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Abstract: This paper reviews different approaches to obtain biomaterials with tailored functionali-

ties and explains their significant characteristics that influence their bioactivity. The main goal of 

this discussion underscores the significance of surface properties in materials, with a particular em-

phasis on their role in facilitating cell adhesion in order to obtain good biocompatibility and bioin-

tegration, while preventing adverse effects, such as bacterial contamination and inflammation pro-

cesses. Consequently, it is essential to design strategies and interventions that avoid bacterial infec-

tions, reducing inflammation and enhancing compatibility systems. Within this review, we eluci-

date the most prevalent techniques employed for surface modification, notably emphasizing surface 

chemical composition and coatings. In the case of surface chemical composition, we delve into four 

commonly applied approaches: hydrolysis, aminolysis, oxidation, and plasma treatment. On the 

other hand, coatings can be categorized based on their material composition, encompassing ce-

ramic-based and polymer-based coatings. Both types of coatings have demonstrated efficacy in pre-

venting bacterial contamination, promoting cell adhesion and improving biological properties of 

the surface. Furthermore, the addition of biological agents such as drugs, proteins, peptides, metal-

lic ions plays a pivotal role in manifesting the prevention of bacterial infection, inflammatory re-

sponses, and coagulation mechanism. 
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1. Introduction 

In 1987, the European Society for Biomaterials coined the term “biomaterial”, defin-

ing it as a non-biological material used in medical devices with the specific purpose of 

interacting with biological systems [1]. Over time, this definition of biomaterial has 

evolved, adapting to various contexts. Currently, biomaterials are described as materials 

that actively interact with biological system to assess, treat, promote healing or even re-

place any tissue or body function [2,3]. 

The main characteristic of a biomaterial is its biocompatibility, which refers to the 

ability of the material to elicit an appropriate response from the host in a specific situation 

[4–6]. Again, the interpretation of biocompatibility varies based on the required perfor-

mance or function of the material. Chen et al. [7] defined biocompatibility as a factor that 

can be assessed through parameters such as cell viability, tissue response, tumor for-

mation, genetic integrity, immune reaction, and blood clotting potential. Acknowledging 
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this wide spectrum of considerations, the Food and Drug Administration (FDA) agency 

has stipulated that to consider a material biocompatible [8], it must not cause harm to the 

patient. Consequently, evaluating the biocompatibility of a medical device involves con-

sidering not only the biological compatibility of the materials used, but also other factors 

such as its design, including geometry, electric control, and mechanical performance [7,9]. 

A comprehensive assessment of these aspects ensures the safety and efficacy of the medi-

cal device in its intended application, prioritizing patient well-being. 

Beside biocompatibility, as described by Reinwald and collaborators, every bio-

material device must fulfil some functional requirements: safety, which is the most crucial 

aspect of a medical device; durability, in order to minimize the number of surgical inter-

ventions; and bio-functionality, as the biomaterial should be functionally optimized for 

its intended purpose, ensuring seamless performance without any interferences that 

could compromise its efficacy [10]. Biodegradable biomaterials naturally break down over 

time, potentially eliminating the need for device removal. Thus, in certain applications, 

biodegradability can offer significant benefits by enhancing biocompatibility and reduc-

ing negative immune responses in the patient.  

Regarding toxicology, biomaterials can be categorized based on their different types 

of responses [2]. These categories include: (I) toxic biomaterials, which can lead to cell 

death or damage in the surrounding and contiguous tissues; (II) non-toxic and biologically 

inactive biomaterials, which refers to materials that do not elicit toxic responses but, in-

stead, trigger the formation of fibrous tissue with varying thickness at the implant site; 

(III) non-toxic and biologically active biomaterials, which provide a formation of a strong 

bonding at the interface zone between the implant and surrounding tissues; and (IV) non-

toxic and biodegradable, because as the biomaterial degrades, the surrounding tissue re-

places the implant [2,11,12]. 

2. Biomedical Device Related Complications 

Biomedical implants encompassing prosthetics, catheters, and an array of other de-

vices, have undoubtedly revolutionized modern medicine, significantly improving the 

quality of life for countless patients. However, their integration with the human body does 

come with an inherent risk, which is an increased susceptibility to infections [13–15]. In 

fact, implant-related infections and the lack of biointegration represent the most prevalent 

and severe complications associated with the utilization of biomaterials. Infections can 

lead to various complications, ranging from localized discomfort to systemic health issues, 

potentially needing additional medical interventions and compromising patient outcomes 

[16]. 

When any biomaterial is implanted in the body, it induces a response from the host 

tissue, known as the host response [17]. This response occurs regardless of the method 

used to introduce the biomaterial, whether by injection or through surgery. The presence 

of a foreign biomaterial disrupts the local host tissue environment [17]. The magnitude of 

the host response depends on the extent to which the normal state of the equilibrium, 

known as homeostasis, is disturbed by the injury caused during implantation. This dis-

ruption, along with the introduction of the foreign object, determines the biocompatibility 

of the material. While numerous biomaterials and medical devices have been successfully 

implanted in humans, there is currently no material that can completely evade the highly 

efficient surveillance system of the human body. The host response is initiated by the ad-

sorption of proteins on the surface of the material, leading to the formation of a dense 

collagenous capsule around the implant [11,18]. This encapsulation impedes further in-

teraction of the implant with the surrounding tissue, a process often referred to as biofoul-

ing [17,19].  

The various stages of foreign body response (FBR) constitute a dynamic process in-

volving multiple intricate events. These stages include injury, blood–material interactions, 

provisional matrix formation, acute inflammation, chronic inflammation, granular tissue 

development, and fibrous capsule development (Figure 1) [17]. Blood is often the first 
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body fluid to come into contact with implanted devices. Blood compatibility or hemocom-

patibility refers to a material’s ability to regulate the thrombotic and inflammatory re-

sponses induced by the foreign surface upon contact with blood. This attribute is an es-

sential requirement for materials designed for blood–contact applications [20]. Such inter-

actions between blood and medical devices trigger a complex series of events, including 

protein adsorption, platelet adhesion and activation, coagulation and thrombosis. The 

rapid absorption of plasma protein into the surface of biomaterial represents the initial 

event in blood–material interaction. This adsorption results in activated proteins that can 

catalyze, mediate, or moderate subsequent biological response to the biomaterial [19]. Sur-

face-induced thrombosis is the main problem impeding the development of long-term 

blood contacting devices. Thrombus formation on device surfaces is a consequence of two 

key factors: platelet-mediated reactions and coagulation of blood plasma [20].  

 

Figure 1. Schematic representation of some stages of the host tissue response. 

Throughout this process, a complex interactions of inflammatory cells, mitogens, 

chemo-attractants, cytokines, and other bioactive agents also play a key role in orchestrat-

ing the response [11]. Understanding each of these events is essential as they contribute 

significantly to the overall outcome of FBR. The delicate interaction between the immune 

system and the foreign material leads to the formation of provisional matrices, which trig-

gers acute inflammation. This initial inflammatory response paves the way for chronic 

inflammation and subsequent granular tissue development. Ultimately, a fibrous capsule 

is formed to completely cover the foreign material, isolating and protecting the surround-

ing tissue from potential harm [21]. It is noteworthy that this late state of FBR is also in-

fluenced by the surface properties of the biomaterial. Some studies confirmed that all ma-

terial classes elicited a comparable inflammatory response, suggesting that the material’s 

chemical composition plays a secondary role in this process. However, the roughness of 

the surface has great impact on the FBR—in fact, switching from a flat surface to a micro-

structured surface using the same material resulted in a notable decrease in the FBR 

[22,23]. 

Over the years, the concept of a “race to the surface” has been proposed to describe 

the competition between host cells and contaminating bacteria for occupying biomaterial 

surfaces [24]. The successful integration of biomaterials into host tissues is crucial for the 

effectiveness of many implants. Moreover, most studies conclude that rapid integration is 

also essential for preventing bacterial adhesion and colonization. In the particular case of 

orthopedics, the healing of bone tissue around the implant leads to the apposition of bone, 
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facilitating the integration of the implant into the bone tissue, a process known as osse-

ointegration [25]. In vitro studies with osteosarcoma cells demonstrate that pre-colonizing 

bacteria significantly alter and compromise host cell adhesion to material surfaces. It is 

important to note that if bacterial adhesion occurs before tissue repair takes place, the 

defense mechanism of the host may not be able to prevent surface colonization and sub-

sequent biofilm formation [26]. 

The primary focus of this review will be orthopedic implants, as the prosthetics that 

remain in the body are particularly susceptible to thrombosis, inflammation, and infec-

tions, presenting significant challenges. In fact, these complications associated with im-

plants frequently lead to device failure, requiring replacement in some cases, and can even 

result in chronic diseases [27,28]. Identifying and diagnosing orthopedic implant infec-

tions and inflammation, including determining the infectious agent and its antimicrobial 

sensitivity, pose significant difficulties. Moreover, treating these infections can be compli-

cated due to various factors, such as antimicrobial resistance, tolerance, and/or persis-

tence. Although the most widely recognized bacterial defense mechanism against antibi-

otics is resistance, which is based on the release of hydrolases to break down antibiotics 

and eject the antibiotics from cytosol, persistence stands as another fundamental mecha-

nism that causes antibiotic treatment failure [29]. In contrast to resistant cells, persistent 

cells are genetically susceptible to antibiotics, yet they exhibit phenotypic tolerance, al-

lowing them to endure antibiotic exposure. This phenomenon seems to be an ancestral 

trait, inherited from predecessor cells, as it is commonly observed in a variety of bacterial 

species, encompassing both Gram-negative and Gram-positive bacteria. During exposure 

to antibiotics, these species tend to develop a persister subpopulation as part of their adap-

tive survival strategy [30]. Besides Staphylococcus aureus being a common bacteria around 

orthopedic implant infection, it is essential to recognize that many other pathogens can 

also be responsible for causing such infections [15,31].  

Implant infections are complex processes involving interactions among the patho-

gens, biomaterial, and the response of the host immune system. In the absence of foreign 

bodies, opportunistic pathogens are typically cleared by the defenses of the immune sys-

tem. However, as commented previously, in the case of implant-associated infections, the 

biomaterial triggers a localized tissue response, leading to acute and chronic inflamma-

tion, foreign body reaction, granulation tissue formation, and eventual fibrous encapsula-

tion. This unique environment creates a niche of immune depression, known as a locus 

minoris resistentiae, which makes the implant more susceptible to microbial colonization 

and infection. Furthermore, the biomaterial serves as a substrate for bacterial adhesion 

and biofilm formation [15]. Bacterial adhesion is the initial step in biomaterial-related in-

fections and serves as a foundation for subsequent implant colonization. Once attached, 

pathogens form micro-colonies and develop protective biofilms, allowing them to persist 

in the hostile host environment. Thus, adhesion and biofilm formation are critical pro-

cesses that enable pathogens to establish and maintain infections in implant sites. Under-

standing these complex interactions is essential for developing effective strategies to pre-

vent and treat implant-associated infections [32,33].  

Bacterial adhesion is a multi-stage process that can be divided into two main phases 

(Figure 2). The first stage involves the primary unspecific reversible attachment, while the 

second stage comprises specific irreversible attachment. When bacteria initially adhere to 

abiotic surfaces, such as those found in implants, the attachment is typically unspecific 

[15]. However, when they attach to living tissues, it involves specific interactions facili-

tated by lectins or adhesins. When a bare material surface comes into contact with physi-

ological fluids such as blood and interstitial fluids, it rapidly becomes covered by extra-

cellular matrix (ECM) proteins and immune components within nanoseconds [34,35]. This 

process is influenced by the surface chemistry and wettability of the implant surface. 

Hence, adhesins play a crucial role as the primary mechanism for bacterial attachment to 

the implant surface within the body. Both Staphylococcus aureus and Staphylococcus epider-
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mis possess multiple mechanism for attachment and biofilm formation, significantly con-

tributing to their virulence in chronic implant infections. The process of biofilm formation 

encompasses several stages (Figure 2): (I) adhesion, which is the initial stage; (II) micro-

colony, where bacterial cells form aggregations and extracellular polymeric substances 

(EPS) are produced; (III) macro-colony formation, which undergoes further remodeling 

and maturation, resulting in the development of macro-colonies that appear as towers 

within the biofilm structure; and (IV) biofilm dispersal, which is the final stage, wherein 

some bacteria revert to a planktonic lifestyle, potentially colonizing new areas and initiat-

ing the biofilm formation process elsewhere [15].  

 

Figure 2. Stages of staphylococcal biofilm formation. 

Biological responses and bacterial adhesion are intricate processes influenced by nu-

merous factors, but it is widely accepted that these responses are significantly affected by 

the surface properties [36]. In fact, various surface characteristics including chemistry, to-

pography, surface free energy, elasticity, and charge play essential roles in modulating 

protein and cell interactions, and, consequently, host response.  

Regarding surface topography and roughness, they play a crucial role in determining 

the biological responses to foreign materials and bacterial adhesion. Extensive research 

has shown that surfaces with micro- and nanoscale structures significantly impact various 

cells and bacteria behaviors. Surface patterning serves as a key determinant influencing 

both the contact area and the adhesion force between bacteria, proteins or cells, and the 

substrate. Indeed, these surface features can modulate cell orientation, morphology, ad-

hesion, proliferation, and even regulate cellular functions and gene expression [37]. For 

instance, Yang et al. [38] compared the adhesion of both Gram-positive and Gram-nega-

tive bacteria on different patterned surfaces (Figure 3). Factors such as the geometry, size, 

and the height of the patterned surface impact on the interaction of bacterial and surfaces. 

Nanostructures with a high aspect-ratio, such as nanopillars and nanospikes, exhibited 

exceptional bactericidal activity. Indeed, when bacterial attachment occurs, the cell mem-

brane of the bacteria lies within these nanostructured patterns cavities until the membrane 

breaks. On the other hand, both nanotubes and nano ripples have demonstrated efficacy 

in diminishing bacterial adhesion. Furthermore, enhanced bacterial reduction is obtained 

with larger diameters for nanotubes and reduced contact within the structure array for 

both nanotubes and nano ripples. Similarly microscale patterned surfaces including mi-

crowells, sub micro pillars, micro pillars, and micro protrusions present significant bacte-

rial growth and colonization inhibition [39]. In fact, they trap bacteria within deep valleys, 
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shielding them from the shear force of fluid, while a smooth surface facilitates the move-

ment of attached bacteria, thereby increasing the probability of bacterial adhesion [38].  

 

Figure 3. Schematic representation of the different patterned surfaces. 

As commented, bacteria are not the only compounds that are influenced by the to-

pography. Surface texturing serves as a strategic approach to modulate protein uptake on 

surfaces as well. This technique requires precise control over total protein adsorption lev-

els, influencing the ratio of various proteins, spatial distribution, protein conformation, 

and surface binding affinity. The impact of nanoscale topographies on protein adsorption 

is particularly significant when the surface features align with the dimensions of the pro-

teins. Conversely, interactions with topographies significantly larger than dimensions of 

proteins, such as micrometer-scale patterning, are generally perceived by proteins as a flat 

surface [40]. Moreover, smooth and flat implant surfaces have shown to induce the adhe-

sion of foreign body giant cell (FBGC), which provoke the fibrotic capsule formation [22]. 

Concerning roughness, under static culture conditions, bacteria exhibit preference 

for smoother surfaces when the average roughness (Ra) value is low, ranging between 

0.23 and 6.13 nm. Conversely, as these values increase within the range of 6–30 nm, bac-

teria tend to adhere to rougher surfaces [38,41]. This roughness adaptability was studied 

by Mu et al. [42], who prepared quartz surfaces with different roughness and treated with 

Salmonella enterica culture. The impact of the surface roughness on bacterial adhesion is 

evident from the findings illustrated in Figure 4. When the roughness is low (root-mean-

square (RMS) > 10 nm), isolated microcolonies form, hosting a relatively sparse population 

of adherent bacteria with a low overall areal density. Progressing to intermediate rough-

ness values (RMS between 10 and 40 nm), a substantial increase in adherent bacteria is 

observed, replacing isolated microclines with loosely connected bacterial monolayers. Ad-

ditionally, the bacteria exhibited a more pronounced deformation/flattening ratio on these 

surfaces, suggesting a heightened attraction between bacteria and the surfaces. Con-

versely, at high roughness values (RMS < 45 nm), the areal density of adhering bacteria is 
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exceeding low, and no microcolonies are observed. Bacteria predominantly exist as indi-

vidual isolated organisms on these surfaces with a small fraction forming dimeric and 

trimeric aggregates.  

 

Figure 4. Adapted SEM micrographs displaying bacterial adhesion trends on hydrophobically mod-

ified quartz surfaces roughness for Salmonella. Adapted with permission from Influence of Surface 

Roughness, Nanostructure, and Wetting on Bacterial Adhesion. Copyright 2023 American Chemical 

Society. 

Surface wettability is governed by both roughness and the chemistry of the surface 

jointly influencing its capability. It must be noted that the water contact angle (WCA) of 

rough surfaces (known as “apparent” WCA) differs from smooth surfaces (called “intrin-

sic” WCA). According to the Wenzel model, a rough hydrophilic surface exhibits an ap-

parent WCA value lower than its intrinsic WCA value. Conversely, a rough hydrophobic 

surface displays an apparent WCA higher that it inherent WCA [43]. Some studies con-

cluded that bacteria prefer to adhere to hydrophobic surfaces rather than hydrophilic 

ones. However, both superhydrophilic and superhydrophobic surfaces have demon-

strated antibacterial behavior [44,45]. In fact, superhydrophobic surfaces, characterized by 

an apparent WCA exceeding 150°, require the entrapment of air bubbles within 

nanostructures or microstructures, as outlined by the Cassie and Bexter model [45]. Re-

garding proteins and macrophages, hydrophobic materials exhibit increased protein ad-

sorption but also enhanced macrophage adhesion [46,47], potentially contributing to the 

initiation of fibrotic encapsulation. Conversely, in the case of hydrophilic materials, mac-

rophages demonstrate heightened adhesion to positively charged implants in comparison 

to anionic or nonionic alternatives [22]. 

To address this critical challenge, extensive research and advancements in material 

science and implant design are continuously pursued. 

3. Strategies for Combating Complications 

As commented, several studies concluded that surface characteristic such as topog-

raphy, wettability, charge, and chemical properties play a key role in proteins, cells, and 

bacterial adhesion and growth and, consequently, they influence hemo- and biocompati-

bility [48,49]. This section will delve into the crucial attributes of a surface, providing an 

in-depth exploration of the key factors necessary for optimal biointegration. It will also 

expose the desirable properties required to foster a favorable response from the body and 

establish robust protection against bacteria. Consequently, researches have recognized the 

significance of modifying these surface properties in implanted biomaterials to achieve 

enhanced biocompatibility and hemocompatibility and reduce both inflammatory re-

sponse and bacterial adhesion. 

Recent studies exploring the improvements on host tissue response and antibacterial 

properties of various materials have highlighted the potential of surface modification 

technologies in limiting and preventing bacterial contamination, as well as to promote 
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proper adhesion of cells and proteins [38,50]. Notably, surface chemical modifications of 

biomaterial, drug delivery as well as immobilization of bioactive molecules that can di-

rectly or indirectly control the activity of components of the immune system have 

emerged as effective approaches in this regard. Therefore, this section will comprehen-

sively delve into the chemical modifications required to tailored surface properties and it 

will present surfaces with added specific biological compounds (Figure 5). 

 

Figure 5. Schematic representation of biopassive and bioactive surfaces. 

3.1. Surface Modification 

Surface modifications encompass a wide range of complexities, ranging from simple 

alterations or introductions of a single functional group, to more intricate multi-step sur-

face grafting reactions [36,51–53]. These grafting strategies often involve a preliminary 

surface activation step, where reactive functional groups, such as hydroxyl, amines, or 

carboxylic acids, among others, are introduced, followed by subsequent reaction to cova-

lently link the molecule of interest to the surface [54]. 

A wide array of chemically based methods can be employed to introduce reactive 

functional groups onto biomaterial surfaces, effectively “activating” them for subsequent 

grafting reactions [55]. Interestingly, many of these treatments can also independently al-

ter specific material surface properties, leading to modifications in cell–material interac-

tions as well as bacterial–substrate interactions [56,57]. For instance, techniques that gen-

erate polarized hydroxyl [58], carboxyl [59], or amino [60,61] groups arouse changes in 

hydrophilicity/hydrophobicity and surface charge, influencing protein, cellular and bac-

terial adhesion [62]. The most commonly used chemically based surface functionalization 

methods involve surface hydrolysis, aminolysis, oxidation, and plasma treatment (Table 

1) [63]. Each of these techniques offers unique advantages and can be tailored to suit spe-

cific biomaterial requirements.  
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Table 1. Description of different techniques used for surface modification in metal, ceramic, and 

polymers materials. 

Technique Surface Treatment Advantage Ref. * 

Hydrolysis and 

aminolysis 

PCL nanofibers 
NaOH solution and 

ethylendiamine/isopropanol solution 

Improved cytocompatibility 

Heightened cell attachment, 

spreading, and proliferation 

[64] 

Ti6Al4V Acidic and alkalyne piranha 

Excellent biocompatibility, cell 

proliferation and excellent 

hemocompatibility 

Enhanced antibiofilm activity 

[50] 

Oxidation 

Titanium Ultraviolet (UV)/ozone 
Improved antibacterial activity 

and bone regeneration 
[65] 

Ti6Al7Nb Electrochemical anodization 

Enhanced adhesion and 

proliferation of human bone 

marrow mesenchymal stem cells 

[66] 

Plasma 

Titanium Plasma polymerization with allylamine 
Increased cell adhesion 

capability 
[67] 

Titanium Oxygen plasma immersion 

Promoted blood clotting and 

enhanced resistance to bacterial 

adhesion 

[68] 

Polyurethane Plasma immersion of nitrogen ions 

Decreased bacterial adhesion: 

both Gram-positive 

(Staphylococcus) and Gram-

negative (Escherichia coli) 

bacteria decreased 

[69] 

Titanium Atmospheric pressure plasma (APP) 

Provide both adhesion and 

osteogenic differentiation of cells 

culture  

[70] 

Titanium Plasma fluoride ion release Bactericidal properties [71] 

* Ref.: References. 

3.1.1. Hydrolysis and Aminolysis 

Surface hydrolysis via acid or base treatment is a commonly employed method to 

modify aliphatic polyesters, such as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), or 

polyethyelene terephthalate (PET), and also metallic substrates, including Ti6Al4V [72–

74]. However, it is important to note that the mechanism underlying the hydrolysis of 

polymers and metal substrates are inherently distinct. In polymers, hydrolysis induces 

random chemical cleavage of the ester bonds on the polymer backbone, generating, con-

sequently, hydroxyl and carboxyl groups at the polymer surface [75–77]. On the other 

hand, in titanium (Ti) and its alloys, the hydrolysis only affects the passivated TiO2 coat-

ings previously generated on the metallic surface, introduced by oxidation hydroxyl 

groups [36]. In any case, on both type of substrates, acid and alkali chemical treatments 

are the most used in the industry due to their versatility, simplicity, and effectiveness. A 

wide range of different treatments and mixtures can be employed, including basic or al-

kaline solutions (NH4/H2O2, NaOH, KOH, etc.) and acid solutions (HCl, HCl/H2O2, 

H2SO4/H2O2, H2SO4/HCl, etc.). Nevertheless, there are some concerns associated with this 

wet chemical technique [76–78]. For polymers, it is important to ensure that the concen-

tration and treatment duration of the acidic/alkali solution do not significantly alter the 

bulk properties of the underlying polymer. Additionally, in both cases, the nonspecific 

nature of the treatment can lead to irregular surface degradation, potentially affecting the 

overall surface integrity and properties of the modified material [58,79]. Therefore, careful 

optimization of the hydrolysis process is essential to achieve desired modifications while 

preserving the core properties of the substrate. Nonetheless, these newly produced func-

tional groups offer valuable attachment points for covalently linking other molecules to 
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the polymer surface through various conjugation strategies. Although, it should be noted 

that hydrolysis itself has proved to increase cellular attachment in some polyesters as well 

as in some Ti alloys, due to the increment of the hydrophilicity and roughness, because of 

the change in the wettability properties of the surface [80]. 

Similarly, aminolysis aims to introduce reactive amine groups onto polymer and me-

tallic surfaces. For this modification, polymers such as polyurethane (PU), poly(caprolac-

tone) (PCL), or PLA are submerged onto diamines solutions such as 1,6-hexanediamine or 

ethylediamine, forming amides and obtaining free amino-end groups onto polymer sur-

faces [64,81]. Conversely, the introduction of amino groups into metallic substrates is usu-

ally more complex and it is generally necessary to use stronger conditions such as plasma. 

Nevertheless, similar to hydrolysis approaches, aminolysis can cause polymer degrada-

tion by increasing polymer roughness and wettability, which can alter subsequent protein, 

cell and even bacterial–material interactions [60,82]. 

An example of this was described by Yaseri et al. [64], In this work, the applicability 

of PCL nanofibers in tissue engineering was analyzed employing surface treatments strate-

gies including hydrolysis and aminolysis. The hydrolysis was performed by using NaOH 

solution at different concentrations, while aminolysis was conducted using hexamethylene-

diamine (HMD)/isopropanol solution at different concentrations as well. It was observed 

that both treatments predominantly influenced the surface properties of PCL nanofibers 

without compromising their bulk properties. Beside minor morphological changes and a 

moderate reduction in mechanical performance, a notable enhancement in hydrophilicity 

was observed in most modified samples. In fact, an increase in hydrophilicity was observed 

when higher concentration of hydrolysis solutions and longer incubation times were em-

ployed. However, aminolysis solution concentrations did not significantly influence the hy-

drophilicity. It is worth to note that in vitro studies showed that the surface modifications 

of PCL nanofibers presented non-cytotoxicity as well as provided an ideal substrate for cell 

attachment, spreading, and proliferation when cultured L929 cells were employed. 

3.1.2. Oxidation 

The introduction of peroxide groups onto polymers or metallic surfaces for subse-

quent grafting reactions can be accomplished through various strategies and techniques, 

such as photo-oxidation by UV light or ozone oxidation. While UV light can discompose 

hydroperoxide groups onto reactive oxygen and hydroxyl radicals, ozone treatment pro-

duces peroxides, carboxyl, and carbonyl groups that can be further employed to initialize 

surface polymerizations or grafting reactions [83]. However, both approaches can degrade 

the polymer, thus, it is important to control and minimize significant changes of the bulk 

properties of the substrates [84]. Conversely, in the case of metals, electrochemical anodic 

oxidation has stood as the method of choice for over a decade to grow a thick and uniform 

oxide layer on metal surfaces [85]. This technique has been demonstrated to significantly 

enhance the biocompatibility of metal implants, as detailed by Huang et al. [66]. They em-

ployed an efficient electrochemical anodization treatment, which led to the formation of a 

nanoporous oxide layer free of aluminum onto Ti-6Al-7Nb surface. By oxidating the surface, 

they obtained notable improvements in corrosion resistance, as they observed reduction in 

both corrosion rate and passive current when immersed in simulated blood plasma. Addi-

tionally, the presence of the nanoporous oxide layer exhibited a positive impact on cell be-

havior. Specifically, it enhanced adhesion and proliferation of human bone marrow mesen-

chymal stem cells, providing significant importance in biomedical applications. It is worth 

to note that the development of an orderly oxide layer can be tailored by regulating param-

eters such as the choice of electrolyte, applied current density, electrolyte concentration, 

electrolyte temperature, stirring rate, and the ratio of cathode-to-anode surface areas [86]. 

3.1.3. Plasma 

Plasma treatment offers a versatile method for introducing functional groups onto 

inert polymeric and metallic surfaces, both directly and indirectly. The process involves 
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exciting a low-pressure gas, such as ammonia, oxygen or argon, in a chamber through 

various energy sources such as electric discharge, alternating/direct current, radio-fre-

quency energy, microwaves, or heat [87,88]. This partial ionization of the gas leads to 

charged molecules that bombard the material surface by modifying its chemical and phys-

ical properties. The type of functionality introduced on the surface of the substrate de-

pends on the choice of plasma gas and the operating parameters, such as pressure, power, 

gas flow rate, and time. For instance, reactive NH3 plasma introduces amines, O2 plasma 

produces a mixture of OH and COOH functionalities, and argon plasma creates radicals. 

Similarly to other approaches, these functional groups can be effectively employed in 

combination with other surface grafting methods. As other approaches, plasma treat-

ments can directly enhance surface hydrophilicity and cellular adhesion, offering ad-

vantages in biomedical applications [63,89,90]. 

In this regard, Ujino et al. [70] employed atmospheric pressure plasma treatment to 

increase the hydrophilicity of pure Ti surfaces. The main goal of this study was to evaluate 

the impact of the hydrophilicity surfaces on the initial adhesion of the material to rat bone 

marrow and its subsequent differentiation into hard tissue. After applying plasma to 30 s, 

superhydrophilicity was induced on pure Ti surfaces. The results suggested that a notable 

enhancement in both adhesion and osteogenic differentiation of cells culture was obtained 

on plasma-treated samples in comparison with untreated disks.  

Similarly, Mian Chen et al. [71] developed a fluorinated surface by plasma treatment 

of Ti surfaces. The experiments involved various fluorine chemical compositions applied 

as coatings. In vitro antibacterial studies were evaluated using Staphylococcus aureus and 

cell compatibility was studied employing MC3T3-E1 cells. The results suggested that both 

fluorocarbon coatings and metal fluorides coatings provided hydrophilicity with a nano-

scaled roughness. Interestingly, the coating consisting of metal fluorides exhibited excel-

lent bactericidal properties and demonstrated exceptional cytocompatibility. It has to be 

noted that antibacterial activity was attributed to the presence of metal fluorides and the 

release of fluoride ions. 

3.2. Coatings 

Polymeric and ceramic coatings have become interesting subjects for biomedical ap-

plications (Table 2). These coatings provide a number of valuable advantageous properties 

attributed to the underlying material, such as enhanced biocompatibility, improved me-

chanical robustness, increased wear and corrosion resistance, and enhanced functional 

capabilities. 

Table 2. Classification of most used ceramic and polymer coatings in the field of biomaterials. 

Coating Approach/Material Advantage/Activity Ref. 

Ceramic 

Calcium phosphate 

Superior osseintegration rate 

Corrosion resistance 

Boosted cell adhesion 

[91–96] 

Hydroxyapatite 

Favourated cell adhesion and proliferation 

Enhanced osteoconductivity  

Improved osteointegration 

[97–100] 

Bioactive glasses 

(BGs) 

Excellente osteoconductivity and 

osteoinductivity properties 
[101,102] 

Polymer 

Chitosan 

Collagen  

Hyaluronic acid 

PEG 

Antibacterial and antifouling properties 

Improved osteogenesis  

Enhanced biofilm prevention 

[74,103–108] 
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3.2.1. Ceramic Coatings 

Ceramic coatings are thin layers of ceramic materials that are applied to the surface 

of various substrates, such as metal, glass, or ceramics to enhance their properties or pro-

vide specific functionalities. These coatings are commonly used in a wide range of indus-

trial and technological applications due to their unique combination of properties, which 

can include high temperature resistance, wear resistance, corrosion resistance, electrical 

insulation, thermal insulation, and biocompatibility.  

Among ceramic coatings, calcium phosphates (CaPs) are the most commonly em-

ployed due to their remarkable similarity to bone tissue. Indeed, they represent highly 

promising materials in the field of bone regeneration, providing compelling substitutes 

for auto- and allografts in facilitating and reinforcing tissue regeneration within critically-

sized bone defects [109]. Their exceptional biocompatibility and biodegradability make 

them especially well-suited for this purpose, owing to their resemblance to the mineral 

phase found in natural bone. Numerous studies have been dedicated to the development 

of CaP ceramic coatings on metallic substrates with the goal of replicating the biological 

properties of bulk bone tissue and improving the durability and stability of implants.  

Biomineral formation and the adhesion of cells and proteins can be effectively regu-

lated by tailoring the surface properties such as roughness and porosity of CaP materials. 

On the other hand, it should be noted that different phosphates, such as hydroxyapatite 

(Hap) or tricalcium phosphate (TCP) have different biocompatibility due to differences in 

crystallinity, solubility, stability, ion release, and mechanical properties. 

As commented, among CaPs, HAp deserves special attention, as it constitutes the 

primary inorganic component of bone tissue. In fact, recent advancements in materials 

science and processing have enabled the production of hydroxyapatite-based grafts in 

various forms, satisfying the demand for a wide range of clinical applications. Moreover, 

these innovations have obtained promising results in both in vitro and in vivo studies 

[109].  

In this context, Chen et al. [100] introduced a method for electrodepositing a 

nanostructured HAp coating onto Ti surface. To enhance the adhesion between the HAp 

coating and the Ti surface, they employed chemical etching and oxidation treatments, 

generating a thin TiO2 layer which served as an interlayer that mitigated thermal stress 

and prevented the formation of crack in the coating. After electrodepositing HAp, uniform 

and crack free HAp nanostructured coating was successfully generated onto the Ti sur-

face. Additionally, in vitro MSCs cell culture experiments demonstrated the excellent bi-

ocompatibility and bioactivity of HAp-Ti nanostructrured surface. The MSCs exhibited 

enhanced proliferation on Ti surfaces with HAp coating compared to pristine Ti surfaces.  

Similarly, Hui Du et al. [96] fabricated a coating composed of calcium silicate and 

calcium phosphate onto Mg-Zn-Mn-Ca alloy through a chemical reaction involving Na-

SiO3 and Ca(NO3)2. In vitro cell studies concluded that osteoblasts exhibited good cell ad-

hesion, high growth rates and proliferation characteristics. These results indicate a signif-

icance enhancement in surface cytocompatibility attributed to the presence of calcium 

phosphate coating.  

Other type of ceramic materials are zirconia-based coatings (ZrO2). This type of ma-

terial can withstand high temperatures and elevated stresses. Its uses span across various 

domains, including dental implants and the application of protective coatings on metallic 

implants to enhance their resistance to corrosion. ZrO2 ceramics offer a multitude of ad-

vantages, encompassing robust mechanical strength, chemical stability, biocompatibility, 

and superior wear resistance. Additionally, zirconia stabilized with yttria (YSZ) has 

gained prominence as a dental implant material. YSZ coatings exhibit superior hardness 

and scratch resistance when compared to HAp coatings. Furthermore, Saravan et al. [110] 

revealed that YSZ-coated Ti substrates exhibit enhanced hemocompatibility, stimulating 

blood platelets to develop pseudopods.  
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Bioactive glasses (BGs) constitute another type of promising ceramic material, mainly 

due to their osteoinductive and bioresorbable properties, which make them suitable ma-

terials for bone tissue engineering applications. Ideally, bioactive implants used in clinical 

applications should exhibit similar properties as the host tissue, while establishing robust 

interfacial connections with both hard and soft tissues. Owing to the inorganic composi-

tion and mechanical attributes of the bioactive glasses, which closely mimic those of 

“hard” bone tissue, there has been considerable interest in their application in bone and 

teeth-based implants. However, their inadequate mechanical properties considerably hin-

der their use in load-bearing situations [111,112]. Indeed, the majority of BGs present 

lower fracture toughness when compared to natural load-bearing cortical bone, with BGs 

ranging between 0.2 and 0.6 MPa, while cortical bone registers a range from 2 to 12 MPa 

in terms of fracture toughness [113]. Therefore, the use of a BG coating emerges as a viable 

strategy to not only bolster the osseointegration of metallic implants but also mitigate the 

inherent brittleness of BGs. BG and glass-ceramic coatings on metallic implants can be 

produced by different techniques, including thermal spraying, radiofrequency magnetron 

sputtering (RF-MS) deposition, pulser lasered deposition (PLD), sol gel coating, and elec-

trophoretic deposition (EPD) [114].  

In this context, Bargavi et al. [115] presented a thin film coating based on zirconia 

incorporated on a BG matrix and deposited onto commercially pure Ti (Cp-Ti) substrates. 

The incorporation of Zr, in different concentrations, aimed to enhance the mechanical sta-

bility of the coating. Hemocompatibilty studies revealed excellent compatibility, with a 

favorable hemolysis rate of less than 2%. Furthermore, in vitro cytocompatibility assays 

employing MG-63 osteoblast cell lines demonstrated a noteworthy enhancement in cell 

viability. Additionally, according to antibacterial assays, when Bg-Zr composites with 

high contents of Zr were used to coat Cp-Ti substrates, reduced biofilm formation was 

observed presumably due to the increase in surface roughness. Consequently, surface 

modification of Cp-Ti implant materials using BG-Zr coating exhibited improved bioac-

tivity and enhanced osseointegration, making this type of coating suitable for orthopedic 

applications. 

3.2.2. Polymer Coatings 

Another type of coatings with a crucial role in biomedical applications are polymeric 

coatings. In fact, these types of coatings are commonly used to improve the performance, 

biocompatibility and functionality of biomedical devices, Furthermore, while providing 

these specific benefits, these type of polymers can improve interactions with tissues and 

biological fluids [33,116]. In this context, it is worth noting the widely employed strategy 

of covering a surface with a polymer with antifouling properties. 

Another widely employed strategy to alter surface characteristics involves the pas-

sivation of biomaterials through surface coatings with antifouling behavior. For instance, 

polyethyelene glycol (PEG), poly(hydroxyethyl methacrylate) (PHEMA), and phosphati-

dylcholine polymers [117–119], among others constitute prominent examples of poly-

meric materials employed in this regard. These coatings exhibit robust steric repulsion 

and instigate hydration forces that effectively avoid protein and bacterial adsorption. By 

employing these mechanisms, these coatings protect the material form of the host immune 

system and, consequently, limit leukocyte adhesion and the host inflammatory response. 

Moreover, these highly hydrophilic coatings offer a straightforward solution for repelling 

bacteria and enhancing a more favorable host–material interaction.  

In this context, Ungureanu and coworkers electrodeposited a composite coating 

based on Polypirrole (PPy) and Polyethyelene glycol (PEG) onto Ti alloy [120]. Three dif-

ferent concentrations of PEG were employed, specifically 0.5%, 2%, and 4%. When testing 

antibacterial properties of the coatings, the best effect was found for the coating with 2% 

PEG concentration, which has hydrophilic character and minor roughness. Such results 

are in concordance with the mechanism of biomaterial–bacteria interaction, which in-



Coatings 2023, 13, 1981 14 of 25 
 

 

volves as factors affecting bacterial adhesion and growth an initial physicochemical inter-

action stage, where roughness and wettability are factors that can regulate bacterial adhe-

sion and biofilm deposition. 

In recent years, the layer-by-layer (LBL) methodology has gained widespread popu-

larity as a versatile and effective technique for depositing polymeric materials on a surface 

This innovative method involves the sequential deposition of cationic and anionic poly-

electrolyte layers, which can be firmly bonded through ionic interactions to create a thin, 

precisely controlled coating film. This process relies on the positive and negative charges 

that each polymer acquired under specific pH conditions. The LBL approach offers excep-

tional flexibility, allowing the creation of coating with diverse functionalities and tailored 

properties [121]. By varying the types and sequences of polyelectrolytes used, it is possible 

to achieve specific surface characteristics, such as charge, hydrophilicity, or bioactivity. 

This technique has found application in various fields, including biomedical engineering, 

drug delivery systems and surface modification of medical implants [122–125]. Its ability 

to produce thin and uniform coatings with controlled release capabilities has opened new 

avenues for enhancing biocompatibility and functionality of biomaterials.  

The successful coating of PET films by positively charged chitosan (CHI) and nega-

tively charged hyaluronic acid (HA) described by Alvarez et al. [74] constitute an example 

of this methodology. A layer-by-layer technique was employed to introduce each polymer 

onto the surface, fabricating a nanometer-scale thickness coating and producing a poten-

tially antifouling surface by electrostatic interactions. While CHI contributed to contact-

killing properties, hydrophilicity provided by HA facilitated bacteria repellence through 

a steric effect generated by water absorption.  

Various strategies have been proposed to develop coatings that exhibit enhanced 

physical and chemical resistance. However, these approaches are often constrained by the 

type of bonding between the coating and the substrate, as the coatings discussed so far are 

physically placed on top of the material, without any stable, covalent interaction between 

the two systems. A promising alternative method involves grafting, where covalent immo-

bilization of compound takes place to create a resilient film on the material surface. Cur-

rently, two main grafting methods are employed: “grafting to” and “grafting from” [126]. 

In the “grafting to” method, polymer chains already preformed are attached to the 

surface, providing a means to modify the properties of the coating. Conversely, in the case 

of the “grafting from” methodology, monomers are bonded to the surface where subse-

quent polymerization takes place (Figure 6). This last approach offers greater control over 

the structure of the coating and properties. By employing grafting techniques, it is possible 

to obtain coatings with tailored functionalities, such as improved resistance to wear, cor-

rosion, and environmental degradation. Additionally, covalently immobilizing the poly-

mers ensures better adhesion and durability, resulting in coatings that can withstand 

harsh conditions over extended periods [127]. 

In this context, Huh et al. [128] performed different experiments using oxygen 

plasma glow discharge onto PET samples. As a consequence of the plasma, the texture of 

PET surfaces was enhanced, resulting in the formation of peroxides on its surfaces. These 

peroxides were employed as catalysts for the grafting and polymerization of acrylic acid 

in order to introduce carboxylic acids onto the surfaces. Subsequently, neutral and quater-

nized chitosan were coupled with the introduced carboxyl groups, leading to chitosan-

grafted PET and quaternized chitosan-grafted PET. To assess the antibacterial activity of 

the modified PET textures, a shake flask method was employed. After shaking for 6 h, it 

was observed that PET with covalently grafted chitosan and quaternized chitosan showed 

significant inhibition of bacterial growth. Even after PET texture laundering, the inhibition 

of bacterial growth remained in the range 48–58%, demonstrating the durability and ef-

fectiveness of the chitosan grafted PET textures against washing. 
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Figure 6. Representative scheme of grafting “to” and grafting “from” strategies. 

3.3. Targeted Drug Delivery 

A promising strategy to develop active surfaces involves the controlled release of 

various active agents, such as drugs, growth factors, proteins, peptides, nucleic acids, and 

even silver nanoparticles [54]. This controlled release occurs from a variety of platforms, 

including hydrogels and nanogels, polymer multilayers and cyclodextrines and enables 

the desired surface response [129–131]. These structures, which are built upon polymers 

and proteins, serve as remarkably versatile reservoirs capable of releasing bioactive mol-

ecules (Figure 7).  

 

Figure 7. Representative illustration of drug delivery and drug immobilization approaches. 
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As commented before, an alternative and versatile approach to creating coatings with 

self-controlled active agent release ability is through the use of multilayer systems. While 

multilayered coatings may have lower drug loading capacity compared to hydrogels, they 

present excellent control in chemical composition, structure, thickness, homogeneity, and 

responsiveness. To achieve effective loading and sustained release of active compounds, 

it is essential to have intermediate strength bonds or interactions between polymers and 

the active agents. Similar to hydrogels, the release of active agents from multilayer coat-

ings typically occurs through diffusion and multilayer degradation processes.  

Implant-associated infections in orthopedic surgeries represent a critical concern due 

to their potential to impede bone healing, induce implant failure, and even escalate to 

osteomyelitis. The concept of drug-eluting implants, designed for localized antibiotic de-

livery at surgical sites holds promise in mitigating these infections. In the study presented 

by Li et al. [132], vancomycin, an antibiotic, was encapsulated within a PEG based hydro-

gel film. This hydrogel was covalently bind to Ti implants and subsequently enveloped 

by a PEG-(poly(lactic-co-caprolactone) (PEG-PLC) membrane. Additionally, crosslinked 

starch was incorporated into the hydrogel due to its porous microstructure, which effec-

tively curbed hydrogel swelling and consequently regulated drug release. The release ki-

netics of vancomycin were found to be controllable, dependent on both the drug loading 

and the thickness of the coating. Notably, the vancomycin-loaded Ti samples exhibited a 

sustained drug release profile, with no initial burst release. In fact, in vitro experiments 

demonstrated continuous drug release for nearly 3 weeks, while in vivo testing extended 

this period to over 4 weeks. Furthermore, a rabbit model subjected to Staphylococcus aureus 

infections exhibited a significant reduction in the inflammatory response and demon-

strated robust antimicrobial property when implants containing 4 mg of vancomycin were 

used. Therefore, this approach holds promise as an effective strategy for the treatment and 

prevention of localized bone infections.  

Similarly, Karakurt et al. [133] presented two different strategies for creating a com-

bined saccharide coating onto PLLA with the aim to develop antibacterial biomaterial sur-

faces. Initially, PLLA samples were exposed to low-pressure plasma treatment and were 

then reacted with acrylic acid solution to obtain COOH and OH reactive functional 

groups. Subsequently, a “grafting from” approach was employed to create polyacrilic acid 

(PAA) brushes on PLLA surface. Afterward, chitosan was introduced to the surface by 

either covalently carbodiimide coupling reactions or by direct coating method with elec-

trostatic interactions. Following this, lomefloxacin-containing chondroitin sulfate saccha-

ride was coated onto the previously prepared surface, resulting in a polyelectrolyte com-

plex (PEC). The coatings with the PEC formation between CS and ChS exhibited enhanced 

antibacterial activity against bacterial strains compared to individual coatings. Further-

more, these interactions increased the amount of lomefloxacin adhered to the film coatings 

and extended the drug release profile. Finally, the zone of inhibition test confirmed that 

the CS-ChS coating showed a contact killing mechanism, whereas drug-loaded films 

demonstrated a dual killing mechanism, encompassing both contact and release-based 

antibacterial actions. 

Another example regarding antibacterial properties is described by Chen et al. [134] 

They successfully developed a cost-effective strategy to obtain antibacterial 3D-printed 

PLA disks. They employed the direct adsorption of two antibiotic agents, ampicillin and 

vancomycin, onto the PLA disk surfaces. They observed the maximum adsorption capac-

ities of ampicillin and vancomycin on the PLA disk surfaces to be approximately 75 mg/g 

of PLA and 65 mg/g of PLA, respectively. As they varied the concentration of the antibiotic 

agents in the aqueous solution, they noted a corresponding decrease in the amount of 

antibiotic agents absorbed on the sample surfaces. When they employed an antibiotic 

agent concentration of 50 mg/mL in the aqueous solution for absorption onto the samples, 

they achieved stable drug release profiles. These profiles consistently maintained antibi-

otic agent concentration in the buffer solution above the minimum inhibitory concentra-



Coatings 2023, 13, 1981 17 of 25 
 

 

tion (MIC90) for Staphylococcus aureus. Furthermore, the drug release kinetics of the an-

tibiotic agents from the samples closely followed the Korsmeyer–Peppas model. The bio-

activity of ampicillin and vancomycin, when suitably absorbed onto the sample surfaces, 

remained effective for at least 28 days. In practical terms, the PLA disk with directly ab-

sorbed antibiotic agents reduced the relative optical density of Staphylococcus aureus in 

a solution with a concentration of 106 colony-forming units per milliliter (CFU/mL) to 

40%, compared to a solution with only Staphylococcus aureus under the same conditions. 

3.4. Drug Immobilization Approach 

In this approach, the biomolecule or bioactive agent is effectively anchored to the 

surface of the material through covalent immobilization. Concerning antibacterial behav-

ior, bactericidal agents such as low molecular antibiotics, bacteriophages, cationic antimi-

crobial peptides, lysozyme, or quaternary ammonium polymers can cause bacterial death 

upon contact (Figure 7). Typically, the death of bacteria occurs by either the disruption of 

the bacterial membrane or from specific interactions of the immobilized agent with target 

biomolecules on the bacterial surface. Similarly, anti-inflammatory and anticoagulant 

properties can be obtained by immobilizing agents with the corresponding activity. How-

ever, the mechanisms behind these actions are intricate and depends on the specific agent 

involved. For instance, anti-inflammatory biomolecules such as glycosaminoglycans 

(GAGs), including heparin (HEP), chondroitin sulfate (CS), or hyaluronic acid (HA), 

which have demonstrated significant anti-inflammatory potency in numerous experi-

mental studies and clinical trials, play a different mechanism to induce anti-inflammatory 

response.  

It is noteworthy that in order to carry out the immobilization of the active agents, it 

is necessary to previously modify or activate the material surface. For this purpose, it is 

common to use the aforementioned strategies such as grafting and functionalization, since 

they allow the introduction of suitable functional groups to carry out the conjugation re-

actions such as amidation, esterification, or even click reactions widely used in this regard.  

In this context, the covalent immobilization of antimicrobial peptides onto Ti surfaces 

has indeed been a well-established approach to prevent bacterial adhesion and biofilm 

formation. However, uncertainty remains regarding the necessity of using a spacer to bind 

the peptide onto the surface in order to promote antibacterial adhesion, while maintaining 

excellent biocompatibility. In this sense, the antibacterial properties and the inflammatory 

response elicited by non-functionalized Ti substrates and PEG covered Ti surfaces were 

investigated in a study carried out by Nie and coworkers [135]. Both surfaces were subse-

quently covalently functionalized with KR-12, a derived peptide from LL-37, a substance 

known for its bactericidal and bacteriostatic properties in solution. For this purpose, Ti 

surfaces were initially activated with NaOH alkali solution to introduce OH functional 

groups on the surface and then silanized with (2-aminoethylamino)propyltrimethox-

ysilane. Alternatively, for PEG conjugation, 1-ethyl-3-(3-dimethylaminopropyl)car-

bodiimide (EDC) and N-hydroxysuccinimide (NHS) coupling agents were employed. Fi-

nally, KR-12 peptide was immobilized onto silanizated Ti surfaces and PEG covered Ti 

surfaces using, again, EDC and NHS (Figure 8). Authors reported that the introduction of 

KR-12 profoundly affected bacterial adhesion. Indeed, a significant decrease of bacterial 

adhesion was achieved on both surfaces. In comparative terms, PEGylated surfaces 

demonstrated a marked enhancement in antimicrobial efficacy, resulting in a notable re-

duction in vitro adhesion and biofilm formation of Staphylococcus epidermis compared to 

non-PEGylated Ti surfaces. Furthermore, both PEGylated and non-PEGylated Ti surfaces 

exhibited a significant decrease in TNF-α and IL-1β secretion, leading to macrophages 

remaining in an inactive rounded state. Therefore, this study confirmed the increase in the 

effectiveness of the same active agent by the use of a spacer to attach it to a surface.  
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Figure 8. Schematic representation of different biological compound immobilization onto titanium 

(Ti) and polyurethane (PU) surfaces. 

On the other hand, Andras Heijink and coworkers proposed to enhance the cellular 

adhesion of Ti implant surfaces by functionalizing them with the Arg-Gly-Aps tripeptide 

(RGD) [136]. Their objective was to facilitate the attachment of osteoblasts, a key step in 

achieving improved implant fixation. This study encompassed a comprehensive exami-

nation of the histomorphometric and mechanical performance of Ti implants, exploring 

two different approaches for RGD immobilization: one involving self-assembled mono-

layers of phosphonates (RGD/SAMPS) and the other employing the more conventional 

thiolate-gold interface (RGD/thiolate-gold). The results suggested that RGD/SAMP-

coated implants exhibited a substantially greater affinity for bone growth and superior 

implant fixation compared to their RGD/thiolate-gold-coated surfaces.  

In this context, Hoyos-Nogues and collaborators employed a dual peptide approach 

and PEG coating strategy onto commercially pure Ti samples [137]. They presented a 

method for the development of a trifunctional coating designed to repel bacterial contam-

ination, kill adhering bacteria, and promote osteoblast adhesion. For this purpose, the 

functionalization of Ti surfaces was carried out through the electrodeposition of an anti-

fouling PEG layer, followed by the binding of a peptide platform, which contained RGD 

and LF1-11, which provided both cell-adhesive and bactericidal properties (Figure 8). As 

the results suggested, the deposition of the PEG coating and the immobilization of the 

biomolecules did not alter the morphology and topography of Ti samples. Additionally, 

PET-coated and peptide immobilized samples demonstrated an efficacy in preventing 

protein adsorption and hindered the attachment of osteoblast cells. However, the intro-

duction of cell adhesive domains rescued osteoblast adhesion, resulting in significantly 

higher levels of cell attachment and spreading when compared to control samples. Re-

garding antibacterial properties, the presence of PEG layers led to a substantial reduction 

in bacterial attachment on the surface, which was further improved when the bactericidal 

peptide was introduced, reaching levels below 0.2%. As commented on the Introduction 

Section, the balance between the risk of infection and the optimal osseointegration of a 

biomaterial is often described as “the race for the surface”, in which contaminating bacte-

ria and host tissue cells compete to colonize the implant. In this study, a multifunctional 

coating for Ti surfaces was successfully developed, since it not only promoted the attach-

ment and spreading of osteoblast cells, but also effectively inhibited bacterial colonization.  

Regarding anticoagulant behavior, Tan and coworkers [138] grafted heparin (HEP) 

and phosphorylcholine groups (PC) onto a polyurethane (PU) surface in order to enhance 

biocompatibility and impart anticoagulant properties. After the surface grafting sites of 

PU were amplified with the primary amine groups of polyethylenimine (PEI), heparin 

was covalently anchored to the surface through an amidation reaction. Simultaneously, 

PC groups were covalently immobilized on the PU-PEI surface through the reaction be-

tween the amino group and the aldehyde group of phosphorylcholine glyceraldehyde 

(PCGA) (Figure 8). The resulted PU-HEP and PU-PC composite films exhibited a signifi-

cant reduction in platelet adhesion, underscoring the efficacy in minimizing thrombotic 

events. Importantly, these materials exhibited exceptional antithrombogenicity and blood 
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compatibility, rendering them versatile candidates with potential applications in many 

fields, including artificial blood vessels, artificial heart valve prothesis, or heart stents. Fur-

thermore, these modifications significantly enhanced the hydrophilicity and hemocom-

patibility. These results suggested that the PU-HEP and PU-PC composite films are prom-

ising candidates for blood contacting tissue engineering. 

Similarly, Ozaltin and coworkers employed direct current air plasma treatment onto 

PET in order to create and oxidative layer to bind the marine-derived anticoagulant sul-

phated polysaccharide, fucoidan [139]. To optimize the chemical bonding behavior and, 

consequently, the anticoagulant performance, this immobilization process was meticu-

lously conducted at various pH values from 3 to 7, concluding that pH 5 was optimal. 

Under these conditions, the immobilized fucoidan exhibited exceptional anticoagulant ac-

tivity, consistently surpassing the crucial threshold of 100 s. This remarkable performance 

serves as clear evidence of its complete suitability for PET devices designed for direct con-

tact with blood.  

4. Conclusions and Future Trends 

Biomedical devices play a crucial role in modern medicine; in fact, their use has con-

tributed to significantly improving the quality of life of some patients and even, in some 

cases, life expectancy. For this reason, great efforts have been devoted to developing new 

materials that can be used in the design of these medical devices. In any case, a multidis-

ciplinary approach based on the principles of materials science, engineering, biomechan-

ics, molecular biology, pharmaceuticals, and ongoing comprehensive clinical monitoring 

is mandatory in the design of such implants and prostheses. As a result of this intense 

multidisciplinary research, first generation biomaterials, generally inert materials whose 

only function was to replace organs or tissues, have given way to second generation ma-

terials which, in addition to performing their function, minimize or even cancel the asso-

ciated drawbacks, such as the risk of infection related to bacterial adhesion, thrombus for-

mation, or inflammatory response. 

Research in this field is currently focused on two priority directions. On the one hand, 

the development of new smart implants based on third or even fourth generation materi-

als, with biomimetic properties capable of, after binding to damaged tissue, generating 

signals to stimulate its growth and even disappearing, bio-absorbing once its function has 

been performed.  

On the other hand, 3D printing, currently in full swing, is a revolutionary technique 

with a profound impact on the manufacturing of medical implants mainly due to its great 

precision even with very complex structures. Everything indicates, therefore, that com-

bining 3D printing with smarts biomaterials represents the future not only in the devel-

opment of medical devices but also in the medical industry in general.  
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