of LL-37 is the cationic KR-

12, [66]. The shorter length, reduced cytotoxicity, and cost-effectiveness of KR-12 make 

it an attractive option for various biomedical applications, including surface 

immobilisation on materials used in wound dressings, urinary catheters, and implants 

[171]. KR-12 interacts favorably with bacterial membranes due to its α-helical 

conformation and positive charge, while also minimising cytotoxic effects. Structural 

studies suggest that AMPs like KR-12 function by creating nanometric pores in cell 

membranes or inducing membrane micellisation [172]. Prior research has shown that 

controlled concentrations of KR-12 promote osteogenic differentiation in human bone 

marrow-derived mesenchymal stem cells, in addition to its antibacterial properties [38, 

173, 174]. 

Two primary approaches, physical adsorption and covalent immobilisation, have been 

explored for immobilising AMPs on titanium implants [92, 175]. The simpler method, 

involving the physical adsorption of AMPs onto the titanium surface is less stable 

compared to covalent immobilisation, leading to rapid leaching of AMPs and a subsequent 

reduction in antimicrobial activity over time [79, 176, 177]. In contrast, covalent 

immobilisation establishes a chemical bond between the AMP and the titanium surface, 

ensuring long-term stability and preserving AMP activity on the implant surface [3, 145]. 

However, a drawback of this method is that it reduces the mobility of the peptide and can 
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cause steric hindrance [13]. To address this limitation,  a flexible linker between the AMP 

and the titanium surface can be introduced as a solution. The linkers provide flexibility to 

AMPs, increasing their exposure and facilitating better mobility and penetration of 

bacteria, thereby enhancing antimicrobial efficacy [178-180]. 

Although covalent immobilisation of AMPs using linkers ensures high antimicrobial 

efficiency, the increased concentration of antimicrobial agents on the surface may 

compromise the biocompatibility, angiogenic activity, and osteogenic activity of the 

implant, consequently delaying sufficient osseointegration [282-284]. To address these 

critical issues, there is a  demand to explore novel antimicrobial coatings capable of 

selectively targeting bacteria under pathological conditions [285, 286]. Therefore, 

developing statically versatile implant coatings would significantly enhance their 

applicability, necessitating the design of a coating capable of responding to fluctuations in 

pH or enzymatic activity [287-289]. The findings of recent studies emphasised the 

significance of biomaterial coatings that respond to pathogen microenvironments 

inhibiting the contact between AMPs and normal cells, thereby decreasing their toxicity 

[290, 291]. Such an approach was followed by Suo et al, who reported that AMP–

Hyaluronic acid (AMP-HA) hybrid hydrogels exhibited excellent broad-spectrum 

antibacterial activity, showing on-demand release of AMPs specifically in acidic 

environments, expediting wound healing in infected mice. These findings suggest a 

promising avenue for the development of biomaterial coatings that could effectively 

manage chronic infected wounds by harnessing the innate properties of AMPs and 

responsive hydrogel systems. 

The ideal antimicrobial coatings should exhibit efficacy against diverse pathogens, 

biocompatibility with host tissues, long-lasting activity, physiological stability, minimal 

cytotoxicity, resistance to biofilm formation, ease of application, and cost-effectiveness 

for medical deployment [11, 292]. To meet these criteria for the anticipated antimicrobial 

coating, an ideal linker for immobilising AMPs on titanium implants could be ECM-

inspired polymers, such as HELPs [293, 294]. HELP is a well-described recombinant 

biopolymer comprising sequences resembling natural human tropoelastin, offering 

enhanced biocompatibility, improved cell adhesion, and increased anchoring sites for 

effective AMP immobilisation [295, 296]. Moreover, HELP can be degraded by 

physiological pathways, mitigating the risk of harmful byproducts [297-299]. Previous 

studies have assessed the proteolytic susceptibility of HELP matrices, demonstrating their 
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potential for enzymatic -triggered release of model compounds [300-303]. The elastolytic 

activity, present in both prokaryotic and eukaryotic organisms, is associated with various 

pathological conditions such as pulmonary emphysema, cystic fibrosis, infections, 

inflammation, chronic wounds, and atherosclerosis [304, 305]. Leveraging this concept, 

HELP polypeptides show promise as proteolytic stimuli-responsive systems for 

controlling the release of AMPs [297]. 

In this study, we developed an ECM-mimicking system based on HELPs to tether AMPs 

onto implanted devices. We leveraged enzyme-mediated release, taking advantage of 

physiologically normal inflammatory reactions or remodelling processes, which are most 

active during tissue healing and bone formation after surgical implantation [303]. Initially, 

HELP biopolymer was immobilised onto titanium disks as linkers. Subsequently, the AMP 

KR-12 was attached covalently at an optimised immobilisation density to maximise cell 

viability and antimicrobial activity. The antimicrobial activity of the coating against 

various pathogenic bacteria was investigated, and the cytocompatibility of the coating was 

assessed using human osteoblast bone cells. 

3.2. Experimental methods 

3.2.1 Sample preparation 

The immobilisation of peptides on the titanium substrates involved a systematic three-step 

process. Prior to initiating the process, production and purification of HELP were carried 

out. To immobilise the peptides using HELP linkers on the titanium substrates, firstly, 

hydroxylation and silanisation were carried out, followed by the HELP linker attachment 

and subsequent peptide immobilisation. Each stage of this sequential procedure is 

precisely outlined in the following sections. The summarising processing scheme is 

illustrated in Figure 3-1. Table 3-1 provides the description of sample names used in the 

experimental work.  

Table 3-1. Description of sample names indicating different surface modifications. 

Sample name Description 

PTi Polished titanium alloy Ti6Al4V 

Sil-PTi Silanised titanium surface 

KR12-STi KR-12 immobilised on Sil-PTi 

HELP-STi HELP attached on Sil-PTi 
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KR12-HTi KR-12 immobilised on HELP-attached Sil-PTi 

 

 

 

Figure 3-1. Schematic representation of (a) step-by-step procedure of silanisation, HELP 
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attachment, and KR-12 immobilisation to prepare enzyme-responsive antimicrobial 

coating for titanium implant surfaces, and (b) the chemical reactions occurred in each step 

at the interface of the titanium surface and the reagents. The diagram is not drawn to scale, 

and symbols are just utilised to elucidate the underlying concepts; APTES = (3-

aminopropyl) triethoxysilane, HELP = Human elastin-like polypeptide, EDC = 1-ethyl-3-

diaminopropyl carbodiimide hydrochloride, sulfo-NHS = sulfo-N-hydroxysuccinimide. 

3.2.2 Silanisation of titanium substrates  

Titanium disks, 10 mm in diameter and 2 mm in thickness served as representative models 

for the prevalent materials found in dental and orthopaedic implants (commercially pure 

Medical grade 5 Ti6Al4V, William Gregor LTD, East Grinstead, UK). The preparation 

process started with grinding the titanium disks consecutively with 800, 1200, and 2500 

grit Struers silicon carbide/abrasive papers using Struers Metallographic equipment. 

Subsequently, the disks were polished to mirror finish using a 0.05 μm particle size 

colloidal silica, following Bruker's protocols. To ensure cleanliness, the polished disks 

were sonicated for 30 mins in ethanol followed by 30 mins sonication in deionised (DI) 

water. Then, the titanium disks were air-dried at room temperature and stored in a 

desiccator until needed. 

To facilitate the silanisation process, a thorough 2-hour etching process using an oxidising 

solution (50:50 v/v, 98% H2SO4/ 30% H2O2) was carried out introducing hydroxyl groups 

on the surfaces. The etched surfaces were washed twice in DI water and ethanol with 30-

minute sonication intervals. Silanisation, a common method for immobilising 

biomolecules on inorganic surfaces, was then performed [306]. An organic silane, 3-

Aminopropyltriethoxysilane (APTES) (ThermoFisher Scientific, Birmingham UK), was 

used as the intermediate linker, enhancing the adhesion process. The hydroxylated (TiOH) 

titanium substrates, were immersed in a 10% v/v APTES solution in toluene (purity ≥ 

99.5%, Sigma Aldrich, UK) at 80°C for 4 hours with a continuous mild shaking to 

introduce functional amino groups on the titanium surface. Following this, the surfaces 

were sonicated following two 10-minute sonication cycles in each one of the following 

solvents: pure toluene, ethanol, and water. 

3.2.3 Production and purification of the HELP biopolymer 

The expression and purification of the recombinant HELP biopolymer were performed in 
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standard conditions as described in the literature [300, 307]. The details of the HELP 

biopolymer sequences are provided in the appendix. Briefly, recombinant clones of 

Escherichia coli (E. coli) C3037I strain (New England Biolabs, Ipswich, MA, USA) 

transformed with the plasmid carrying the HELP DNA sequence were grown in Luria 

Bertani medium (LB) supplemented with 50 µg/mL of ampicillin and 70 µg/mL of 

chloramphenicol. An overnight starter culture was used to seed the expression culture in 

Terrific Broth carried on at 37 °C under shaking until a turbidity of approximately OD600 

= 1 was reached. The expression of HELP polypeptide was induced by adding 0.1 mM 

isopropyl β- d-1- thiogalactopyranoside. Growth was continued for an additional 5 hours. 

Bacterial cells were collected by centrifugation at 8000 rpm for 20 min at 10°C using a 

Beckman–Coulter, J-26 XP. 

The pellets were suspended in 400 mL of the extraction solution containing 50 mM 

Tris/HCl pH 8, 250 mM NaCl, 0,1 mM EDTA, 0,1% Triton X-100, and 1 mM PMSF and 

disrupted using a high-pressure homogeniser (Panda NS1001L, GEA Niro Soavi, Italy). 

Then, 2-mercaptoethanol was added to 20 mM and after cooling the bacterial lysate on ice, 

the mixture was centrifuged at 10000 rpm, for 30 minutes at 8 °C (Beckman–Coulter, J-

26 XP).  The cellular debris was discarded, and the supernatant was further processed to 

purify the HELP biopolymer following a well-established procedure known as Inverse 

Transition Cycling (ITC) which is based on the thermo-responsive properties of the elastin 

domain [308]. Briefly, the biopolymer was precipitated by adding NaCl to the supernatant 

to a final concentration of 1.5 M at 37 °C. The aggregated part was separated from the 

solution by centrifugation at 7000 rpm for 30 min at 37 °C. The pellet was re-dissolved in 

cold water and any non-soluble components were removed through cold centrifugation. In 

total, three ITC cycles were performed to ensure the desired degree of purification. The 

material was lyophilised for long-term storage and further use. 

3.2.4 HELP attachment 

To enable the attachment of HELP as a linker onto titanium surfaces, the process involved 

the selective activation of the carboxyl group in HELP using 1-Ethyl-3-(3-dimethyl-

aminopropyl) carbodiimide (EDC, ThermoFisher Scientific), resulting in the formation of 

a highly reactive O-acylisourea. This intermediate complex subsequently reacted with the 

primary amine groups present on the titanium surface using NHS (ThermoFisher 

Scientific) as an activating agent, as described in the literature [216].  
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The initial step involved preparing 1 mg/ml HELP solution in MES (2-(N-morpholino) 

ethanesulfonic acid) buffer (0.1M, pH 6.0). Amino-functionalised substrates (Sil-PTi, see 

Table 3-1) were then immersed in the HELP solution for 1 hour. Following this immersion, 

a solution of EDC (23 mg. l-1) was introduced, followed by the sequential addition of sulfo-

NHS (77 mg. l-1) in a dropwise manner. The grafted samples, HELP-STi, were 

successively washed with DI water and ethanol using a vortex to remove non-covalently 

bound reactants before drying and storing in a desiccator.  

3.2.5 Covalent immobilisation of KR-12  

Following the attachment of HELP, a similar EDC/NHS protocol was employed to 

immobilise the KR-12 (H-KRIVQRIKDFLR-OH), on the amine groups of HELP, labeled 

as KR12-HTi. The identical procedure was employed to immobilise KR-12 directly onto 

the silanised surface of Sil-PTi, labelled as KR12-STi. The KR-12 was supplied by 

BOCSCI Inc., NY, USA. To immobilise them, the carboxylic groups of the peptides were 

activated with EDC and subsequently reacted with the primary amine groups of the 

silanised surface of Sil-PTi or the HELP biopolymer on the surface of HELP-STi. 

Following the same protocol outlined in the previous section, the substrates were incubated 

in a 1 mg/ml solution of KR-12 in MES buffer. After 1 hour of incubation, EDC and sulfo-

NHS solutions were added dropwise in sequence to facilitate the covalent binding of the 

KR-12 peptide. This step-by-step procedure ensured a consistent and effective process for 

the immobilisation of the KR-12 peptide on the silanised surfaces and HELP-modified 

surfaces. Two wash cycles with DI water and ethanol, employing a vortex for thorough 

cleansing, were performed to remove non-covalently bound peptides from the samples. To 

precisely quantify the immobilised peptides on the surfaces, an Fmoc (fluorenyl-

methyloxy-carbonyl)-labelled KR-12 (Fmoc-KRIVQRIKDFLR-OH) was used, following 

the protocol mentioned above. The peptide percentage used for the KR-12 immobilisation 

was selected and evaluated based on the minimum inhibitory concentration (MIC) of KR-

12 as reported in previous studies [217-219]. This approach ensured that the released 

amount remained below the MIC threshold, while optimised concentrations conducive to 

osteogenic differentiation and promotion were determined. 
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3.2.6 Surface characterisation  

Scanning Electron Microscopy (SEM) 

At each stage of sample preparation, SEM was carried out to assess the influence of 

individual steps on the surface morphology using a Jeol 6060 with an Oxford Inca EDS. 

Before the examination, the samples were Au sputter-coated using a Polaron Emitech 

SC7640 Sputter Coater. Each sample was then subjected to a comprehensive imaging 

process, capturing five images at a working distance of 9 mm and a voltage of 20 kV. 

Atenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

To confirm the chemical reaction mechanisms, the presence of functional groups was 

assessed through ATR-FTIR spectra analysis before and after the chemical reactions using 

a Nicolet 6700 FTIR machine (Thermo Scientific) and Omnic 8 software suite (Thermo 

Scientific) in the range from 4000 to 400 cm−1. The spectra were acquired from an average 

of 64 scans/background at a spectral resolution of 2 cm-1. 

Atomic Force Microscopy (AFM) 

The surface topography and roughness changes of HELP-attached and peptide-attached 

samples were analysed in the tapping mode at room temperature using Bruker Multimode 

8 and Pt-coated silicon cantilevers provided by Bruker (SCM-PIT). Scans were taken at 

random sites in 20 µm2 using a 5 mm scan head at a scan rate of 0.1 Hz for all 

measurements. The pictures were digitally processed by NanoScope Analysis 1.7 software 

and the Ra were measured.  
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X-Ray Photoelectron Spectroscopy (XPS) 

The surface elemental compositions of PTi and Sil-PTi were measured using a Thermo 

NEXSA XPS equipped with a monochromated Al Kα X-ray source (1486.7 eV). The 

system included a spherical sector analyser, three multichannel resistive plates, and 128 

channel delay line detectors. Data acquisiton occured at 19.2 W and an X-ray beam size of 

400 x 200 µm. Survey scans were performed at a pass energy of 200 eV, and high-

resolution scans used a pass energy of 40 eV. Electronic charge neutralisation was managed 

via a dual-beam low-energy electron/ion source (Thermo Scientific FG-03). Measurements 

were taken at a pressure below 10-8 Torr and a room temperature of 294 K. Data processing 

was completed using CasaXPS v2.3.20PR1.0 with peak fitted done using Shirley 

background subtraction prior to component analysis. Binding energies were calibrated with 

the C 1s signal at 284.8 eV and minimum of three different samples were analysed for each 

group. 

Water Contact Angle (WCA) measurments 

Surface wettability, determined through static WCA measurements, is a strong indicator 

of surface's hydrophilic/hydrophobic properties that influence the cells attachment. Static 

water contact angles were measured at room temperature, analysing the profile of sessile 

drops. A 5 µL droplet of DI water was deposited on the sample surface using a Hamilton 

syringe set on a Kruss DSA100 apparatus (Germany) equipped with a CCD camera and 

an image analysis processor. The WCAs were calculated using the built-in CAM 100 

software. The test was performed in triplicate. Four droplets were  measured on different 

locations on each sample, and three different samples in each group. A static picture was 

taken within three seconds after droplet deposition, and angles were measured on the static 

picture. The reported values are the averages of these 9 measurements for each type of 

surface.  

3.2.7 Concentration of immobilised KR-12 

The quantification of KR-12 loading on the surface involved estimating the number of 

Fmoc groups by measuring the maximum ultraviolet (UV) absorption at 301 nm. The 

determination of Fmoc groups loading at the surface enabled the calculation of the peptides 

as each peptide contained one Fmoc (Fmoc-KRIVQRIKDFLR-OH). Fmoc groups 

attached to the peptides were readily cleaved using 20% piperidine in dimethylformamide 

(DMF), a common reaction mechanism during solid-phase peptide synthesis employing 
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the Fmoc/t-Bu (Tert-Butyl) method. The presence of piperidine induces the formation of 

dibenzofulvene–piperidine adducts via a Michael-type addition, which are soluble in 

reaction solvents, enabling the spectrophotometric measurement based on the Beer–

Lambert law [220]. A multipoint standardisation method (calibration curve) was 

established to measure the solution's UV light absorption ability at a specific wavelength. 

The calibration points were prepared and validated on the same day as the analysis to 

ensure accuracy. 

For the calibration curve preparation, Fmoc-KR12 stock solutions (1 mg/mL = 637 μM) 

were prepared in 20% (v/v) piperidine in DMF. Both solvents were provided by Sigma 

Aldrich. Fmoc removal reactions were carried out for 30 min at room temperature. 

Subsequently, 5.0 mL of the stock solution was diluted to 50.0 mL with 20% (v/v) 

piperidine in DMF. Dibenzofulvene-base solutions of varying concentrations (ranging 

from 10 to 310 μM in 30 μM intervals) were prepared using a dilution technique. These 

solutions were prepared in triplicate and measured at 301 nm, where absorption was solely 

due to the dibenzofulvene-base adduct. Then, a calibration curve of dibenzofulvene-base 

adduct concentration versus absorbance was constructed. 

For analysis, each peptide-immobilised titanium surface was immersed in 20% v/v 

piperidine solution in DMF, and Fmoc removal reactions were conducted for 30 min at 

room temperature. Subsequently, the absorbance of each solution was measured at 301 nm 

(n = 3) and correlated to the calibration curve. 

3.2.8 KR-12 release triggered by elastase degradation of HELP  

As described in previous studies, the HELP moiety has been reported to be susceptible to 

degradation in the presence of elastase [300]. Elastase is a serine protease with a broad 

specificity, as it cleaves proteins at the carboxyl side of small hydrophobic amino acids. It 

also hydrolyses amides and esters without an activator. For the release of KR-12 from the 

KR12-HTi and KR12-STi disks, the samples were soaked in 50 mM Tris/HCl pH 7.5, 1 

mM CaCl2 buffer, and 50 µl solution of the elastase enzyme from porcine pancreas (Sigma 

Aldrich, #E7885) was added (50 µg/mL final concentration). Then, they were incubated 

with the elastase solution at 37oC for specific time points of 2, 4, 6, 12, and 24 hours in a 

final reaction volume of 500 µl. In parallel, the same conditions were adopted to set up 

control reactions for KR12-HTi and KR12-STi without adding the enzyme. To assess the 

remaining KR-12 after elastase-mediated degradation, the samples were removed from the 
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reaction solution and washed gently with DMF at fixed times. Then, piperidine/ DMF 

cleavage was utilised by the protocol described above. The remaining amount subtracting 

the measured immobilised peptides amount provided the released amount of peptide 

during the enzyme degradation. 

3.2.9 Antimicrobial activity assay  

Orthopaedic implant infections are caused most often by Staphylococcus aureus (S. 

aureus) and Staphylococcus epidermidis (S. epidermidis), Escherichia coli (E. coli), and  

Pseudomonas aeruginosa (P. aeruginosa) which can be acquired during surgery or 

subsequently through a hematogenous route [221-223]. 

To assay the antimicrobial activities of the prepared coatings, two Gram-positive bacteria, 

S. aureus (SH1000) and S. epidermidis (ATCC 12228), and two Gram-negative bacteria, 

E. coli (ATCC 25922) and P. aeruginosa (PAO1) were grown on Mueller-Hinton (MH) 

agar plates using the Streak Plate method. Then, a colony of each strain was cultured in 

MH broth at 37 oC, overnight. To count the number of colony forming units (CFU) in a 

bacterial suspension, serial dilutions of the bacterial culture were prepared in a 96-well 

plate and cultured on MH agar plates based on the Miles and Misra method [224]. The 

bacterial suspension was adjusted to a concentration of 105 CFU mL−1 in MH broth for 

further analysis.  

The coated titanium samples and polished substrate (control sample) were sterilised in 1 

mL of 70% ethanol for 5 min at room temperature and then washed with sterilised DI water 

in a sterile environment. This process was repeated three times. Then, 20 μL of the 

bacterial suspension was added to the samples followed by incubation for 24 h at 37 oC.  

Bacterial growth inhibition ratio, CLSM, and SEM were used to characterise the bacterial 

colonisation for each group of coatings. All work was carried out in a class II ventilated 

hood, and the tools were autoclaved or sterilised with 70% ethanol before use. 

3.2.10 Bacterial growth inhibition 

The surface antimicrobial activity was tested against S. aureus, S. epidermidis, E. coli, and 

P. aeruginosa by a modified DCT protocol. For each sample, a sterile petri dish was 

prepared with a round filter paper saturated with phosphate-buffered saline (PBS) to 

maintain humidity and avoid evaporation of the bacterial suspension. A sterile microscope 

slide was positioned on the filter paper, and the sample (10 × 10  mm2) was kept on the 
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slide. Then, 20 µl of the overnight bacterial suspension (containing 105 bacteria/ml) was 

pipetted onto the sample surface. A coverslip (20 x 20 mm2) was carefully positioned on 

top to spread the inoculum over the entire disk surface. Then, closed petri dishes were 

incubated at 37 °C for 24 hours.  

After incubation, the substrates covered with the bacterial suspension were moved to a 10-

mL sterile tube, and after the addition of 5 ml of MH, were vortexed for 5 min to detach 

adherent bacteria. Since the titanium substrates are non-porous and non-absorbent, the 5-

minute process was efficient in removing the adhered bacteria. This has been attested by 

SEM studies before and after vertexing. 200 L of the bacterial suspension was collected, 

and 10-fold serial dilutions of the suspension were prepared to count the bacterial colonies 

on MH agar plates using the Miles and Misra method. After incubation at 37 oC for 20 h, 

the number of colonies on each sample was counted.  

The bacterial growth inhibition ratio was calculated by measuring the CFU of the control 

sample, PTi, (denoted as B1) and each coated titanium (denoted as B2) using the following 

equation.  

Bacterial growth inhibition ratio (%)= (B1-B2)/B1 *100. 

The measurements were conducted in triplicate for each type of sample, and the percentage 

of bacterial growth inhibition was averaged over the three samples. 

For the SEM analysis and live/dead assays, E. coli and S. aureus were chosen as 

representative strains to assess the antimicrobial activity of the coatings. E. coli was 

selected to represent Gram-negative bacteria due to its characteristic outer membrane, 

which can influence susceptibility. At the same time, S. aureus was chosen as a model for 

Gram-positive bacteria, given its thick peptidoglycan layer and distinct interaction 

properties. The Gram-negative P. aeruginosa and the Gram-positive S. epidermidis 

displayed similar results.  Therefore, we focused on E. coli and S. aureus to streamline the 

analysis and clearly illustrate the findings. 

3.2.11 Bacterial morphology assay 

After incubation with 20 µl of bacterial suspension (as described in 2.5.1.), the samples 

were immersed in 2.5% EM grade glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 

7.3, for 10 minutes to fix the bacteria on the surface. To remove water slowly, the samples 

were dehydrated for 10 min in ethanol solutions of increasing concentrations of  20, 30, 
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40, 50, 60, 70, 90, 95, and 100%. After dehydration, hexamethyldisilizane, HMDS (Sigma-

Aldrich), was used to remove the alcohol. After fixation and dehydration, the samples were 

coated with gold before SEM imaging by a Zeiss MERLIN Field Emission SEM (Carl 

Zeiss GmbH, Oberkochen, Germany). All samples were scanned at a voltage of 10 kV and 

a working distance of 9 mm. 

3.2.12 Confocal Laser Scanning Microscopy (CLSM) 

CLSM was applied to characterise the live or dead bacteria on various coating surfaces. 

Briefly, after 24 h of bacteria culture (20  µl, 105 bacteria/ml) with each substrate (as 

described in 2.5.1.), the surfaces were gently washed with PBS to remove non-adherent 

bacteria. Then, the samples were stained with the Live/Dead BacLight bacterial viability 

kit (Invitrogen, Paisley, UK)  according to the manufacturer's instructions. The kit included 

a solution of SYTO 9, the green-fluorescent nucleic acid stain, and propidium iodide, the 

red-fluorescent nucleic acid stain, in Dimethyl Sulfoxide (DMSO). Equal volumes of the 

components were mixed thoroughly in a microfuge tube. 5 µL of the dye mixture was 

added to each sample and incubated in the dark at room temperature for 15 minutes. The 

excitation/emission maxima of the dyes are about 480/500 nm for SYTO 9 stain and 

490/635 nm for propidium iodide. The samples were characterised by non-inverted CLSM 

using a Leica TCS SP8 microscope. The viable bacteria appeared fluorescent green, while 

the non-viable bacteria appeared fluorescent red.  

3.2.13 Cell viability and compatibility assessment 

Cell culture 

The human fetal osteoblast cell line, hFOB 1.19, obtained from ATCC, was cultured in a 

1:1 mixture of Ham's F12 Medium and Dulbecco's Modified Eagle's Medium (DMEM) 

without phenol red, supplemented with 2.5 mM L-glutamine, 15 mM Hepes, and 0.3 

mg/ml G418. This medium was further completed with 1% Penicillin-Streptomycin and 

10% fetal bovine serum (FBS). The cells were incubated at 34°C until reaching 

confluence. Upon 90% confluence, the cells were rinsed with sterile PBS and treated with 

0.25% (w/v) Trypsin-0.53 mM EDTA solution for 10 minutes at 34°C to detach them from 

the tissue culture polystyrene. Subsequently, the cells were transferred to a centrifuge tube 

containing the culture medium and centrifuged at approximately 125 x g for 5 minutes. 

The centrifuged cells were then diluted and subcultured at a ratio of 1:4. Cells from passage 

3 were utilised in all experiments. The culture medium supplements and all reagents for 
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cell culture were purchased from Gibco, ThermoFisher Scientific Inc.. 

3.2.13 Quantification of cell viability using MTT assay 

The cytotoxicity of coated titanium surfaces was assessed using the MTT (3-(4, 5-

dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) assay supplied by Sigma Aldrich. 

The cell viability on each titanium sample was measured at 1, 3, 5, and 7 days post-seeding. 

The cells were cultured as described above, and titanium samples were washed twice with 

PBS and briefly soaked in ethanol before transfer to new 24-well plates. The cells were 

then seeded onto the coated disks (10 mm diameter), previously positioned in 24-well 

plates, at a density of 20,000 cells per disk, using a 20 μL drop. Following a 30-minute 

incubation at 37°C to facilitate cell attachment, additional medium was added to reach a 

total volume of 500 μL for further culture. The culture media were refreshed every 48 

hours. 

A blank growth medium served as the background control. At specific intervals during the 

incubation at 34°C, the medium in each well was substituted with 100 µL of MTT solution 

(0.5 mg ml−1 in supplemented DMEM) and incubated for 4 hours. Subsequently, the 

solution was aspirated, and the insoluble formazan crystals were dissolved in 100 μL of 

DMSO. After a 15-minute incubation period, the OD600 was measured at a wavelength of 

570 nm using an ELISA microplate reader and expressed as a percentage relative to the 

absorbance of the non-toxic control. Due to the light sensitivity of the MTT reagent, all 

procedures were conducted in the dark. 

Cell morphology 

Following a similar cell culture procedure, the prepared samples were cultured with hFOB 

(20,000 cells cm-2) to observe cell morphology after 3 and 7 days. After culturing, the 

surfaces were gently washed with PBS and then fixed with 4% paraformaldehyde in PBS 

(supplied by ThermoFisher Scientific) for 40 minutes. Following fixation, the samples 

were sequentially dehydrated with ethanol solutions (30, 50, 70, 80, 90, and 100% v/v) for 

10 minutes each. HMDS was used to remove the alcohol. Finally, the surfaces were 

sputter-coated with gold, and the morphology of the cells was examined using a Zeiss 

MERLIN Field Emission SEM (Carl Zeiss GmbH). 

3.2.14 Statistical analyses 

The results are presented as mean ± standard deviation, with (n ≥ 3) indicated. The 
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statistical analysis was performed using SPSS, a one-way analysis of variance, Tukey post 

hoc method, to evaluate significant differences between groups. A p-value of < 0.05 was 

considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001). 

3.3 Results and discussion 

This study aimed to develop a biomimetic enzyme-responsive antimicrobial coating by 

exploiting the elastolytic degradation potential of the recombinant HELP biopolymer. A 

stepwise procedure was employed to initially functionalise a silanised titanium surface 

with HELP biopolymer, followed by the immobilisation of KR-12 on the HELP linker. 

Various strategies for the covalent bonding of biological molecules to titanium surfaces 

have been documented, with silane chemistry particularly prominent [309]. Among these 

approaches, APTES stands out due to its bifunctional nature. APTES possesses three 

alkoxy groups capable of forming siloxane bonds with titanium hydroxyl groups, while its 

nucleophilic amine groups serve as anchoring sites for the further attachment of bioactive 

compounds via crosslinking methods [48]. However, it should be noted that the siloxane 

bond in an APTES coating exhibits hydrolytic instability in aqueous environments, 

resulting in a gradual loss of covalently attached silane molecules over time. Moreover, 

the silanisation process yields a multimolecular layer, which may impact the alignment of 

peptides and introduce challenges in predicting their orientation [227].  

Following silanisation, the carboxyl groups of HELP reacted with primary amine groups 

of APTES on the surface via an EDC/NHS activating process. As a result, the amine 

groups of HELP were primed as anchoring points for subsequent AMP immobilisation. In 

this study, various ratios of HELP and peptide were explored, and the reported 

concentrations represent the optimised and finalised parameters, which have been utilised 

for subsequent characterisations.   

3.3.1 Surface characterisation by SEM, FTIR, AFM, XPS and WCA 

The morphological characteristics of the surfaces were examined using SEM subsequent 

to each phase of surface functionalisation as depicted in Figure 3-2. Initially, untreated 

polished titanium (PTi) specimens displayed a smooth surface, albeit exhibiting scarcely 

detectible scratches attributed to experimental manipulation (Figure 3-2(a)). Following the 

silanisation initialised by hydroxylation through etching, a remarkable alteration in surface 

topography was observed (p < 0.001). Sil-PTi specimens subjected to the silanisation 
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process exhibited a roughened surface morphology characterised by a distinct ridge-like 

microstructure. 

Direct covalent immobilisation of the KR-12 peptide (KR12-STi samples) elicited no 

observable impact on surface morphology compared to Sil-PTi. In contrast, the HELP 

attachment on the surface (HELP-STi) revealed the deposition of an opaque polymeric 

layer discernible on the rough titanium surface (Figure 3-2(a)). Furthermore, upon 

introducing KR-12 peptides after the HELP attachment, KR12-HTi samples showed no 

apparent changes, except for the micro-structured titanium surface becoming nearly 

entirely covered by a thin, blurred layer. This occurrence can be ascribed to the 

disentanglement of the HELP biopolymer during the peptide immobilisation process. 

 

Figure 3-2. Surface characterisation of coated titanium surfaces; (a) SEM micrographs 

depicting the surface morphology, with a scale bar of 10 μm, (b) ATR-FTIR spectra, and 

(c) mean roughness (Ra) and morphology analysed by AFM 3D imaging. *** denotes 

statistical significance (p < 0.001) between the polished titanium (PTi) and all modified 
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surfaces. 

Utilising ATR-FTIR spectroscopy provided an essential understanding of the molecular 

composition and structural changes throughout the coating preparation process. The 

obtained IR spectrum exhibited vibration bands characteristic of different stages of 

coating. The distinctive bonds associated with each peak are marked in the spectra, shown 

in Figure 3-2(b). For PTi, a prominent peak at 488 cm−1 is attributed to the Ti-O stretching 

band, characteristic of Ti6Al4V, along with bands at 735 cm−1 and 786 cm−1 corresponding 

to the Ti-O and Al-O bonds [250, 251]. Peaks at 998 cm−1 and 1413 cm−1 are attributed to 

Ti-O-Ti stretching vibration bands [145, 252]. A broad vibration band between 3150 and 

3680 cm−1 arises from the stretching vibrations of O-H groups of physisorbed water 

molecules on the polished surface, while a weaker band at 1694 cm−1 is associated to the 

bending vibration of corresponding free -OH groups. Peaks at 2905 and 2943 cm−1, falling 

between 3000 and 2800 cm−1, indicate C-H absorption bands, possibly due to equipment 

contamination and air adsorption [252, 253]. 

Following silanisation with APTES, the IR spectra still show broad bands corresponding 

to O-H bending, albeit with decreased intensity, indicating interaction between TiO2 and 

APTES molecules. The silanised surface exhibits a band at 1612 cm−1 corresponding to 

the deforming vibrations of primary amino groups and a band at 998 cm−1 specific to 

stretching vibrations in the Si-O bond of silanol groups (Si-OH) and Si-O-Ti, 

demonstrating APTES immobilisation through hydroxyl groups [310]. Additionally, the 

presence of a band at 1136 cm−1, specific to Si-O-Si, suggests binding between multiple 

APTES molecules via ether bridges, enhancing material stability and the immobilisation 

process [311]. Sharp bands at 3797 and 3822 cm−1 indicate free silanol groups from 

organosilane compounds on the sample surface [310]. Furthermore, symmetric and 

asymmetric stretching vibrations characteristic of methylene groups from APTES are 

observed at 2911 and 2844 cm−1, respectively [312]. 

After the HELP and KR-12 immobilisation, the broadness of the peak makes it challenging 

to distinguish individual peaks. However, characteristic peaks affirm the effectiveness of 

the grafting process. Sharp peaks at 2911 and 2948 cm−1 represent CH and CH2 stretching 

and bending vibrations, while larger peaks between 1548 and 1620 cm−1 correspond to 

amide II [253, 310]. Moreover, stretching vibrations of C-H bonds are detected at 3231, 

3289, and 3273 cm−1 in KR12-STi, HELP-STi, and KR12-HTi samples, respectively. A 
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peak at 1489 cm−1 coincides with CH2 and CH3 bending vibrations in the backbone of the 

grafted HELP biopolymer. Additional strong peaks at 1309 and 1261 cm−1 correspond to 

the C-O stretch, suggesting the presence of ester and acid [313, 314]. The primary amine 

group exhibits a doublet at 804 and 747 cm−1 for KR12-STi and 883 and 811 cm−1 in 

HELP-STi, indicating deformation vibration, while the C-O bond shows stretching 

vibrations at 1083 cm−1 and 1018 cm−1 [253, 315]. The broad absorption between 3650 

and 3050 cm−1, representing the -OH stretching region, cannot solely be attributed to -OH 

peaks from the carboxylic acid groups of peptides and HELP biopolymer but also to the 

presence of physisorbed water molecules.  

Surface properties, including morphology and roughness, are critical factors affecting cell 

behaviour, such as adhesion, proliferation, and differentiation. AFM was employed to 

precisely evaluate these surface characteristics due to its ability to provide high-resolution 

topographical information. The surface topography was assessed after each step of the 

surface coating. Before the reaction, the titanium substrate exhibited a smooth morphology 

with very low roughness (1.2 ± 0.2 nm) due to mirror-finish polishing (Figure 3-2(b)). 

After silanisation, the Sil-PTi sample displayed notable alterations in surface morphology 

and roughness, consistent with the SEM micrographs showing a similar microstructure 

pattern for Sil-PTi (Figure 3-2(a)). The silanised surface exhibited a statistically significant 

increase in roughness (150.5 ± 8.1 nm) due to the surface pre-treatment with the etching 

solution. Conversely, the immobilisation of KR-12 onto the silanised surface, denoted as 

the KR12-STi sample, exhibited negligible alterations in both morphology and roughness. 

This observation suggests that the influence of the short KR-12 molecules on these surface 

characteristics was minimal. 

The HELP integration resulted in an evident ridge-like structure (Figure 3-2(c)), 

demonstrating the successful assembly of HELP biopolymer onto the titanium surface. 

The HELP-attached surfaces exhibited reduced mean roughness values (Ra) of 107.1 ± 

11.4 nm compared to Sil-PTi. This reduction suggests that the high molecular weight 

biopolymer of HELP serves as a covering layer for surface pores, effectively concealing 

sharp and large edges and imparting a smoother appearance. Following the KR-12 peptide 

integration for KR12-HTi, the surface morphology did not change significantly, with bulk 

morphology still observable. The minimal change in the morphology and roughness 

observed compared to the previous step is likely due to the superior coverage provided by 

HELP, attributed to its larger molecular size (about 30 fold). This resulted in visible 
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aggregation of HELP on all silanised surfaces, while the impact of the shorter molecules 

of KR-12 was negligible. By immobilising HELP and KR-12 on titanium surfaces and 

subsequently examining them with AFM, we were able to assess how these modifications 

influenced the surface properties and, by extension, the near-surface environment for cells. 

This allowed us to determine the suitability of the modified surfaces for promoting cell 

adhesion, and proliferation. 

XPS measurements were conducted to validate the successful functionalisation and 

grafting at each stage of sample coating by assessing the chemical groups present on the 

surface. The data were analysed using CasaXPS software, employing Shirley background. 

These measurements aimed to determine the quantity of primary amine groups present on 

the silanised surface, serving as attachment points for the subsequent immobilisation steps. 

The XPS survey spectra (Figure S2, appendix) for each modification stage exhibited 

characteristic peaks corresponding to carbon (C), oxygen (O), nitrogen (N), silicon (Si), 

and titanium (Ti). Additionally, minimal traces of aluminium, vanadium, sulfur, and 

phosphorus were detected, likely originating from the Ti6Al4V alloy and contaminants 

introduced during sample preparation. Higher-resolution scans were conducted to further 

investigate the chemical bonding on the surfaces, as presented in Figure 3-3.  

In the XPS region of PTi surface, the titanium (Ti 2p) peak is typically identified at around 

458.7 eV. The oxygen (O 1s) peak predominantly originates from the titanium oxide layer 

on the surface. Additionally, the C 1s scan reveals a sharp peak attributed to residues from 

the polishing step, as well as the presence of carbon contamination from the equipment 

chamber, which is unavoidable in XPS measurements. This peak indicates the presence of 

C-C or C-H bonds, constituting approximately 10.49% of the atomic ratio on the surface. 

Following the silanisation of titanium surfaces, the XPS survey in Figure S2, appendix 

revealed noticeable Si 2s and Si 2p signals in Sil-PTi compared to PTi, indicating 

successful grafting of APTES onto the titanium surface. The elemental composition 

analysis of silanised titanium samples showed an increase in N% and C% to 5.58% and 

27.28%, respectively, and a decrease in O% to 42.08%. The high-resolution C 1s spectrum 

of the silanised surface exhibited a primary peak at 285 eV attributed to C−C and C−H 

bonds, originating from the presence of the propyl chain. Moreover, the high-resolution N 

1s spectrum displayed two main peaks attributed to protonated and non-protonated amine 

groups in APTES. By measuring the percentage of N 1s in Sil-PTi (5.58%) and the ratio 
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of NH2 to overall N on the surface (83.6%) after deconvolution of N 1s scan, the calculated 

percentage of primary amine groups on the surface, which act as anchoring points for 

further step, is 4.67%. 

Upon the covalent immobilisation of the KR-12 peptide onto the silanised titanium 

surface, the amine groups on the surface formed covalent bonds with the carboxyl group 

of the KR-12 peptide. This led to a notable increase in the C 1s and N 1s signals, 

accompanied by a decrease in O and Ti signals (Figure S2, appendix). Additionally, the 

signals corresponding to Si 1s and Si 2p became nearly absent. Deconvolutions of the C 

1s and N 1s peaks from high-resolution XPS spectra are presented in Figure 3-3. The C 1s 

signal of KR12-STi exhibited three peaks: one at a binding energy of 284.9 eV associated 

with C-C bonds, another at 286.2 eV related to C–O/C–N bonds, and a third at 288.3 eV 

for C=O bonds. The XPS N 1s scan of KR12-STi revealed two peaks: one at 399.8 eV 

corresponding to amine bonds (-NH2) of side chains, and the one at 401.6 eV arising from 

amide bonds (-NHCO) confirms the covalent immobilisation of KR-12 on the surface 

[145]. Consequently, the nitrogen signal from the amide bonds, which are more abundant 

than the amines, appears more intense, as anticipated. 

A subsequent increase in the nitrogen percentage, totalling 6.25 and 8.45, was noted for 

KR12-STi and HELP-STi, respectively, attributed to the presence of amine and amide 

groups within the KR-12 and HELP molecular chains. Quantitatively, the N/Ti atomic 

ratio rose from 0.24 to 0.31 following the immobilisation of the KR-12 peptide on the 

silanised surface, and from 0.68 to 0.73 for the HELP-STi and KR12-HTi. Overall, higher 

N/Ti and C/Ti atomic ratios were evident for the HELP-STi compared to the KR12-STi 

surfaces, as anticipated due to the larger molecular weight of the HELP polymers relative 

to the AMP KR-12. The alterations in atomic ratios of all elements were presented in 

Figures 3-3(c) and 3-3(d). The C 1s and N 1s scans of KR12-HTi and KR12-STi have 

similar peaks at identical binding energies, with variations in percentages, indicating no 

significant differences. 

The FTIR and XPS findings illustrate the successful chemical grafting of KR-12 and 

HELP onto the silanised surfaces. However, due to the molecular structure resemblance 

between KR-12 and HELP, both composed of amino acids, precise differentiation and 

quantification of the immobilised peptide amount utilising XPS and FTIR poses 

challenges. Hence, an alternative technique using Fmoc/t-Bu strategy has been employed 
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to quantify the immobilised peptide content, as described in Experimental Methods 

(section 3.2.3.). 

 



 

Chapter Three                                                        AMP immobilisation by Silanisation 

 
115 

Figure 3-3. XPS analysis results for characterisation of surface elemental composition 

after the modification steps during the silanisation, HELP attachment and KR-12 

immobilisation; (a) high-resolution C1 s spectra and (b) N 1s spectra of PTi, Sil-PTi, 

KR12-STi, HELP-STi, and KR12-HTi, (c) relative atomic ratios of chemical 

compositions, and d) ratios of different elements to Ti 2p% for all samples. 

The hydrophilicity of each substrate was assessed through the WCA analysis presented in 

Figure 3-4. The titanium substrate exhibited a contact angle of 69.8° ± 4.7°. Subsequent 

silanisation resulted in a decreased contact angle for the Sil-PTi, measuring 53.6 ± 8.3°, 

indicating increased hydrophilicity compared to the PTi substrate (Figure 3-4). Despite the 

expectation of increased WCA due to the presence of the propyl chain in APTES, the 

hydroxyl groups and rough surface morphology led to a final reduction in WCA and a 

consequent increase in hydrophilicity. The covalent immobilisation of the KR-12 peptide 

on the titanium surface slightly decreased hydrophilicity (55.1 ± 6.2°). This reduction can 

be attributed to the hydrophobic amino acids present in the KR-12 peptide, such as leucine, 

isoleucine, and valine. Moreover, when the peptide is tethered via its C-terminal, the lysine 

in KR-12 becomes exposed on the surface. Lysine is a positively charged amino acid, 

housing a primary amine group. Although the amine group has the potential to engage in 

hydrogen bonding with water, it typically exhibits lower hydrophilicity in comparison to 

other polar functional groups such as hydroxyl (-OH) or carboxyl (-COOH). 

Consequently, this feature may lead to a slight increase in the overall hydrophobicity of 

the immobilised peptide. Nonetheless, KR12-STi can still be categorised as a hydrophilic 

surface due to its low WCA. It should be noted that there is no straightforward explanation 

relating the properties of the AMP or its orientation to the resulting WCA of the grafted 

surface.  

The integration of HELP linkers notably increased the hydrophilicity of the titanium 

surface. According to the previous observations [316], the amphipathic nature of elastin-

like domains enables them to reconfigure at the solid/water interface in response to the 

interactions with water molecules. This explains the significant reduction in WCA 

observed for HELP-STi surfaces (39.5° ± 7.7°). The negligible difference in hydrophilicity 

between HELP-STi and KR12-HTi (42.4° ± 6.9°), where the KR-12 is absent and present, 

respectively, suggests that the interaction with water is mainly driven by the exposure of 

the HELP biopolymer. This is likely due to the longer chains of HELP, which results in a 

higher surface coverage compared to KR-12. As indicated, incorporating the HELP linker 
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enhances surface hydrophilicity, potentially promoting the interaction with the biological 

system. 

 

Figure 3-4. The quantitative measurement of (a) the water contact angle of each titanium 

substrate (**P < 0.01, ***P < 0.001) and representative images of the water drops on the 

different coatings, and (b) KR-12 release from coating in the absence and presence of 

elastase. Reactions were carried out at 37 °C for 24 hours. Following incubation, the 

proteolytic activities were detected by absorbance readings at 585 nm. Results were the 

mean ± standard deviation (SD) of three independent experiments performed in triplicate. 
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3.3.2 Calculation of the peptide density 

The utilisation of the Fmoc/t-Bu strategy has become prevalent due to the advantageous 

properties of the Fmoc moiety, which exhibits absorption in the UV region. Figure S1, 

appendix illustrates the removal of the Fmoc group via a β-elimination reaction induced 

by treatment with a secondary amine, piperidine. This reaction yields the highly reactive 

DBF, which subsequently reacts with excess piperidine to form the DBF adduct, 

characterised by a distinctive UV absorbance peak at 301 nm. A calibration curve relating 

the concentration of the DBF-based adduct to absorbance was established by measuring 

UV absorption across a range of concentrations (10 to 310 μM). This curve exhibited a 

linear relationship with molar absorption coefficient of 8.141 L × mol-1 × cm-1 at λ = 301 

nm. Both the calibration curve and the reaction scheme are provided in Figure S1 of the 

appendix. The absorbance of each solution (n = 3) was assessed at λ = 301 nm and 

correlated with the established calibration curve. The results revealed that the quantities 

of Fmoc groups present on surfaces, in the presence or the absence of the HELP linker, 

were 61.34 nmol and 256.52 nmol, respectively, with reaction yields of 11% and 46%. 

KR12-HTi displayed a threefold rise in KR-12 loading compared to KR12-STi. This 

increase can be attributed to the higher concentration of primary amine groups in the side 

chains of the HELP linker acting as anchors. 

3.3.3 KR-12 release triggered by elastase 

This work aimed to explore the potential of HELP-based coating as a delivery system 

capable of releasing the antimicrobial agent under an enzymatic stimulus from the 

environment. As shown in Figure 3-4, a high release of KR-12 from KR12-HTi substrates 

was detected after incubation with elastase for 6 hours, corresponding with the high 

elastolytic degradation potential of HELP. It is well-known that this enzyme efficiently 

degrades stretches of alanines [297], like those presented in the hydrophilic domains of 

the HELP. 

As expected, elastase exhibited very high elastolytic activity since it was able to degrade 

the HELP linkers on the KR12-HTi samples, detected by higher peptide release from 

substrates than samples without added enzyme. Both the KR12-STi with and without 

elastase, under similar conditions, could have slight release of 7 – 13.1 µM in 24 hours, 

which means that elastase was almost inactive on KR-12.  
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After 24 hours, 71.2 µM of the peptides were released from the KR12-HTi sample, lower 

than the overall amount of immobilised peptides, proving that, the grafted HELP 

macromolecules are less sensitive to the proteolytic activity with respect to the free form 

of the HELP protein in solution.  In addition, a more pronounced rise in peptide release 

could be expected at a higher elastase concentration. Our results suggest that a substantial 

part of the immobilised Fmoc-labelled KR-12 was effectively released under the 

proteolytic stimulus.  

3.3.4 Antimicrobial activity assay 

S. aureus and S. epidermidis, as Gram-positive bacteria, and E. coli and P. aeruginosa, as 

Gram-negative bacteria, were specifically chosen for this study to assess the antimicrobial 

effectiveness of AMP-immobilised surfaces for orthopaedic applications. The antibacterial 

activity of the substrates was evaluated through a direct contact test, where 105 CFU/ml of 

each bacterial strain was added onto the surfaces and then incubated for 24 hours. The 

antimicrobial efficacy of the substrates was quantified and expressed as a percentage of 

bacterial killing compared to a reference (PTi) after 24 hours. The bacterial growth 

inhibition ratio was calculated by subtracting the colony numbers of each sample from the 

colony numbers of PTi and then dividing by the colony numbers of PTi, as reported in 

Figure 3-5(a). 

PTi exhibited no antibacterial activity, while Sil-PTi showed mild antibacterial effects, 

with inhibition ratios ranging from 25% to 29% across all bacterial strains. This modest 

growth inhibition could be attributed to the rough morphology of the silanised surface, 

which possesses sharp edges that hinder bacterial attachment. This hypothesis was further 

supported by Live/Dead staining assays and SEM micrographs (Figures 3-6(b), 3-6(c)). 

Following modification of Sil-PTi with KR-12, KR12-STi exhibited substantial 

antibacterial effects, with inhibition ratios of 83.74%, 79.68%, 77.95%, and 90.81% 

against E. coli, P. aeruginosa, S. aureus, and S. epidermidis, respectively. Overall, the 

introduction of KR-12 significantly endowed titanium surfaces with antibacterial efficacy 

against Gram-positive and Gram-negative bacteria (p < 0.001), consistent with its 

demonstrated killing efficiency against Gram-negative bacteria in solution, reported in 

previous findings [40, 219, 269]. 

KR12-HTi demonstrated the highest antibacterial activity, with inhibition ratios of 

93.74%, 99.71%, 91.86%, and 95.79% against E. coli, P. aeruginosa, S. aureus, and S. 
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epidermidis, respectively (Figure 3-5(a)). The antibacterial mechanism of AMPs involves 

the insertion of positively charged peptides into bacterial cell membranes, leading to 

disruption and eventual death of bacteria. AMPs with HELP biopolymer as linkers are 

hypothesised to interact with bacterial cell membranes more easily, thereby exhibiting 

superior antibacterial properties as supported by previous studies [179, 270]. Compared to 

KR12-STi, the KR12-HTi, supporting flexible HELP linkers increased the antimicrobial 

activity by an average of 14.6 % across all bacterial strains, attributed to a higher AMP 

density as well as to an enhanced mobility for effective bacterial interaction. 

AMPs primarily exerted antibacterial effects through electrostatic interference and 

destabilisation of bacterial membranes. In the absence of a linker, KR12-STi destabilised 

bacterial membranes, increasing susceptibility to physical puncture. It has been reported 

that the rough surfaces, similar to that induced by silanisation process, could play a crucial 

role in physically puncturing destabilised bacteria, particularly effective against Gram-

negative bacteria due to their thinner cell walls [268]. KR12-HTi demonstrated superior 

bactericidal activity against P. aeruginosa (the inhibition ratio of 99.71%), which is 

notably higher than observed for other strains. This higher inhibition ratio could be 

attributed to the elastase production capacity of P. aeruginosa [317], stimulating AMP 

release.To assess various substrates' bactericidal efficacy and adherence properties, we 

employed live/dead staining analysis, as depicted in Figures 3-6(b) and 3-6(c). In the 

live/dead assay, dead bacteria emitted red fluorescence, while live bacteria emitted green 

fluorescence. S. aureus and E. coli were selected as model bacteria of Gram-positive and 

Gram-negative bacteria to present the concept of bacterial behaviour on different 

substrates. Consistent with DCT results, live/dead staining revealed that PTi exhibited no 

antimicrobial activity against S. aureus and E. coli, with all bacterial colonies remaining 

viable and stained green. 

Live/dead assay of Sil-PTi indicated that the attached bacteria were alive and green (Figure 

3-5(b) and 3-6(c)). However, the number of attached bacteria was reduced with respect to 

the control sample, PTi, possibly due to the surface roughness, resulting in mild growth 

inhibition. Despite their rough morphology, both HELP-STi and KR12-HTi surfaces 

demonstrated greater bacterial attraction compared to Sil-PTi. The presence of HELP 

moiety seemed to attract the microorganisms. However, most of adhered bacteria on 

KR12-HTi were dead (Figure 3-5(b) and 3-5(c)). 
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Figure 3-5. Assessment of antimicrobial activity; (a) bacterial growth inhibition ratio of 

the indicated surface coatings against E. coli, P. aeruginosa, S. aureus, and S. epidermidis, 

PTi samples were considered as controls showing 0.00% inhibition ratio. * Denotes p < 

0.05, ** denotes p < 0.01, *** denotes p < 0.001 (all error bars denote the standard 

deviations over triplicate measurements), and fluorescence live/dead assay images of (b) 

E. coli and (c) S. aureus cultured on different coatings (Scale bars = 6 m, green bacteria: 

live, red bacteria: dead). Both HELP-STi and KR12-HTi surfaces exhibited higher 

bacterial affinity than Sil-PTi. The inclusion of HELP as a linker appeared to amplify 

bacterial adhesion. However, a significant portion of bacteria that adhered to KR12-HTi 

were found to be deceased. 
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Further, we conducted SEM analyses to characterise the morphology of E. coli and S. 

aureus after 24 hours of the culture on the surfaces, as represented in Figure 3-6. On PTi 

and Sil-PTi surfaces, bacteria exhibited typical shapes with intact cell walls, suggesting a 

lack of antimicrobial activity. Despite the absence of biofilm formation on PTi, many 

bacteria adhered and aggregated. Sil-PTi, however, slightly inhibited bacterial 

colonisation compared to PTi, consistent with DCT and live/dead staining results. Similar 

cell morphology to Sil-PTi was observed for HELP-STi, coupled with increased bacterial 

attachment, suggesting HELP's supportive role in facilitating bacterial adhesion without 

detrimental effects. SEM images revealed that compared to PTi and Sil-PTi, S. aureus 

cultured on KR12-STi and KR12-HTi showed distinct morphological changes 

characterised by shrunken and disrupted membranes, indicative of damage. Similarly, E. 

coli on KR12-HTi and KR12-STi exhibited corrugated, distorted, and lysed morphology, 

suggesting membrane damage possibly induced by the AMP. It can be assumed that AMPs 

immobilised on KR12-HTi provided sufficient mobility to permeate the bacterial 

membrane, leading to bactericidal activity. On the other hand, the positively charged 

surfaces of KR12-STi facilitated electrostatic interactions with bacteria, thereby enhancing 

the efficacy of AMP action. 

While SEM data alone cannot ascertain the precise mechanism of KR-12 action on cellular 

membranes, they strongly suggest the significant damage can be inflicted by the 

immobilised KR-12. Future studies employing transmission electron microscopy will 

provide further insights. 
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Figure 3-6. SEM characterisation of bacterial growth of substrates. SEM images of (a) E. 



 

Chapter Three                                                        AMP immobilisation by Silanisation 

 
123 

coli and (b) S. aureus on indicated substrates. All results were taken after 24 hours of 

incubation with the surface. Scale bars = 5 µm. AMPs attached to KR12-HTi and KR12-

STi showed adequate bactericidal activity to disrupt the membranes of both E. coli and S. 

aureus bacteria. 

3.3.5 Cytocompatibility and cell adhesion 

The cytocompatibility of the modified titanium surfaces was evaluated using hFOB 1.19 

cells, an osteoblast cell line of human origin frequently employed in studies of 

osteoporosis, bone tissue engineering, and orthopaedic biomaterials [271]. Cell viability 

was assessed via the MTT assay, which indirectly measures cell proliferation by assessing 

metabolic activity. It also provides a measure of cytocompatibility by determining if cells 

remain metabolically active when exposed to materials. Previous studies have investigated 

the cytotoxicity of KR-12 peptide in solution, revealing no cytotoxic effects within a 

specific concentration range [173, 219, 269]. However, at higher AMP concentrations, cell 

viability decreases. It is crucial to find a balance in loading antibacterial agents to optimise 

efficiency while mitigating the potential cytotoxicity. Although a high loading density of 

antibacterial agents can effectively eradicate bacteria, it also poses the risk of cytotoxicity. 

In this study, cell viability percentages relative to control were measured at three time 

points (3, 5, 7 days). MTT assay results indicated higher proliferation rates of hFOB cells 

on titanium disks with different coatings compared to the control, standard tissue culture 

plastic (TCP) across all time points. This aligns with previous findings on the 

cytocompatibility of HELP and the low toxicity of KR-12 peptide [173, 301]. Despite 

exhibiting potent antimicrobial activity, KR12-HTi showed comparable biocompatibility 

to PTi and higher than KR12-STi surfaces. Sil-PTi and KR12-STi samples also 

demonstrated to support cell growth, indicating strong cell attachment despite minimal 

bacterial adherence, attributed to the rough morphology of the surfaces. Osteoblast cells, 

being larger and more resilient than bacteria, were less affected by surface roughness, 

thereby indicating the inherent cytocompatibility of silanised surfaces.  

After 3 to 7 days of incubation, cell viability was significantly higher on HELP-STi and 

KR12-HTi compared to PTi, indicating good cytocompatibility even in the presence of the 

grafted KR-12. This excellent cell adhesion-promoting activity, attributed to HELP, aligns 

with the results of recent studies on its biological interactions at the molecular level [318]. 

These studies specifically worked on the fusion of HELP with AMPs to enhance cellular 
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attachment by facilitating integrin binding and interacting with ECM components. 

However, slightly lower viability was observed on KR12-HTi, possibly due to the release 

of KR-12 into the media, stemming from the destabilisation of the silanised surface [319]. 

In contrast to KR12-HTi, statistically significant variations (p < 0.05) in metabolic activity 

were detected between KR12-STi and PTi across all time points.  

Cell adhesion and the interaction between cells and coatings play a pivotal role in 

successfully integrating implants into native bone tissue [203, 320]. The evaluation of cell 

distribution and adhesion on each surface after 3 and 7 days of incubation was performed 

using SEM. 

The SEM images in Figure 3-7, captured on days 3 and 7, depict normal attachment and 

growth of hFOB cells on untreated PTi surfaces. Compared to PTi, the extent of cell 

spreading on Sil-PTi and KR12-STi surfaces was slightly lower on day 3, consistent with 

MTT results, and these cells exhibited a contracted and disjointed attachment morphology. 

Despite initial observations of improper cell attachment on day 3, hFOB cells showed 

consistent growth on Sil-PTi and KR12-STi surfaces by day 7, with flattened morphology 

and increased cell spreading over time, indicating viability and proliferation. The number 

of attached cells on HELP-STi and KR12-HTi surfaces was notably higher than Sil-PTi 

and KR12-STi on day 3. These attached cells displayed extensive spreading by day 7, 

indicative of excellent biocompatibility of the coating layer. By day 7, surfaces of HELP-

STi and KR12-HTi were fully covered by a thick layer of cells with spread and flattened 

morphology and the formation of mineralised nodules suggesting cell-secreted 

mineralisation and osteoblast differentiation. 

Overall, normal cell attachment and proliferation on all surfaces highlight the excellent 

biocompatibility of both unmodified and modified titanium alloy surfaces. By Day 7, the 

cells displayed spread morphology with filopodia extending towards adjacent cells, 

alongside the formation of mineralised deposits on KR-STi, HELP-STi, and KR-HTi 

surfaces (depicted by arrows in Figure 3-7(b)). Our ultimate objective was to develop 

multifunctional coatings integrating enhanced bone regenerative activity with stimuli 

responsive antimicrobialcapabilities. Achieving this goal in future requires comprehensive 

in vivo studies to assess long-term biocompatibility, detailed investigation of the molecular 

mechanisms underlying bone regeneration, and comprehensive examination of the host 

immune response to the coated implants. 
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Figure 3-7. Cytocompatibility and cell morphology study; (a) cell viability results of MTT 

test of hFOB cells cultured on different substrates after 3, 5, and 7 days of culturing, * 
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denotes significant differences (p < 0.05) compared with PTi, and (b) SEM micrographs 

showing the morphology of the seeded hFOB cells on day 3 and 7. Scale bars = 20m. By 

Day 7, the cells exhibited a spread morphology with filopodia extending towards adjacent 

cells, accompanied by the formation of mineralised deposits (depicted by arrows) on KR-

STi, HELP-STi, and KR-HTi surfaces. 

3.4 Conclusions 

Preventing bacterial adhesion and biofilm formation while promoting osteointegration in 

medical implants is a significant challenge. This study explored a novel approach utilising 

enzyme-responsive peptide-based coatings to address this issue. By harnessing enzyme-

response mechanisms, a proof of concept is presented for the development of coatings with 

potent antibacterial properties, improved functionalities, and enhanced cytocompatibility. 

Specifically, the study investigated the potential of HELP-based matrices as delivery 

systems triggered by enzymatic activity in the surrounding environment. During 

implantation, the customised interfaces encounter the innate immune response, triggering 

elastase release. The biodegradation of HELP biopolymer by elastase enzyme enables the 

controlled release of AMPs. 

Through experimentation, it was demonstrated that the AMP KR-12 can be effectively 

immobilised onto HELP-attached titanium surfaces, named KR12-HTi, at desired 

densities with high reaction yields. This coating exhibited excellent antimicrobial activity 

against clinically significant bacteria, including S. aureus, S. epidermidis, E. coli, and P. 

aeruginosa. Notably, this surface displayed significant release of KR-12 upon exposure to 

elastase, indicating the high elastolytic degradation potential of HELP. Unlike traditional 

direct covalent immobilisation methods, this coating was statically versatile, offering 

biocompatibility and cell adhesion without external stimuli. 

The study highlighted the importance of intrinsic structural factors, such as linkers, surface 

density, and exposure orientation, in modulating the antibacterial activity of AMPs.  The 

utilisation of HELP as a linker resulted in a threefold increase in KR-12 loading. This 

enhancement can be attributed to the ability of the HELP linker to augment the number of 

anchors available for immobilisation, thereby increasing the density of KR-12. Surfaces 

grafted with HELP exhibited higher antimicrobial activity against adhered bacteria, owing 

not only to the increase in loading density but also to the enhanced mobility and flexibility 

of KR-12 due to the elongated and flexible molecular structure of HELP.  
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The study highlighted the potential of stimuli-responsive peptide-based coatings to reduce 

side effects against osteoblast cells. The release of KR-12 in response to increased elastase 

concentration in the surrounding environment offers a promising strategy for mitigating 

inflammation or infection. Finally, it is envisaged that the concourse of HELP as a linker 

could be implemented in new materials for a range of medical applications when drug 

release is required due to its double function to carry and then deliver the drug by the 

action of elastase enzymes. 
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4.1. Research steps and objectives 

Biomedical implants, while effective in forming functional interfaces with living tissues, 

are vulnerable to bacterial infections, which can frequently result in implant failure [1, 2]. 

To address this, various strategies have been developed, including the use of bactericidal 

agents to inhibit bacterial attachment and antifouling agents that cause bacterial cell death 

by either disrupting cell membranes or penetrating them. However, the effectiveness of 

some bactericidal agents, such as antibiotics, is diminished due to the rise of bacterial 

resistance [3, 4]. Consequently, recent studies have identified antimicrobial peptides 

(AMPs) as a promising alternative to conventional antimicrobial agents [5, 6]. 

This thesis focused on identifying the optimal strategy for the immobilisation of AMPs 

taking into account the surface material, peptide structure, and the functional groups 

available for attachment. A key challenge in peptide immobilisation is ensuring that AMPs 

retain sufficient flexibility and freedom to interact effectively with bacterial cells [7]. 

Additionally, it is crucial to immobilise an optimised concentration of AMPs on the surface 

to achieve effective antimicrobial activity [8].  

To achieve long-term stability, AMPs must be covalently immobilised, necessitating 

chemical reactions between the peptides and the surface. Polymeric surfaces are generally 

more straightforward to work with than metal surfaces, as metals require prior 

functionalisation to introduce reactive groups that can engage in subsequent chemical 

reactions with the AMPs. 

4.2. Phase one:  

To effectively prevent bacterial biofilm formation, it is essential to integrate both 

antifouling and bactericidal properties while supporting tissue integration. Our strategy 

utilises the immobilisation of the KR-12 peptide, a bactericidal agent, onto titanium 

implant surfaces. This is achieved through the use of polyethylene-glycol (PEG) as a 

linker, which not only imparts antifouling characteristics but also enhances the mobility 

of the peptide, thereby increasing its antimicrobial effectiveness [9]. 

There are several techniques available for grafting PEG and peptide molecules onto 

titanium surfaces, including wet chemical methods and low-pressure plasma processes 

[10-14]. Firstly, our research emphasises plasma treatment due to its advantages in 

introducing functional groups, streamlining chemical reactions, and reducing processing 
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time. [15-18]. Plasma treatment also enhances surface energy and wettability, which aids 

in protein adsorption and encourages desirable cellular responses without altering the 

surface's topography [18, 19]. The primary amine groups generated during plasma 

treatment can strongly bond to titanium surfaces, serving as robust anchors for bioactive 

agents and positively influencing cell adhesion and signaling. However, despite being a 

well-established method for covalent binding, plasma treatment has been less successful 

in immobilising antimicrobial agents compared to wet chemical approaches, largely due 

to its relatively low efficiency in generating functional groups. 

The initial objective in the first phase of this study was to optimise the plasma treatment 

parameters to produce surface-bound amine groups at levels comparable to those achieved 

through chemical methods such as silanisation. Following plasma treatment, the 

antimicrobial coating was prepared by introducing primary amine groups, followed by 

attaching PEG molecular chains as a linker and chemically bonding the AMP KR-12 to 

the surface using the EDC/NHS coupling reaction. 

This approach resulted in a trifunctional coating that integrates: (i) the cell adhesion 

properties of plasma-treated surfaces, (ii) the antifouling characteristics of PEG, and (iii) 

the antimicrobial activity of the KR-12 peptide. 

This approach was selected not only to reduce the number of chemical reaction steps but 

also to take advantage of the improved biocompatibility offered by the plasma-treated 

surface. 

In this study, plasma treatments were conducted using a purpose-designed reactor 

featuring adjustable plasma parameters. Surface reactions in a plasma environment, such 

as etching, activation, or cross-linking, depend on the plasma gas composition and process 

conditions, which makes the optimisation crucial for achieving the desired effects [20]. 

Low temperature plasma (LTP) treatments are preferred in biomaterials research due to 

their stable discharge and better control over plasma reactions [21, 22]. This produces 

more uniform treatment, minimises unwanted defects like sample heating, and enhances 

surface functionalisation and hydrophilicity [20]. The optimised plasma parameters 

obtained in this study to maximise the primary amine groups are presented in Table 4-1. 

Table 4-1. Optimised plasma parameters to maximise the primary amine groups. 
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Voltage 

supplier 

N2/H2  

gas ratio 

Flow rate 

(SCCM) 

Distance 
Pressure 

(mbar) 

Frequency 

(kHz) 

Pulsed 

duration (µs) 

Time 

(seconds) 

Pulsed 

DC-2 kV 
25 / 75 10 /10 

Afterglow  

7 cm 
0.6 20 5 60 

After optimising the plasma treatment conditions, it was able to immobilise the AMPs 

directly on the treated surface. But, directly immobilising peptides onto plasma-treated 

surfaces can restrict their mobility and affect their orientation due to steric hindrance, 

which may decrease their effectiveness. To address this, carboxyl groups on functionalised 

PEG were reacted with primary amine groups on the plasma-treated surface using an 

EDC/NHS activation process after plasma treatment. This kept the amine groups on the 

PEG free that acted as anchors for the attachment of AMPs. This study explored various 

PEG-to-peptide ratios, with the reported concentrations representing the optimised 

parameters for further characterisation. 

XPS measurements were conducted to validate the functionalisation and grafting 

processes during coating preparation by analysing the chemical groups present on the 

surface. After deconvolution of the N 1s scan, it was determined that the percentage of N 

1s in NH2-Ti and the NH2-to-total-N ratio on the surface resulted in 9.18% of the surface 

being composed of primary amine groups, essential for further steps. 

4.3. Phase two: 

Although numerous methods for immobilising AMPs have been explored, they often fail 

to respond dynamically to biological signals. This study introduces an enzyme-responsive 

antimicrobial coating for orthopaedic devices that utilises the AMP KR-12 along with 

Human Elastin-Like Polypeptide (HELP) as a biomimetic, stimuli-responsive linker 

designed to mimic extracellular matrix (ECM) components. Upon implantation, these 

specialised coatings interact with the innate immune response, leading to the release of 

elastase. The elastase enzyme then biodegrades the HELP biopolymer, facilitating the 

controlled release of KR-12. 

A systematic procedure was used to develop an enzyme-responsive antimicrobial coating, 

beginning with the polishing and silanisation of the titanium surface using 3-

Aminopropyltriethoxysilane (APTES) to introduce primary amine groups. This was 

followed by attaching the HELP biopolymer as an enzyme-responsive linker between the 
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surface and the antimicrobial peptide (AMP) KR-12, utilizing the EDC/NHS coupling 

reaction. Finally, the process involved a chemical reaction between the AMP KR-12 and 

the HELP linker using the same EDC/NHS reaction to complete the immobilisation. 

Silane-based methods for covalently bonding biological molecules to titanium surfaces 

have been widely studied, with silane chemistry being a prominent technique [297]. 

Among these, APTES is notable for its dual functionality. APTES has three alkoxy groups 

that form siloxane bonds with titanium hydroxyl groups and nucleophilic amine groups 

that serve as sites for further bioactive compound attachment via crosslinking [44]. 

Different ratios of HELP to KR-12 were evaluated, and the concentrations presented in 

this study were the optimised conditions used for further characterisation. 

XPS measurements were conducted to quantify the primary amine groups on the silanised 

surface, which serve as attachment sites for subsequent immobilisation steps. After 

silanising the titanium surfaces, the high-resolution N 1s spectrum showed two main 

peaks, corresponding to protonated and non-protonated amine groups in APTES. By 

analysing the N 1s signal and calculating the ratio of NH2 to total nitrogen after 

deconvolution, it was determined that 4.67% of the surface comprised primary amine 

groups, which are critical for further functionalisation. 

The potential of a HELP-based coating as a delivery system was investigated for the 

controlled release of antimicrobial agents in response to an enzymatic stimulus from the 

environment. A significant release of KR-12 peptides from the substrates was observed 

following a 6-hour incubation with elastase, which is consistent with the high elastolytic 

degradation capability of HELP. Elastase is well-known for efficiently breaking down 

alanine-rich sequences, which are prevalent in the hydrophilic domains of HELP [23]. As 

anticipated, elastase demonstrated robust elastolytic activity by degrading the HELP 

linkers on the samples, leading to a higher release of peptides compared to samples without 

the enzyme. In contrast, samples lacking the HELP linker showed minimal release of KR-

12 over 24 hours, indicating that elastase had little impact on KR-12 in the absence of the 

linker. After 24 hours, a substantial amount of peptides (71.2 µM) was released from the 

samples containing the HELP linker, though this was less than the total immobilised 

peptide amount. This suggests that the grafted HELP macromolecules are less susceptible 

to proteolytic degradation compared to the free HELP protein in solution. The findings 

indicate that a significant portion of the immobilised Fmoc-labelled KR-12 was 
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successfully released in response to the proteolytic stimulus. 

4.5. Overall comparison of findings 

In this study, to develop advanced antimicrobial coatings for titanium implant surfaces 

using AMPs, two methods—plasma treatment and silanisation—were employed in 

separate phases of this study. Titanium implants were functionalised with the KR-12 

peptide using these techniques to introduce amine groups on the surface, facilitating 

subsequent reactions with KR-12. Additionally, the study investigated the influence of 

different linkers on the antimicrobial efficacy of the peptides through surface 

characterisations, biological assays, and antimicrobial evaluations. 

The plasma treatment method introduced 9.18% primary amine groups on the surface, 

compared to 4.67% for the silanisation technique. Despite this higher percentage of 

primary amine groups on plasma-treated surfaces, the peptide immobilisation results were 

almost similar: 59.67% for plasma-treated surfaces and 61.34% for silanised surfaces. 

Although plasma treatment provided a higher concentration of primary amine groups, the 

peptide immobilisation levels were comparable between the two methods. This 

discrepancy may be attributed to the fact that the primary amine groups on plasma-treated 

surfaces, while more numerous, are less stable than those on silanised surfaces. 

Consequently, some amine groups on the plasma-treated surfaces may have been lost 

during the peptide immobilisation process. 
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Figure 4-1. Comparison of two methods for functionalising surfaces—silanisation and 

plasma treatment— the results of surface roughness, water contact angle, cell viability, 

and bacteria inhibition ratio for prepared samples from both phases of the study. 

To compare two methods for functionalising surfaces—silanisation and plasma 

treatment— the results of various analyses are presented in Figure 4-1, which includes 

data on surface roughness, water contact angle, cell viability, and bacteria inhibition ratio 

for samples from both phases of the study. As depicted in Figure 4-1, the silanisation 

technique used in phase one to create amine groups resulted in significantly higher surface 

roughness (150.5 nm), approximately 100 times greater than that achieved by plasma 

treatment (0.91 nm), which is beneficial for cell adhesion and proliferation. The optimal 
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surface roughness for orthopaedic implants is crucial for promoting osseointegration and 

ensuring implant stability. Research indicates that intermediately rough surfaces, with 

roughness values between 1 to 2 µm, are particularly effective in enhancing bone 

integration [24-26]. This range has been associated with improved cell adhesion and 

proliferation, leading to better clinical outcomes. It's important to note that the ideal 

roughness may vary depending on the specific application and implant location. The SEM 

images also proved that silanisation created a rough, ridge-like structure that encouraged 

cell adhesion, while KR-12 immobilisation minimally affects surface morphology. The 

effects of silanisation on the surface morphology are consistent with previous studies, 

which reported similar roughness and morphology after analysing SEM images [24, 25]. 

Regarding the effect of plasma treatment on roughness and morphology, Zhang et al. 

reported reduced roughness and a smoother surface after plasma treatment, which aligns 

with the findings of our study [26].  

In terms of wettability, plasma-treated samples exhibited significantly greater 

hydrophilicity, with a WCA of 17.5°, which is more than double the hydrophilicity 

compared to silanised samples that had a WCA of 53.6°. This increase in hydrophilicity is 

consistent with findings from previous studies. For instance, Boonrawd et al. reported a 

similar enhancement in surface wettability following plasma treatment, where plasma-

modified surfaces showed a drastic reduction in WCA, indicating improved hydrophilicity 

[27]. Similarly, studies by Ma et al. and Jo et al. demonstrated that plasma treatments 

effectively alter surface properties by removing contaminants and introducing polar 

functional groups, which contribute to higher hydrophilicity [28, 29].These results align 

with the findings in our study, confirming that plasma treatment leads to a notable decrease 

in WCA, thus improving the interaction between the surface and aqueous environments. 

On the other hand, silanisation treatments, while increasing hydrophilicity to some extent, 

do not achieve the same level of enhancement. This is due to the partial presence of 

hydrophobic silane chains, which limit the overall reduction in WCA [24]. Therefore, 

plasma treatment proves to be a more effective method for promoting hydrophilicity 

compared to silanisation, as demonstrated in both our study and those in the literature. 

Despite these differences in surface characterisation, cell viability after 7 days was similar 

across all samples prepared by both methods in phases one and two, and all samples 

exhibited no cytotoxicity. This suggests that, although plasma treatment and silanisation 

can significantly alter surface properties such as wettability, roughness, and morphology, 



 

Chapter Four                                                   General Discussion 

 

 
144 

these modifications do not negatively impact the biological compatibility of the materials. 

Similar observations have been reported in previous studies where surface modifications 

using plasma treatment or silanisation did not compromise cell viability or induce 

cytotoxic responses. For instance, studies by Civantos et al. and Kulkarni et al. showed 

that while surface chemistry changes can influence cell attachment and proliferation, they 

do not necessarily translate into differences in long-term cell viability [30, 31]. Moreover, 

it has been consistently demonstrated that both plasma-treated and silanised surfaces 

maintain their biocompatibility, making them suitable for biomedical applications such as 

implant coatings [24, 29, 32, 33]. The results of our study further support these findings, 

indicating that both surface modification techniques are safe for use in medical 

applications, as they preserve the viability of cells over extended periods without 

triggering cytotoxic effects. 

To compare the antimicrobial activity, the data of S. aureus analysis were used as a 

representative since in orthopaedic applications, S. aureus is generally considered the most 

important and clinically relevant bacterium [34]. When comparing the inhibition ratios 

against S. aureus, the silanised samples demonstrated a mild antimicrobial effect without 

the addition of peptides, whereas plasma-treated surfaces did not show any antimicrobial 

activity on their own. However, after directly attaching KR-12 to the functionalised 

surfaces, plasma-treated samples exhibited an approximately 8% higher inhibition ratio 

than those prepared by silanisation. Additionally, attaching PEG as a linker without KR-

12 resulted in a significant inhibition ratio of 44%, likely due to PEG's antifouling 

properties, whereas HELP linkers did not exhibit this effect. This also indicated that the 

choice of linker plays a crucial role in determining the baseline antimicrobial performance 

of the surface before AMP immobilisation. After immobilising KR-12 on the linker-

attached surfaces, all samples, regardless of whether they were prepared by silanisation or 

plasma treatment, demonstrated similar antimicrobial activity. This suggests that once KR-

12 was immobilised on the surface, its antimicrobial properties dominate, and the 

differences introduced by the initial surface treatments become less significant. These 

findings align with previous studies that have shown the critical role of AMP 

immobilisation in achieving effective bacterial inhibition, regardless of the underlying 

surface chemistry [35, 36]. Thus, while the choice of surface modification technique can 

influence the baseline antimicrobial properties, the attachment of AMPs like KR-12 

remains a key factor in ensuring potent antimicrobial activity. 
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Based on these comparisons, it can be concluded that plasma treatment is as effective as 

the commonly used silanisation technique for functionalising surfaces for peptide 

immobilisation. Both methods yielded similar levels of antimicrobial activity after 

peptides were attached, demonstrating that plasma treatment can achieve comparable 

results in terms of surface functionality. However, plasma treatment offers several distinct 

advantages that make it a more attractive option than silanisation for certain applications. 

For instance, plasma treatment is a much faster process, as it does not require multiple 

steps of chemical reactions or lengthy preparation times. Unlike silanisation, which often 

involves the use of various solvents and reagents, plasma treatment reduces the risk of 

introducing toxic residues or by-products, which can be crucial for biomedical 

applications. 

Moreover, this simplification translates into a reduction in overall costs, both in terms of 

materials and process time, making plasma treatment a more cost-efficient alternative. 

Additionally, the elimination of harsh chemicals in the plasma treatment process also 

minimises environmental impact and the need for extensive safety precautions, further 

reducing operational complexities. These factors make plasma treatment not only an 

effective but also a more sustainable and streamlined approach for functionalising surfaces 

for peptide immobilisation, especially in industrial or clinical settings where time, cost, 

and safety are key considerations. 

Future work will focus on developing multifunctional coatings that combine bone 

regeneration with antimicrobial properties. Extensive in vivo studies will be conducted to 

assess the long-term biocompatibility of these coatings, their ability to enhance bone 

regeneration through interactions with bone cells, and their antimicrobial efficacy over 

extended periods. Additionally, immune responses to the coated implants will be closely 

monitored to ensure that the coatings do not trigger adverse reactions or chronic 

inflammation. The ultimate goal is to create a durable, safe, and effective coating for use 

in orthopaedic implants. 

The antimicrobial activity of AMPs can be influenced by various factors in the in-vivo 

environment, potentially reducing their effectiveness. Biological fluids such as blood, 

interstitial fluid, and mucus contain proteolytic enzymes that can degrade AMPs, limiting 

their stability and antimicrobial action [37-39]. Additionally, the presence of salts and 

proteins in these fluids can neutralise the electrostatic interactions between AMPs and 
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bacterial membranes, diminishing their ability to disrupt bacterial cells [39]. Host immune 

responses may also affect AMP function by either sequestering them or altering their 

activity through interactions with immune cells and signaling molecules. [40]. 

Furthermore, the complex and dynamic nature of the in vivo environment, including 

variations in pH, oxidative stress, and interactions with host tissues, can impact AMP 

structure and activity [37, 41]. These factors highlight the need for strategies to enhance 

AMP stability and efficacy in clinical applications, such as encapsulation, chemical 

modifications, or combination therapies to overcome in vivo challenges [42]. 

From an industrial perspective, developing antimicrobial coatings for implants requires a 

balance between efficacy, scalability, cost, and regulatory compliance. Plasma treatment 

and silanisation both offer viable strategies, each with unique advantages and challenges. 

Plasma treatment stands out for its rapid processing, reduced chemical usage, and ability 

to enhance surface properties without altering implant morphology, making it a cost-

effective and scalable option. However, its reliance on specialised vacuum equipment may 

present a barrier to widespread adoption. In contrast, silanisation is more accessible, using 

conventional chemical processes, but involves multiple reaction steps, organic solvents, 

and longer processing times, increasing overall costs and complexity. Additionally, 

regulatory approval remains a critical challenge, as both methods must undergo rigorous 

biocompatibility and stability testing to meet medical device standards. For successful 

technology transfer, manufacturers must carefully evaluate the trade-offs between process 

efficiency, regulatory hurdles, and commercial feasibility to integrate these antimicrobial 

surfaces into next-generation implant solutions. 
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5.1. Conclusions 

This study focused on addressing peri-implant infections through the use of AMPs due to 

their broad-spectrum activity against various pathogens and their low potential for 

inducing bacterial resistance. To enhance the functionality of surfaces for peptide 

immobilisation, two methods were evaluated: plasma treatment and silanisation. 

Moreover, a key concern in peptide immobilisation is that AMPs require full flexibility 

and freedom to effectively interact with bacteria. Therefore, this study also addressed this 

concern by incorporating linkers like PEG during chemical immobilisation to enhance the 

flexibility of the AMPs. 

Plasma treatment successfully introduced 9.18% primary amine groups on titanium 

surfaces, significantly higher than the 4.67% achieved with silanisation. Despite the higher 

density of amine groups with plasma treatment, peptide immobilisation levels were 

comparable between the two methods, with 59.67 nmol on plasma-treated surfaces and 

61.34 nmol on silanised surfaces. This suggests that although plasma treatment introduces 

more amine groups, these groups may be less stable, leading to similar peptide attachment 

levels. 

Plasma treatment was also found to improve surface energy and wettability without 

altering the surface topography, thereby enhancing protein adsorption and supporting 

favorable cell behaviour. This method is advantageous over silanisation due to its 

efficiency, reduced toxicity, and lower costs, offering a more streamlined and cost-

effective approach for functionalising surfaces. 

In one part of this study, PEG was employed as a linker for AMPs, improving the mobility 

of these peptides on the surface at specific concentrations. This strategy aimed to merge 

antifouling and bactericidal properties while enhancing tissue integration and effectively 

inhibiting bacterial biofilm formation. The antimicrobial activity against four pathogenic 

bacterial strains showed more than 90% inhibition of bacterial growth. Surfaces grafted 

with PEG linkers demonstrated superior resistance to bacterial adhesion and colonisation 

compared to those without linkers, due to the increased mobility and flexibility of AMPs.  

In addition, the study investigated the potential of HELP-based matrices as a linker and 

delivery system triggered by enzymatic activity in the surrounding environment. HELP 

linkers were used to facilitate the controlled release of AMPs. Upon exposure to elastase, 
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a significant release of the KR-12 peptide was observed from HELP-coated surfaces, 

highlighting the effective degradation and release mechanism provided by HELP. 

The antibacterial efficacy of the functionalised surfaces relies on the interplay between the 

release of antimicrobial peptides and their permanent attachment to the surface. While the 

release mechanism, as observed with HELP linkers, enables a burst of antibacterial action 

in response to enzymatic activity, the immobilised peptides provide a sustained protective 

effect by preventing bacterial adhesion. This balance between transient antimicrobial 

release and long-term surface functionality is crucial for ensuring continuous protection 

against infections while maintaining biocompatibility. Future studies should further 

optimise this dual-action approach to enhance both the initial bactericidal impact and the 

long-term resistance of implants against biofilm formation. 

The antimicrobial activity of surfaces functionalised with KR-12 was assessed against four 

clinically relevant bacterial strains: S. aureus, S. epidermidis, E. coli, and P. aeruginosa. 

The results demonstrated more than 90% inhibition of bacterial growth. Surfaces with PEG 

linkers showed an inhibition ratio of 44% due to their antifouling properties, while HELP 

linkers did not exhibit similar effects. However, when KR-12 was immobilised on surfaces 

with HELP linkers, the antimicrobial activity was significantly enhanced, attributed to the 

increased loading density and flexibility of the KR-12 peptides. 

Cell viability and adhesion tests further confirmed the biocompatibility of plasma-treated 

surfaces, demonstrating comparable or even superior cell promotion compared to silanised 

surfaces. SEM and MTT assay results supported the effectiveness of integrating plasma 

treatment with peptide immobilisation for improved cell adhesion and antimicrobial 

performance. 

In conclusion, plasma treatment has proven to be as effective as silanisation for 

functionalising surfaces with peptides while offering additional benefits such as faster 

processing, reduced toxicity, fewer chemical reactions, and lower costs. The study 

highlights the potential of plasma treatment combined with HELP-based linkers for 

developing advanced antimicrobial coatings with enhanced performance and 

biocompatibility for orthopaedic applications. 

5.2. Future perspective 

o Optimising AMP immobilisation techniques: While the current study has 
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demonstrated the efficacy of plasma treatment and silanisation for AMP 

immobilisation, future research should focus on optimising these techniques to 

enhance the stability and activity of immobilised peptides under physiological 

conditions. This includes exploring novel plasma parameters and chemical 

modifications that could further increase the density and stability of functional groups 

on implant surfaces. 

o Development of smart AMP-responsive coatings: The integration of smart, stimuli-

responsive AMP coatings presents an exciting area for future research. These coatings 

could be designed to release AMPs in response to specific environmental triggers such 

as changes in pH, temperature, or the presence of bacterial enzymes. Such systems 

would allow for on-demand, localised antimicrobial activity, minimising the risk of 

resistance and reducing the need for systemic antibiotic administration. 

o Exploration of advanced linker systems: Future studies should investigate the use 

of advanced linker systems beyond PEG and HELP, which could further improve the 

flexibility and mobility of immobilised AMPs. New linker molecules with tunable 

length, flexibility, and degradation rates could be developed to fine-tune the 

interaction between AMPs and bacterial cells, optimising antimicrobial efficacy while 

promoting cell adhesion and tissue integration. 

o Polymicrobial infections are increasingly recognised as a significant challenge in 

implant-associated infections: These infections often involve complex microbial 

communities, including bacteria, fungi, and other microorganisms, which interact 

synergistically to enhance biofilm formation and antibiotic resistance. Understanding 

how AMP coatings perform in the presence of multiple pathogens, including their 

ability to prevent biofilm formation and disrupt established microbial communities, 

will be crucial for developing more robust antimicrobial strategies. 

o Long-term in vivo studies and clinical trials: To bridge the gap between in vitro 

findings and clinical applications, long-term in vivo studies and clinical trials are 

essential. These studies assess the durability, biocompatibility, and antimicrobial 

performance of AMP coatings over extended periods, providing critical data on their 

effectiveness in preventing peri-implant infections in real-world medical settings. 

Before progressing to animal studies, NC3Rs (National Centre for the Replacement, 

Refinement and Reduction of Animals in Research) can be applied to use alternative 
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models such as advanced 3D tissue-engineered systems, organ-on-chip models, or ex 

vivo approaches. These models can facilitate analysing the biological responses and 

improve experimental design, thereby reducing the need for animal testing. 

o Integration with computational design: The use of computational design and 

artificial intelligence to predict the behaviour of AMP coatings and optimise peptide 

sequences for specific applications is a promising direction for future research. By 

combining experimental data with machine learning algorithms, researchers can 

accelerate the development of AMP coatings with tailored properties for various 

biomedical applications. 

o Multi-functional coatings: Expanding the functionality of AMP coatings to include 

additional therapeutic properties, such as anti-inflammatory, pro-healing, or 

osteoinductive effects, could significantly enhance their clinical utility. Research into 

multifunctional coatings that can simultaneously prevent infection, promote tissue 

regeneration, and improve implant integration is a promising area for future 

investigation. 

o Customisation for specific medical devices: As the field progresses, it will be 

important to customise AMP coatings for different types of medical devices and 

implant materials. This could involve tailoring the AMP sequence, immobilisation 

method, and coating thickness to optimise performance for specific applications, such 

as dental implants, joint replacements, or cardiovascular stents. 

o Regulatory and manufacturing considerations: As AMP-coated implants move 

closer to clinical use, addressing regulatory hurdles and scaling up manufacturing 

processes will be essential. Future studies should focus on developing standardised 

protocols for AMP immobilisation that are reproducible, cost-effective, and compliant 

with regulatory requirements, ensuring a smooth transition from the laboratory to the 

clinic.
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Appendix 

Supporting information 

The Details of HELP polypeptide 

HELP (clon. 22/3/2004) nel plasmide pEX8EL aa: 536 MW 44885.79 pI: 11.68  

Sequence: MRGSHHHHHHGSAAAAAAAAKAAAKAAQFGL VPGVG VAPGVG 

VAPGVG VAPGVG LAPGVG VAPGVG VAPGVG VAPGIAPA 

AAAAAKAAAKAAQFGL VPGVG VAPGVG VAPGVG VAPGVG LAPGVG VAPGVG 

VAPGVG VAPGIAPA AAAAAKAAAKAAQFGL VPGVG VAPGVG VAPGVG VAPGVG 

LAPGVG VAPGVG VAPGVG VAPGIAPA AAAAAKAAAKAAQFGL VPGVG VAPGVG 

VAPGVG VAPGVG LAPGVG VAPGVG VAPGVG VAPGIAPA 

AAAAAKAAAKAAQFGL VPGVG VAPGVG VAPGVG VAPGVG LAPGVG VAPGVG 

VAPGVG VAPGIAPA AAAAAKAAAKAAQFGL VPGVG VAPGVG VAPGVG VAPGVG 

LAPGVG VAPGVG VAPGVG VAPGIAPA AAAAAKAAAKAAQFGL VPGVG VAPGVG 

VAPGVG VAPGVG LAPGVG VAPGVG VAPGVG VAPGIAPA 

AAAAAKAAAKAAQFGL VPGVG VAPGVG VAPGVG VAPGVG LAPGVG VAPGVG 

VAPGVG VAPGIAPGV 
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Figure S1. a) Calibration curve of dibenzofulvene-base adduct (µM) vs. absorbance, using 

20% piperidine (Panel B) in DMF, b) Mechanism for Fmoc group removal from 

immobilised KR-12. 
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Figure S2. XPS survey spectra of modified surfaces PTi, Sil-PTi, KR12-STi, HELP-STi, 

and KR12-HTi with characteristic peaks of carbon (C), oxygen (O), nitrogen (N), silicon 

(Si), and titanium (Ti). 

 


