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Abstract

:

Electrophoretic deposition (EPD) is a powerful technique to assemble metals, polymer, ceramics, and composite materials into 2D, 3D, and intricately shaped implants. Polymers, proteins, and peptides can be deposited via EPD at room temperature without affecting their chemical structures. Furthermore, EPD is being used to deposit multifunctional coatings (i.e., bioactive, antibacterial, and biocompatible coatings). Recently, EPD was used to architect multi-structured coatings to improve mechanical and biological properties along with the controlled release of drugs/metallic ions. The key characteristics of EPD coatings in terms of inorganic bioactivity and their angiogenic potential coupled with antibacterial properties are the key elements enabling advanced applications of EPD in orthopedic applications. In the emerging field of EPD coatings for hard tissue and soft tissue engineering, an overview of such applications will be presented. The progress in the development of EPD-based polymeric or composite coatings, including their application in orthopedic and targeted drug delivery approaches, will be discussed, with a focus on the effect of different biologically active ions/drugs released from EPD deposits. The literature under discussion involves EPD coatings consisting of chitosan (Chi), zein, polyetheretherketone (PEEK), and their composites. Moreover, in vitro and in vivo investigations of EPD coatings will be discussed in relation to the current main challenge of orthopedic implants, namely that the biomaterial must provide good bone-binding ability and mechanical compatibility.
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1. Introduction


Electrophoretic deposition (EPD) is a versatile technique for depositing metals, metal oxides, polymers, ceramics, and their complex combinations. Various applications of EPD include production of dye-sensitized solar cells, solid oxide fuel cells, batteries, capacitors, fiber-reinforced composites, sensors, corrosion-resistant coatings, deposition of nanotubes, and biomedical materials [1,2,3,4,5,6,7].



EPD is a commonly applied method in the field of biomaterials, especially for producing bioactive coatings [8,9,10,11,12,13]. EPD is helpful in processing micro- and nanostructured biomaterials in simple as well as complex form [14,15,16,17]. EPD provides a simple setup consisting of two electrodes. Two kinds of power sources, alternating current (AC) and direct current (DC), can be applied for EPD [18,19]. The freedom to manipulate nanoparticles in the suspension has brought a lot of new interest to the process. The adjustable shape of the substrates, deposition of materials at room temperature, and the possibility to adjust the thickness as well as the morphology of the coatings by optimizing process parameters, such as applied voltage, the concentration of suspension, and deposition time, make EPD a potential processing method for depositing biopolymers for research purposes and also at large scale [20,21].



In the biomedical field, deposition of thin films or coatings on porous structures, such as on scaffolds, is of great interest, and has become an essential part of tissue engineering and regenerative medicine [22,23,24,25,26]. EPD allows a homogeneous coating consisting of bioactive layers and biological entities (proteins, polymers, enzymes, cells, etc.) with therapeutic metallic ions or drugs on various substrates [27,28]. The development of hydroxyapatite (HA) coatings on Ti substrate, confirming the induced bioactivity of the substrate, gained a lot of attention and initiated further investigations in 1986 [29].



Biomaterial coatings should possess some important properties for their effective utilization in the implant devices, such as biocompatibility, bioactivity, antibacterial effect, surface wettability, adhesion strength, corrosion, wear resistance, and so on. The interaction of coating surface and cells is of crucial consideration when designing the coating material. In some cases, there is a need to modify the surface properties of the base material by depositing an appropriate coating. For example, graphene oxide (GO) was applied on Al substrate to enhance the anticorrosive properties of Al [30]. Similarly, sometimes the surfaces are not responsive to the environment of their application, and we know that in case of biomaterials, wettability is an important factor. Again, EPD can alter the wetting behavior of the base materials [31]. The biomedical coatings are characterized on the basis of various investigative methods for the above-mentioned properties, for example, the formation of HA on coated samples in simulated body fluid (SBF) or phosphate buffer saline (PBS) solution for bioactivity, using cell-line studies for biocompatibility and cell attachment and growth, minimum inhibition zone tests for antibacterial effect, water contact angle measurement for wettability, pencil hardness and scratch tests for adhesion strength, and so on. The characterization of biomaterial coatings are further discussed in detail in the sections of chitosan, zein, and PEEK EPD coatings [32,33,34,35].



Now, EPD is gaining more and more attention due to its applicability for depositing different materials and their complex combinations. Materials deposited via EPD include metals, polymers, ceramics, glasses, and their composites [36,37,38,39,40]. It is also a cost-effective technique, requiring a simple assembly of readily available equipment. Moreover, it is a good technique for depositing large surface areas (from micrometers to meters) and different component shapes.



In this review paper, we will discuss the fundamentals and working of the EPD process, classification of EPD, the key factors, and kinetics on which the performance of EPD is dependent. In the next sections, a detailed discussion on the EPD of biopolymers (chi, zein, PEEK) and their composite coatings with ceramic inclusions and various metallic ions will be presented. The literature and results presented here focus on the last two decades of in vitro and in vivo evaluation of biomaterials for biomedical applications. We focused on the EPD for biostable coatings, suitable for aged patients, and biodegradable coatings, which are suitable for younger patients who can regenerate bones. Among other biopolymers, research is focused on zein, chitosan, and PEEK, due to their biocompatible nature and ease of availability. Thus, we have emphasized EPD of the selected biopolymers in this review.




2. Electrophoretic Deposition


EPD is a technique for processing suspensions in which deposition occurs on the oppositely charged substrate as the result of migration of charged particles in the suspension when subjected to an electric field. It is a flexible technique, well-suited to the processing of polymers, ceramics, and composites. The EPD process occurs in two stages. The first stage is the generation of positive or negative charge on the suspension/colloidal species, followed by their movement towards oppositely charged electrode due to applied current, known as electrophoresis. Some materials inherently have charge on their surface due to some functional groups, or the charge on the species can be generated by adding an acid or a base to the suspension. The second stage involves the deposition of the charged species on the surface of the oppositely charged electrodes due to the coagulation of particles [7,41,42]. The basic setup of EPD consists of two electrodes adjusted in parallel, dipped in the charged suspension, and connected with a power source, as shown in Figure 1. The power source enables the unification and deposition of charged particles, in the form of thick or thin coatings, onto substrates of any shape and any size.



2.1. Classification of EPD


The EPD process is generally divided in two main types, that is, cathodic EPD and anodic EPD. Cathodic EPD is defined as the deposition of positive charges on the cathode (i.e., negative electrode) (Figure 1) and anodic EPD is the deposition of negative charges on the anode (i.e., positive electrode).



EPD is also categorized based on the type of supplied electric signal. The electric field is either provided as DC or AC. DC and AC signals are divided into constant DC (CDC) and pulsed DC (PDC), and symmetrical AC and asymmetrical AC (without and with DC component), respectively [43]. Figure 2 represents various types of electric signals supplied to the process.



Although the choice of the electric signal depends on the required physical and chemical properties of the deposited film, in general, AC-EPD has few advantages over DC-EPD. In DC-EPD, the electrolysis of water takes place in the aqueous suspensions at a low voltage as well, which causes hydrogen and oxygen gases to evolve at the cathode and anode, respectively. The bubble formation on the depositing electrode results in the porosity of coating generating poor mechanical properties. This problem can be overcome by applying AC signals instead of DC signals in aqueous electrolytes. The application of AC prevents or minimizes the electrolysis of water molecules and produces denser coatings of good quality [44]. This phenomenon is especially important in the EPD of sensitive biological and biochemical species such as cells, enzymes, and proteins, where consolidation of said entities depends on the electrophoresis mobility [45,46].




2.2. Key Parameters Affecting EPD


Several factors influence the deposition process and deposition yield in EPD. The first and foremost requirement for the process is to form a stable suspension of positively or negatively charged particles. These particles move towards anode or cathode depending upon their charge and get deposited on the respective electrodes. The parameters influencing the EPD process can be divided into two categories: parameters associated with suspension stability and parameters associated with the deposition process [41,47].



Electrophoresis is the migration of charged particles or molecules in a suspension when an electric field is applied. Various factors affecting the mobility of charged particles are mainly related to the characteristics of the suspension. Equation (1) [48] mathematically relates the prominent factors influencing electrophoretic mobility (EM).


µ = 2εζ/3η f(ka)



(1)




where:




	
µ, EM;



	
ε, dielectric constant;



	
ζ, zeta-potential;



	
η, viscosity;



	
f(ka), Henry’s function.








According to Equation (1), µ increases with increasing dielectric constant and zeta potential values, whereas it decreases for high viscosity values. It is imperative to optimize all the factors involved in the process to produce high-quality films or coatings [49]. These factors are discussed one by one.



2.2.1. Parameters Related to Suspension Stability


(a) Zeta potential



Electrokinetic potential, or zeta potential, is the charge that develops at the boundary of a solid and a liquid medium. Almost all the particles coming in contact with a liquid medium attain an electronic charge on their surface. This potential is measured in millivolts (mV) [50]. As shown in Figure 3, a layer of positively charged ions is accumulated over the surface of the negatively charged particle. The total charge on the particle surface decides the nearby ionic distribution, forming an electric double layer (EDL) in the region of the solid–liquid interface. The inner side of the EDL (i.e., the stern layer) contains ions firmly adherent to the surface of the particle, and at the outer side of the EDL (i.e., the slipping plane), the ions gather as a result of electrostatic forces. Zeta potential is the sum of surface charge generated initially and the charge of accumulated layers [51].



The overall stability of the suspension depends on the zeta potential value of particles. It helps determine the intensity of repulsive forces between particles of similar charge, which directly influences suspension stability. Highly charged particles are required to produce a considerable electrostatic repulsion, preventing the flocculation and settling of the weakly charged particles. In addition, particles with high surface charge will have more energy to move through the electrolyte. Thus, a high zeta potential is required for good EM.



Zeta potential calculations exhibit surface functionality, stability of the dispersed particles in suspension, and the interaction of dissolved compounds with the surface of the solid [53]. Zeta potential reflects the electrostatic repulsion of particles among themselves. In general consideration, zeta potential values above +30 mV and below −30 mV indicate stable dispersion of particles [54,55], as depicted in the plot of Figure 3. The magnitude of zeta potential indicates the stability of the suspension, whereas the sign of zeta potential shows the dominancy of positive or negative charge at the surface. Outside the limit of ± 30 mV, particles are likely to aggregate and settle down in the container.



(b) pH of suspension



Zeta potential is a function of pH, as we can induce the required charge in the suspension by adding weak acids, bases, and ions from metallic salts. A lower pH value indicates a lower ionization rate of the acid and a higher pH value indicates a high ionization rate of the added acid; thus, pH determines the degree of ionization [55]. At elevated ionization rates, the acid or base will produce more charged particles in the suspension, which will elevate the electrophoretic mobility.



(c) Viscosity of solvents



Viscosity of solvents indirectly relates to the EM. The higher the viscosity, the lower will be the EM [56]. Solvents having low viscosity values tend to achieve higher mobility, resulting in good deposition.



(d) Dielectric constant of liquid



Generally, EM tends to increase with the dielectric constant of the liquid [57]. At low dielectric constant value, EM is very slow due to insufficient dissociative energy required by the particles for good deposition [41]. At high values of dielectric constant, the size of the double layer decreases due to high ionic concentration, which, in turn, reduces the rate of EM.



(e) Conductivity of suspension



There exist an inverse relation between EM and conduction of the suspension [58]. Low ionic conduction favors the EM, and high conductivity values impose resistance to the particle motion. The conductivity of the suspension differs from that of the pure liquid. The impurities/solute forming the suspension greatly affect its properties, and EM is also one of them. When a suspension is highly conductive, particles move at a slow rate, and when a suspension is highly resistive, the stability of the charged particles gets lost due to electronic charging. Therefore, there is a narrow range of conductivity values over which a good deposition of particles is achieved.



(f) Particle size



Particle size and morphology directly affects the zeta potential of suspension [50]. It is important that the particles in suspension remain stable and uniformly dispersed. If the particle size is too large, they will settle down under the gravitational effect. The mobility of particles under applied electric field should be more than that of particles mobility under the effect of gravitational field. EM is large for small-sized particles, as particles less than 1µm in size remain in the suspension and do not settle down owing to their natural Brownian motion, thus providing thick and uniform coating with enhanced properties [59]. For large-sized particles to have effective mobility, a strong electric field is needed.




2.2.2. Parameters Related to Processing


(a) Effect of deposition time



As time passes, the deposition rate at a certain applied electric field decreases. During the initial stage of the EPD process, the deposition increases linearly with time, but after some time, a level is attained after which no further deposition is achieved. The reason for this is the formation of a deposit on the surface of the electrode which acts as an insulator, inhibiting further attachment of the particles [60,61].



(b) Effect of applied voltage



The force responsible for the EPD process is applied voltage or electric field. There are also free ions present in the suspension that take up some of the electric energy. The ample amount of applied field is necessary to trigger the process of EPD. At low fields, the particles do not even get to move in the suspension. The deposition rate increases with the amount of applied voltage. An optimum range of applied field should be selected for the EPD process to run, because the high electric field affects the quality of deposited film too. With high voltage, particles move rapidly and do not get enough time to deposit uniformly on the substrate [62].



(c) Conductivity of substrate



The substrate conductivity holds an important place in the quality of deposit. Substrates having low conductivity values leads to low deposition yield, even after long periods of time [63]. The deposited film is also non-uniform in thickness.



(d) Concentration of material



The concentration of a specific material in the suspension plays a significant role in the EPD process, especially in the case of multi-component systems [64]. The particles in the suspension have the same charge on the surface, so their deposition rate should be same. However, the volume fraction of particles in the suspension affects the rate of deposition. A high volume fraction attains uniform deposition at elevated rates. As for a low volume fraction, the deposition rate is determined by the individual EM.





2.3. EPD Kinetics


As discussed above, a lot of factors involving suspension properties and processing conditions affect the outcome of EPD; this is why it is important to optimize the parameters to produce high quality products [65]. Various theories to explain the mechanism behind the EPD process have been proposed over the years. Hamaker et al. [66] correlated the EPD processing parameters with the deposition kinetics. According to Hamaker’s law, deposition yield (w) is directly related to the strength of applied electric field (E), electrophoresis (µ), surface area of the electrode (A), and concentration of particles in suspension (C). The expression relating all the parameters is given below as Equation (2) [66].


  w =   ∫    t 1     t 2       µ  · E · A · C · dt  



(2)







The expression shows a linear behavior of deposition yield and applied voltage. However, there is a deviation from this model due to the interactive forces between charged particles [67]. To overcome the repulsive interaction of same charges, a low-strength electric field is required. The particles need to coagulate to get deposit over the electrode, but the repulsive interaction among them inhibits the coagulation, thus resulting in poor deposition yield. Hamaker’s law is also inapplicable for prolonged deposition times and at higher voltages, because with the passage of time, the film deposited over the surface of electrode starts to shield further deposition of the particles. Furthermore, the amount of particles in the suspension decreases with time, which leads to multiple modifications of the law.



Sarkar et al. [68] presented the EPD kinetics in terms of four different graphs. The deposition time (along x-axis) vs. deposition weight (along y-axis) graphs were plotted under fixed current and voltage conditions, with fixed and decreasing concentration of particles in the suspension, as shown in Figure 4. The curves A and C were plotted under constant current and constant voltage conditions, respectively, keeping constant concentration of suspension, whereas curves B and D were plotted for decreasing suspension concentration under constant current and constant voltage, respectively. They concluded that with the passage of time, deposited mass acts as a barrier to further deposition and attains higher electrical resistance. Thus, the driving force (i.e., electric force) required for the movement of particles decreases with time. The study done by Biesheuvel and Verweij et al. [69] also strengthens this conclusion. They also concluded that with time, the deposit on the electrode thickens, causing a shielding effect against the particles still present in the suspension. For the constant deposition of particles, constant mobility of particles is necessary.



Most of the models explaining EPD kinetics are based on the Derjaguin–Landau-Verwy–Overbeek (DLVO) theory and the distortion effect of EDL. In recent years, more attention has been given to mathematically relate the deposition parameters with deposition yield [6,70,71].



Nevertheless, there are several theories on how a deposit in EPD is formed, and the exact mechanism still remains unknown. The more challenging task is to optimize the EPD parameters to obtain the high-quality deposit. Trial-Error or one variable at time (OVAT) are commonly applied approaches to choosing working parameters, but the unnecessary investment of time, material, and efforts can be avoided by adopting a more efficient statistical tool, the Taguchi design of experiment (DoE) approach. [72,73]. This approach is based on selecting working parameters by focusing on their cause-and-effect behavior. It helps reduce the number of experiments performed for the process optimization.



EPD of chi, zein, and PEEK for various applications are discussed in upcoming sections. Table 1 represents the suspension details and processing conditions for all the coatings mentioned in these sections.




2.4. EPD of Chitosan-Based Coatings


A natural biopolymer, chi is obtained from the exo-skeletons of crustaceans (crab, lobster, shellfish, crayfish, shrimp, etc.). It is a cationic polysaccharide widely used for biomedical applications owing to its non-toxicity and high compatibility with biological entities. Prominent features of chi include biodegradability [110], antibacterial activity [111], cytocompatibility [112], wound healing [113,114], and appreciable mechanical properties [115].



Extensive research is available on the deposition of chi-based coatings through the EPD process [116,117,118,119]. The literature on EPD of chi goes back quite a few decades. Although chi was successfully synthesized in 1859 by a French professor, C. Rouget [120], via deacetylation of its natural extract, chitin, only in the 1980s were its application in skin and wound healing proposed by Domard and Rinaudo [121].



A detailed review article was published in 2019 by Avcu et al. [122] based on the EPD of chi composite coatings. The review presented information on how chitosan can be applied as an individual polymeric film on various substrates, but due to fast drug release, higher degradation rates, and poor mechanical properties resulting in wear and corrosion of implants, some other biopolymers (BG, HA, gelatin, silica gel, etc.), along with some metallic ions (Ag, Sr, Zn; zinc, Mn, etc.), for enhanced bioactivity were incorporated in the coatings. Atiq et al. [74] demonstrated the EPD of chitosan incorporated with BG and lawsone (a component of the natural herb henna) on 316L-SS substrate. A coating of uniform thickness with uniformly dispersed BG particles was obtained, as shown in the SEM (scanning electron microscopy) images given in Figure 5. A drug release study was also done for a chi/BG/lawsone coating, which indicated burst release of the drug, especially in region II, as shown in the graph in Figure 6.



For biomaterials, carrying the drug to the site of infection and releasing it through controlled degradation of applied coating is desired; it should release the drug at a slow rate over a longer period of time. Gelatin is a biopolymer with good mechanical properties. It also controls the degradation kinetics of the coating. Therefore, it is a good idea to incorporate gelatin in EPD coating of chi for sustained drug release. Aqib et al. [75] incorporated gelatin in chi coating on SS for orthopedic implants. The FTIR analysis showed the transfer of feature peaks of chi and gelatin in the FTIR plot, indicating the molecular interaction of the functional groups present in chi (NH3+) and gelatin (-COO−), as shown in Figure 7. The cross-linking between chi and gelatin at the molecular level is able to control the degradation rate of the composite coating, thus resulting in sustained release of the drug. These results are also supported by Aydemir et al. [76] in chi/gelatin/silica-gentamicin coatings via EPD.



SS and Ti implants are commonly used for implantation in orthopedics and dentistry. These metallic implants provide better mechanical properties but do not adhere well to the natural tissues and show deficiency in bioactivity. Sometimes they release toxic metallic ions. In addition, the suitability of biomedical implants is determined by the surface roughness and wettability characteristics. All these properties can be improved simultaneously by adding bio-ceramic particles, including HA, BG, CaP, tri-calcium phosphate, phosphate-based glasses, and so on. Osama et al. [77] deposited chi/HA coatings on SS incorporated with Ag and Sr. The wettability test was performed to determine the hydrophilic character of the composite coating. It was observed that the contact angle decreased after the addition of HA, which indicated the increased hydrophilic nature of the composite coating. Furthermore, the mean surface roughness value for 316L-SS was calculated as 0.2 ± 0.1 μm, and for the Ag-Sr/HA/chi composite coating, it was 1.2 ± 0.2 μm. These results were favorable for enhanced cell attachment and proliferation. As Ag can produce toxic effects in the body if released above a safe limit, the addition of Sr can mitigate the release of Ag-ion, Osama et al. concluded as well. Nawaz et al. [78] produced a chi/gelatin composite coating with MBGNs on SS via EPD. Positive results were obtained by Halo test, which was performed to study the antibacterial effect of the chi-based composite coating against Gram-positive and Gram-negative bacteria.



Related results were reported by Pishbin et al. [79] for a chi/BG coating loaded with gentamicin through EPD. Bactericidal effect was analyzed using the disc method immersed in PBS, by measuring the zone of inhibition after various time intervals up to 10 days, as shown in Figure 8A. The bar chart shows up to 13 mm diameter of inhibition zone in the first two days. This enhanced antibacterial effect was produced due to the burst release of the antibiotic gentamicin in that time interval. After two days, the zone of inhibition decreased, ranging between 6 and 8 mm diameter. An in vitro bioactivity test performed using SBF demonstrated the formation of an HA layer over the coating surface, increasing sticking and proliferation of MG-63 osteoblast-like cells. Figure 8B display energy-dispersive X-ray spectroscopy (EDX) spectra of chi/BG/gentamicin after 14 days soaking in SBF. Characteristic peaks of Ca and P are prominent, showing the formation of an apatite layer. The cellular response of MG-63 cell line was administered after seven days of tissue culture. The plot given in Figure 8C clearly shows the increased cell number for chi/BG/gentamicin composite coating.



Most orthopedic implants use Ti and SS as the substrate material, as perceived from all the mentioned research. Though metals provide a mechanical advantage, they are not stable in the presence of physiological fluids and become corrosive in the long run, especially SS implants [123]. Ion release from these metals can result in cytotoxicity and serious allergenic problems [124,125,126]. One such case was reported by Lieberman et al. [127] after persisting knee pain and effusion complaints from the patient who went through total knee anthroplasty (TKA). The study was conducted to investigate the complications. Radiographs and lymphocyte transformation testing (LTT) confirmed the femoral loosening and nickel (Ni) sensitivity, respectively, which led to revisionary surgery using an Ni-free implant. The radiograph shown in Figure 9 represents the state of the femoral implant in the left knee post-op (dated: 14 March 2017) and at 2-years follow-up (dated: 5 February 2019), clearly displaying loosening of implant.



Considering the painful fact that many individuals have to go through this around the globe, researchers are investigating how to enhance the corrosion resistance of metal implants [128,129,130]. Gebhardt et al. [80] characterized the EPD of chitosan on 316L-SS substrate. Corrosion analysis was conducted in SBF at 37 °C for coated and uncoated samples. EPD was done on two values of electric field (i.e., 2 V/cm and 5 V/cm) for 7 min. Electrochemical impedance spectroscopy (EIS) results (Figure 10) showed better corrosion resistance of chi-coated SS as compared to uncoated SS.



Agata et al. [81] conducted a study on the corrosion resistance of Ti substrate coated with chi/BG via EPD. It was noted by him that production of H2O2 as a result of inflammation after implantation is the main cause of the accelerated corrosion rate of Ti implants. Therefore, it is imperative to control the dissolution of Ti by generating a protective layer in the presence of H2O2. The EIS spectra and charge transfer resistance chart confirmed the enhanced corrosion protection of chi/BG-coated Ti samples as compared to bare Ti, as shown in Figure 11A,B.



Another factor hampering the biomedical applications of metallic implants is the wear problem associated with metals. To improve the surface properties, these metals are coated with various biopolymers (e.g., chi, gelatin, zein, etc). As discussed before, deposition of a polymeric substance alone results in poor mechanical strength of implants, so to avoid this, we incorporate some bio-ceramic particles to the polymer (e.g., BG, silica, HA, h-BN, etc.) [131]. These ceramic particles have their own issues of wear and brittleness. This leads to the concept of composite coatings based on biopolymers acting as binders and bio-ceramics as a source of mechanical strength.



To assess the wear mechanism of chi coating on Ti15Mo alloy surface, Szklarska et al. [82] conducted tribological analysis. Coatings were deposited at different voltages for different time periods, as shown in Figure 12A–D. The coating deposited at a high voltage of 10 V and for 300 s gave the best results for the abrasion test. The results were recorded in the form of a friction co-efficient (µ) vs. friction distance (m) plot. The wear track monitored by SEM for best coating deposited at 10 V for 300 s (Chi/300/10) is shown in Figure 12E.



In Vivo Testing of Chi-Based Coatings


After satisfactory results obtained from in vitro testing, in vivo testing is very important to perceive the actual response of the living body towards coated implant materials. For in vivo testing, animals (preferably mice) are used, because they exhibit a close resemblance to humans in terms of genetic, biological, and social behavior. Furthermore, the mice for medical trials are usually inbred (not taken from streets), so their genetic material closely matches humans’ [132]. Other advantages include small size, availability, low cost, and easy handling.



Bariana et al. [133] performed an in vivo rat study to inhibit cranial bone regeneration in rats as a result of developmental disorder during infancy. In this work, Ti with electrochemically grown titania nanotubes (TNTs) was used as a substrate, which was further coated with chi for sustained drug release after loading TNTs with GPC3 drug. Figure 13 represents the schematic of the adopted methodology for the Ti/TNT/chi/GPC3 coating.



Two study models were adopted in this research: a wildtype model (as proof of principle) and Crouzon (CZ) model (as study aim). We will only discuss the CZ model here. In this model, Ti/TNT/GPC3 samples were analyzed in vivo, with and without chi coating. Figure 14A,B shows the top and side view of the cranium with critical-sized defects (CSDs) created surgically, and Figure 14C shows bone volume % around CSDs. Ti/TNT/GPC3 samples displayed significant control over bone regeneration as compared to Ti/TNT/chitosan/GPC3. Still, as compared to the control, both samples with and without chi were able to inhibit the abnormal bone growth.



The above discussion gives a general idea of how chi is being employed in the biomedical field and how it is benefiting society. The main purpose in analyzing biopolymers like chi is to impart beneficial properties (bioactive and antibacterial) to such materials in metallic implants. As EPD is a facile and cost-effective method, and it can be tuned easily by adjusting suspension and process parameters to obtain desired coatings. The recent trend of co-substitution of bioceramics and metallic ion doping has greatly improved the bioactivity and antimicrobial effect of chitosan composite coatings. Still, there are challenges we need to face in terms of mechanical aspects and application of these composite coatings in real-life conditions.





2.5. EPD of Zein Based Coatings


Zein is another natural polymer obtained from plants (specifically from maize/corn). It is a hydrophobic protein, soluble in alcohol, widely used in the food industry and biomedical field [134]. Zein is a hard but flexible material with excellent antibacterial and antioxidant properties [135,136]. As the interest of scientific community has shifted towards finding suitable materials for controlled drug delivery in vivo, zein has emerged as a potential candidate due to its biocompatibility and biodegradability [137]. Extensive research has been carried out on zein and zein-based composites for targeted drug delivery and tissue engineering [138,139]. The amino acids present in zein, such as leucine and proline, are helpful in regulating muscle protein metabolism and enhanced bioactivity of osteoclasts, making it suitable for bone healing applications [83]. Zein is a relatively new polymer to be deposited by EPD as compared to chitosan.



Different zein-based coatings are being developed. In the field of orthopedics, zein is used as coating on SS, Ti, and Mg implants, and as a fixation device [140,141,142]. As discussed in Section 2.4 in case of problems associated with metallic implants (e.g., toxic ion release, corrosion, etc.) and the poor mechanical aspects of zein (being a polymer), it is often mixed with some other components, such as bioceramics (HA, Silica, BG) and antibacterial metal ions (Ag, Sr, Mn, Zn, Cu). The resulting composite not only possesses augmented bioactivity but also provides a very good barrier layer against corrosion and wear for medical devices [143,144,145].



EPD is the most facile and economical coating technique adopted for this purpose [131]. Ramos et al. [83] performed experiments with zein/BG coating on 316L-SS in binary solutions of water and ethanol with varying proportions of both solutes and solvents. The effect of varying voltage and deposition time was also recorded to optimize the process parameters. In conclusion, equal amounts of zein/BG at low voltages were found to result in good-quality coatings.



The mechanism behind the EPD of zein coatings was first investigated by Kaya et al. [84] at various voltages and deposition times on 316L-SS substrate. The EPD mechanism suggested in this work was based on the chemical reactions occurring in acidic environment during deposition. Smooth and homogeneous coatings were obtained, with the highest deposition yield at 10 V for 10 min. The coating was detached from the substrate to infer the self-standing status of the zein coating. The SEM micrograph showing film like coating (A) and digital image of detached film (B) is shown in the Figure 15. As shown, the zein film had no scratch or crack after detaching from substrate.



The drug-carrying ability of biopolymers is a much-explored feature at present. Conventional oral drug administration is not as effective as local drug delivery, which is more efficient and safer [146]. Zein shows capacity as a drug carrier in the particulate form. A study conducted by Muller et al. [147] concluded that the microspheres of zein alone, and also in zein/chi composite form, have ample space for drug loading. The zein/chitosan microparticles were found to be more porous than zein. SEM images of microparticles of zein and zein/chi are shown in Figure 16A,B, along with the Fourier transform infrared (FTIR) spectra of zein, chi, and zein/chi (Figure 16C). The FTIR plot confirms the occurrence of hydrogen bonding between amino groups of zein and chi. Although the authors did not further explore the actual drug loading and subsequent drug release from the microparticles, the mentioned results did confirm the ability of the zein/chi particles to be used for drug carrying applications. This study provides a good direction for future investigations on zein microparticles with other polymers (chi, alginate, gelatin) along with bioceramic particles (BG, HA, silica, CaP glasses). This could add significant knowledge for the scientific community working with biopolymers. These particles can be deposited by EPD over various biocompatible substrates for further research.



For biological applications, it is necessary to analyze the surface of the coating, because it is the surface that comes in contact with the body environment and not the bulk material. Wettability and surface roughness are basic tests conducted to evaluate cellular interaction with coating. As the rough surface provides more sites for cell attachment and proliferation, the wettability study is also important to check how the surface will interact with physiological fluids, because after implantation, fluid is the first thing that comes in contact with the implanted device. Generally, a. contact angle ranging between 35 and 80° is considered suitable [148]. Relevant results for the contact angle were found by Ahmed et al. [85]. The contact angle for zein/HA coating with DI water was measured as 50 ± 2°, which is in the ideal range, as mentioned above. HA incorporated in zein also augmented the hydrophilic capacity of zein coating. The average value for surface roughness was 1 ± 0.1 µm, which is considered good for appropriate interaction with osteoblast-like cells [149].



The bioactivity of zein coating is characterized by its tendency to form an apatite layer on its surface. The apatite formed on the implant has the same chemical composition as naturally found apatite, which is good for enhanced osteoconductivity. This helps to produce strong bonding between the implant surface and living tissues. HA incorporation in zein polymer not only enhances bioactivity but also improves mechanical aspects of the coating [150]. An in vitro bioactivity test in SBF performed by Ahmed et al. [86] for zein/HA coating revealed the formation of HA crystals in the form of cauliflower-like structures on the surface of the coating.



Bioactive coatings impart good antibacterial effects in living bodies. To comprehend the response of zein coatings towards biofilm growth on the surface of the implant, Arango et al. [151] applied a combination of manuka honey (herbal medicine) and zein on 45S5 BG scaffold. Application of honey is an ancient remedy for healing wounds. The antimicrobial and antioxidant effect of honey was imparted to the BG scaffolds along with zein, and the in vitro effect of coated and uncoated samples was tested against Gram-positive S. aureus bacteria. The enhanced antibacterial effect was noted for its coated scaffold. The plot given in Figure 17 exhibits the colony forming unit (CFU) of bacteria vs. time. As seen, significantly lower numbers of bacterial colonies are formed for 20 MH (manuka honey) and zein coating.



Other than SS and Ti, Mg is also a candidate for orthopedic implants due to its high biocompatibility and close elastic modulus to the natural bone [152]. The degradation rate of Mg is high in physiological environment making Mg suitable for temporary implantation devices [119,153]. Biodegradable materials like Mg dissolve in the body under the effect of corrosion with the passage of time and there is no need for second surgery to remove them. But fast degradation rate can result in premature dissolution of implant without fulfilling its purpose. Zein and zein based composite coatings are said to decrease the degradation rate of Mg by forming a protective layer over the metal surface. Atiq et al. [87] deposited zein incorporated with BG particles over pre-treated Mg substrate. EIS was performed to investigate the improved corrosion resistance of Mg substrate after coating with zein/BG. The polarization curves for pure Mg, and coated samples are shown in Figure 18. As the corrosion resistance is inversely related to the current density [154], the plot show that Icorr decreased for zein coating and it was further reduced for zein/BG composite coating. Hence, zein coating was found effective against corrosion of Mg.



In Vivo Testing of Zein-Based Coating


The in vivo efficiency of zein coatings is a vital aspect to analyze before implementing them in the living environment. An in vivo study performed in a mouse model was put forward by Ramos et al. [88], in which zein/BG/Cu-based coating on 316L-SS was tested for bone healing. At first, in vitro testing was done, which presented satisfactory results for cytocompatibility, osteogenesis, and antibacterial activity. Figure 19 summarizes the in vivo test results. In part A, it was observed that the induced infection in mice was controlled due to Cu incorporation in zein/BG. In Figure 19B, we can see the CFU for zein, zein/BG, and zein/CuBG coatings. In the case of the zein/CuBG coating, no bacterial colonies were present, and for zein and zein/BG coatings, no significant control in bacterial growth was observed. In terms of angiogenesis, zein (Figure 19C–E), zein/BG (Figure 19F–H), and zein/CuBG (Figure 19I–K) coatings all showed the formation of tissues, whereas vessels of about 50–55 μm were formed only in the case of zein/CuBG. Therefore, the results showed that the enhanced angiogenic and antibacterial effect was due to the Cu incorporation and not zein/BG.





2.6. EPD of PEEK Based Coatings


PEEK is a man-made thermoplastic polymer, widely used as biomaterial for orthopedic, trauma, and spinal implants. PEEK comes from the class of polyetherketones, consisting of benzene rings linked by one ketone and two ether functional groups [155]. The stability of PEEK comes from its chemical structure, due to delocalization of its valence electrons through the polymer chain, providing high resistance to all types of degradation mechanisms (i.e., chemical, physical, and thermal) [89]. Owing to these properties, PEEK becomes useful in the insulation of wires and as coating on industrial heat exchangers. PEEK is also compatible with reinforcing agents including ceramics, glasses, and carbon fibers (CFs). The incorporation of the reinforcement particles improves the specific strength and Young’s modulus of PEEK composite materials. PEEK individually has a Young’s modulus of 3–4 GPa, which can be increased up to >18 GPa after incorporating various ceramics and glasses. The improvement in mechanical aspects of PEEK composite materials render it suitable for orthopedic implants [72,156].



One important aspect of PEEK is its degree of crystallinity, which determines its mechanical integrity [90]. PEEK is a semi-crystalline polymer consisting of two phases (i.e., amorphous and crystalline). The degree of crystallinity in PEEK is related to the provided cooling rate after melting. Generally, in slow cooling, the molecular chains get enough time to rotate and reorganize into an ordered structure [91,157,158]. Amorphous PEEK gets crystallized at a glass transition temperature (Tg) of 143 °C. This temperature is well below the melting temperature of PEEK, which is 345 °C [156,159].



The inherent drawbacks related to metallic implants fueled investigations of alternate materials with more biocompatible natures. In the late 1990s, PEEK emerged as a potential replacement for metals, especially in spinal and orthopedic implants [156]. Commercialization of PEEK only started after recognizing its resistance to degradation in various biological environments [156,160]. Moreover, sterilization of PEEK-based implants is possible in a number of environments (UV radiations, gamma radiations) without imparting significant influence on its mechanical integrity [161,162,163].



PEEK is a highly bio-inert polymer; thus, it cannot form a bond with the natural tissues. Nevertheless, PEEK is considered as a safe implant material because it does not react with the human tissues, nor induce any toxic biochemical reaction. The mechanical properties of PEEK are favorable for orthopedic and spinal implants [92]. Here, we present a brief overview of how PEEK and PEEK-based composites have been deposited via EPD for biomedical applications. PEEK alone is a bio-inert material; thus, in order to tune the biological properties, it is important to mix PEEK with bioceramics such as HA, BG, calcium phosphate cements, and so on [93,164]. Furthermore, PEEK is also mixed with alumina, titania, zirconia, graphene (G), carbon nanotubes (CNTs), and h-BN to improve the mechanical integrity of the coatings [89,96,97,98,99,100,101,155,165].



PEEK was first deposited via EPD by Wang et al. [102]. It was observed that uniform films of PEEK can be deposited by varying the deposition voltage and deposition time. However, the challenge is to develop a stable suspension containing PEEK particles. The PEEK-containing suspensions were prepared by using different solvents, for example, ethanol, propanol, and mixture of ethanol and water. One of the best strategies was to disperse PEEK in ethanol at a pH of 6.5.



The preparation of a stable suspension containing multiple particles is a challenging task. The task becomes even more complicated in the presence of PEEK. Thus, forming a uniform deposit from a single suspension containing multiple particles was difficult. However, the scientific community has run a series of experiments to develop stable suspensions for PEEK-based composites, leading to stable suspensions [165,166]. Recently Ur Rehman et al. [94] employed the Taguchi DoE approach to deposited PEEK/BG coatings. It was observed that the PEEK/BG coatings were uniformly deposited by following the deposition parameters and suspension composition suggested by the DoE approach. Figure 20 show that the PEEK/BG particles are uniformly dispersed when applying a deposition voltage of 100–110 V for 120 s of deposition time. Inter-electrode spacing was kept at 5 mm. The results of morphological analysis were found be in good agreement with the DoE results, thus confirming the applicability of the DoE approach in optimizing complex processes.



Similarly, PEEK/GO composite coatings were uniformly deposited via EPD. The solvent was a mixture of propanol and ethanol. The relatively strong ultrasonication allowed a uniform dispersion of PEEK and GO, which resulted in uniform coatings. Figure 21 shows that PEEK was stabilized in the mixture of ethanol and isopropanol by using a tip sonicator. The controlled sonication parameters allowed the deagglomeration of PEEK particles. Afterwards, GO was added to the stabilized PEEK suspension. Uniform coatings were deposited via DC-EPD. The coatings were subsequently dried at 150 °C, and sintered at 380 °C. It was shown that uniform coatings can be obtained by following the scheme presented in Figure 21 [103].



Although the challenge of the deposition of PEEK-based composite coatings was solved through the choice of relevant solvent and tuning deposition parameters, PEEK-based composite coatings require sintering to achieve the appropriate adhesion strength and wettability. The choice of the right sintering temperature requires lot of experimentation (e.g., sintering temperature, sintering time, ramp rate). For example, a recent study has shown that PEEK/BG coatings sintered at 400 °C presented good adhesive strength and bioactivity [93].



PEEK-based composite coatings are mechanically robust while showing improved adhesion strength with the substrate, and better wear and corrosion resistance [167]. For example, PEEK/BG coatings applied on 316L-SS showed an adhesion strength of ~15 N, which is suitable for orthopedic applications [95,104]. The adhesion strength of PEEK composite coatings are attributed to the selection of appropriate sintering temperature and deposition parameters. If the sintering temperature is appropriate (i.e., it allows the molten PEEK pool to cover the substrate completely), this will lead to strong adhesion with the substrate. If the sintering temperature is low and the degree of superheating is not enough to cover the metallic substrate (less fluidity of molten PEEK upon sintering), the embedded ceramic particles will be loosely packed, resulting in poor adhesion with the metallic substrate. In another study, PEEK/graphite coatings showed an adhesion strength of ~23 N. Furthermore, adhesion strength of PEEK coatings was observed to be reduced upon adding graphite. Thus, the second phase must be full covered by PEEK in order to achieve good adhesion with the substrate [105]. PEEK/Si3N4 composite coatings were deposited on Ti alloy, and it was observed that adhesion strength of PEEK (only) coating was better compared to that of the PEEK/Si3N4 composite coatings, as shown in Figure 22 [106]. PEEK/Si3N4 composite coatings showed ~30N adhesion strength, which is very good in terms of biomedical applications. The possible reason for the better adhesion strength achieved may be due the different quality of PEEK used (i.e., PEEK 708X was used in study and many other studies used 704X) [106]. Thus, the particle size of PEEK is important in determining the adhesion strength of the coatings.



A strong barrier is also produced by layers of PEEK-based composite coatings in between the implant surface and physiological environment. As discussed earlier, the selection of appropriate sintering temperature governs the adhesion strength; the case is similar for wear and corrosion resistance, where PEEK-based composite coatings perform as a compliant layer between the substrate and coatings. For example, the corrosion resistance of steel was improved 10-fold through PEEK/BG coating. Figure 23 shows the strong decrease in the current density of the composite coatings in comparison to the bare 316L-SS [93]. This indicates the strong corrosion-resistance behavior of PEEK/BG composite coatings. In another study, it was shown that the PEEK/alumina coatings deposited on Ti alloy also improved the corrosion resistance of substrate material. A possible reason is that the PEEK covers the substrate completely (in the case of optimized sintering and deposition parameters) and acts as a barrier between the physiological environment and substrate. It is important to improve the corrosion resistance of the substrate material in order to inhibit the uncontrolled release of toxic metal ions, which may cause allergy, thus leading to implant loosening and the eventual failure of the implant [89].



In addition to adhesive strength and wear of the coatings, wear resistance of the coating is also important. It is important that the coatings should provide suitable wear resistance when in contact with the natural tissues. Poor wear resistance of the coatings leads to the release of wear debris in the body, which is often very painful for the patients. The combination of PEEK with various ceramic materials is being studied in the literature. It has been reported that PEEK-based composite coatings can improve the wear resistance of the coatings [89,97,107,165]. For example, Virk et al. [107] showed that PEEK/BG composite coatings showed better wear resistance. More interestingly, it was shown that the incorporation of h-BN in the PEEK/BG matrix further improves wear resistance. Furthermore, PEEK also provided the lubrication effect required in the orthopedic joints, which further confirms the suitability of PEEK and PEEK-based composites for biomedical applications.



PEEK and PEEK-based composites are widely employed as biomaterials for various applications, which itself is evidence of the biocompatibility of PEEK-based materials [168]. PEEK, PEEK/OPTIMA (commercialized PEEK polymer), PEEK/BG, and PEEK/CFs have undergone extensive biocompatibility studies, meeting the food and drug administration (FDA)’s criteria [156,168]. No cytotoxic effect of PEEK was indicated in animal studies. However, PEEK exhibits a lack of cellular interaction (inert behavior) in the physiological environment. This effect could be attributed to the high chemical stability of PEEK [168,169]. Furthermore, cell culture studies using fibroblast cells (mouse-derived), osteogenic sarcoma (rat-derived osteoblast cells), and osteoblast cells (human-derived) showed no cytotoxicity of PEEK and PEEK-based composite coatings [162,163,170,171].



As compared to other biopolymers, PEEK is inert in the biological environment, which results in weak bonding between the implant surface and natural tissues or bone [172]. Therefore, extensive research is being conducted to overcome the inertness of PEEK [156,173]. To stimulate bone apposition, PEEK-based bioactive coatings are studied for load-bearing orthopedic applications. PEEK-based bioactive composites were developed by the combination of PEEK with HA, BG, and CaP cements [72,156,174]. Encouraging results were shown by PEEK-based bioactive composites in terms of bioactivity [95,99]. Figure 24 shows that the PEEK-based composite coatings developed needle-like apatite crystals upon immersion in SBF. Furthermore, strong peaks of Ca and P were observed in the EDX analysis, indicating the formation of a new phase on the surface of the coatings. X-ray diffraction (XRD) analysis also confirmed the newly developed phase, which is similar to the HA and FTIR, and confirmed the chemical composition of the newly developed phase, also similar to the HA crystals. Moreover, the PEEK-based bioactive composites have displayed significant improvement in the Young’s modulus [175,176].



Surface modification of PEEK is another strategy to improve the interface of bone and implant. It can be done by wet chemistry or plasma treatment [156]. PEEK coatings with various bioactive incorporations are investigated to achieve the desired bioactivity [177]. Moreover, the controlled level of porosity and surface texture of the implants also improves bone-implant fixation [178].



In order to improve the antibacterial properties of the coatings, various antibacterial agents have been incorporated in the coatings. For example, Seuss et al. [99] added Ag particles in the PEEK/BG composite coatings. In another study, STAC was incorporated in the PEEK/HA composite coatings, and it was observed that the composite coatings can provide a strong antibacterial effect against S. aureus and E. coli [92]. Recently, PEEK-based composite coatings have been further coated with the biodegradable antibacterial layer. The biodegradable layer provided the controlled release of drug/natural herb/metallic ions, thus providing a strong antibacterial effect [78,108,109]. In another strategy, PEEK-based composite coatings were further coated with a silver–silica composite via radio frequency sputtering. The topography of the PEEK-based composite layer allows the antibacterial agent to be stored in the deeper pores of the PEE-based composite. This allows the sustained release of drugs for longer time points and the eventual antibacterial effect. PEEK-based composite coatings are an attractive formulation for targeted drug delivery systems, along with the controlled release of antibacterial agents, owing to the favorable topography of the PEEK-based composite coatings [95,104].



In Vivo Testing of PEEK-Based Coatings


To comprehend the in vivo response of PEEK-based coatings, He et al. [92] prepared a PEEK/G nanocomposite via EPD. The effectiveness of the PEEK/G composite against the growth of tumor cells was analyzed in a mouse model. In this research, the photothermal conversion efficiency of G was utilized for eradication of cancerous cells. The photothermal therapy was conducted for 14 days on a nude mouse. Results suggested that the daily laser treatment based on the PEEK/G composite system effectively inhibited the growth of cancer cells, and the tumor volume was recorded to decrease day by day as shown in Figure 25.






3. Conclusions


In this paper, the fundamental concepts of EPD, including classification, working, key processing parameters, and EPD kinetics and their role in the biomedical field, especially in orthopedics, are discussed. The role of EPD in the polymer coating of chitosan, zein, PEEK, and their respective composite coatings with ceramics (HA, BG, GO, etc.) and metallic ions (Cu, Ag, Sr, Mn, etc.) have been discussed in light of the available literature. The in vitro and in vivo response of these polymer and composite coatings related to biocompatibility, bioactivity, and antibacterial effect, along with their mechanical properties, are addressed in this review. Here, we summarize the conclusive comments and future perspectives for EPD of polymer composite coatings.



EPD is a facile and economical coating technique to process a variety of suspension combinations on a variety of simple and complex substrates. EPD is environmentally friendly. It also provides the ease of manufacturing and high control over the quality of the final product. A deep understanding of the EPD process kinetics and working conditions leads to the efficient fabrication of the intended product.



The biopolymers have good biocompatibility, and they impart bioactiveness to various substrate materials—for example, Ti, which is a biocompatible material, but not bioactive. The polymeric coating on Ti substrate enhances its bioactivity as an implant material, as discussed in Section 2.4 of this review. In light of above discussion, it is evident that not only do the biopolymers render a surface bioactive, but they can also control the degradation rate of a substrate (i.e., in the case of Mg substrate, discussed in Section 2.5.



The challenges still facing the EPD of biopolymers are mostly related to the mechanical aspects of the coatings. Although the incorporation of various metallic ions and ceramics like HA, BG, silicates, and carbon-based materials (CNTs, GO) improve the wear and corrosion resistance of coatings and the recent trend of co-ion doping in MBGNs have augmented the behavior of coatings in real physiological conditions. Still, the adhesion and quality of coatings are not up to the mark, and a lot of research needs to be carried out to optimize the concentration of various elements in the coatings and EPD processing parameters to obtain high-quality coatings for orthopedic implants.
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Abbreviations and Acronyms




	2D
	two-dimensional



	3D
	three-dimensional



	AC
	alternating current



	BG
	bioactive glass



	CaP
	calcium phosphates



	CDC
	constant direct current



	CFs
	carbon fibers



	CFU
	colony forming unit



	Chi
	chitosan



	CNTs
	carbon nanotubes



	CSDs
	critical sized defects



	CTAB
	cetyltrimethyl ammonium bromide



	CZ
	Crouzon



	DC
	direct current



	DoE
	design of experiment



	DI
	deionized



	DLVO
	Derjaguin–Landau–Verwy–Overbeek



	DMEM
	Dulbecco’s modified eagles medium



	EDL
	electric double layer



	EDX
	energy-dispersive X-ray spectroscopy



	EIS
	electrochemical impedance spectroscopy



	EM
	electrophoretic mobility



	EPD
	electrophoretic deposition



	FDA
	food and drug administration



	FTIR
	Fourier transform infrared spectroscopy



	G
	graphene



	GO
	graphene oxide



	HA
	hydroxyapatite



	h-BN
	hexagonal boron nitride



	LTT
	lymphocyte transformation testing



	MBGNs
	mesoporous bioactive glass nanoparticles



	MH
	manuka honey



	NPs
	nanoparticles



	OPTIMA
	commercialized PEEK polymer



	OVAT
	one variable at time



	PBS
	phosphate buffer saline



	PDC
	pulsed direct current



	PEEK
	polyetheretherketone



	SBF
	simulated body fluid



	SEM
	scanning electron microscopy



	SS
	stainless steel



	STAC
	stearyl-trimethyl-ammonium chloride



	TCP
	tissue culture plate



	Tg
	glass transition temperature



	TNTs
	titania nanotubes



	XRD
	X-ray diffractometry



	TKA
	total knee anthroplasty
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Figure 1. General setup of EPD process. 
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Figure 2. Representation of various types of electric signals: (A) DC, (B) PDC, (C–E) modulated alternating currents. Reproduced from [43] with the permission from the Royal Society of Chemistry™. 
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Figure 3. (A) Schematic representing Zeta potential, and (B) zeta potential vs. pH plot showing the values of conditions on which stable or unstable suspension will form. Reproduced from [52]. 






Figure 3. (A) Schematic representing Zeta potential, and (B) zeta potential vs. pH plot showing the values of conditions on which stable or unstable suspension will form. Reproduced from [52].



[image: Surfaces 04 00018 g003]







[image: Surfaces 04 00018 g004 550] 





Figure 4. Deposition time vs. deposition weight graph under different processing conditions. Reproduced from [68] with permission from Wiley™. 
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Figure 5. SEM of chi/BG/lawsone coating on SS substrate: (A) top view, (B) cross-section. Reproduced from [74]. 
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Figure 6. Cumulative release of lawsone from EPD coating of chi/BG/Lawsone on SS. Reproduced from [74]. 
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Figure 7. FTIR plot for Ag-Sr-doped MBGNs loaded in chi/gelatin coating. Reproduced from [75]. 
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Figure 8. In vitro bioactivity tests performed for chi/BG/gentamicin (GS) composite coating: (A) zone of inhibition produced by composite coating immersed in PBS after 10 days, (B) EDX spectra confirming the presence of Ca and P, (C) cellular response of composite coating (Chi/BG/GS) as compared to tissue culture plate (TCP) (316L-SS substrate, chi), and Chi/BG coating. * is for TCP vs. all other coatings; # is for marked bar vs. 316L SS; + is for marked bar vs. CS/BG. Reproduced from [79] with permission from the American Chemical Society™. 
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Figure 9. Radiograph (lateral view) of left knee post-op and after 2-years follow-up. Reproduced from [127] with the permission from Elsevier™. 
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Figure 10. Impedance spectra of chi coated (at 2 and 5 V/cm) and uncoated SS in SBF at 37 °C. Reproduced from [80] with permission from Elsevier™. 
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Figure 11. (A) EIS spectra of chi/BG-coated and uncoated Ti, (B) charge transfer resistance chart for coated and uncoated Ti. Reproduced from [81] with permission from Elsevier™. 
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Figure 12. (A–D) Variation in friction co-efficient of chi coating at different time(s)/voltage(V), (E) SEM of chi deposited at 10V for 300s. Reproduced from [82] with the permission from the Royal Society of Chemistry™. 
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Figure 13. Schematic representation of GPC3 loaded Ti/TNT/chi implant. Reproduced from [133]. 
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Figure 14. (A,B) Micro-CT images from top and side, (C) bone volume % plot for regenerated bone in mice. Reproduced from [133], * p < 0.001, ** p < 0.05. 
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Figure 15. (A) SEM image of zein coating on 316L SS. (B) Detached zein film from substrate. Reproduced from [84] with permission from Springer™. 
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Figure 16. (A,B) SEM Images of microparticles of zein and zein/chi, (C) FTIR plot of zein, zein/chi, and chi. Reproduced from [147] with permission from Hindawi™. 
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Figure 17. Antibacterial effect of MH/zein against S. aureus. Reproduced from [151] with permission from Frontiers™. 
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Figure 18. Polarization curves for pure Mg and coated samples. Reproduced from [87]. 
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Figure 19. In vivo results. (A) Cu addition (zein/CuBG) caused the inhibition of the induced infection (B) in comparison with zein (control) and zein/BG. All zein (C–E), zein/BG (F–H), and zein/CuBG (I–K) coatings supported similar tissue thickness formation. Vessels count (D–J) confirmed that zein/CuBG coatings recruited the highest number of vessels (indicated by red arrows). Reproduced from [88]. 
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Figure 20. Effect of deposition voltage on the morphology of coatings at 120 s of deposition time and 5 mm of inter-electrode spacing. Reproduced from [94]. 
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Figure 21. Scheme of the process followed for preparation of co-deposited PEEK/GO coatings. PEEK Suspension is sonicated using a tip sonicator (a) and after GO addition suspension is again stirred magnetically to form a stable suspension of PEEK/GO (b,c). Next, the suspension is set for EPD on 5mm steel substrate and a coating is obtained (d,e). A dense coating of PEEK/GO is obtained after dry and thermal treatment (f,g). Reproduced from [103] with the permission from Springer™. 






Figure 21. Scheme of the process followed for preparation of co-deposited PEEK/GO coatings. PEEK Suspension is sonicated using a tip sonicator (a) and after GO addition suspension is again stirred magnetically to form a stable suspension of PEEK/GO (b,c). Next, the suspension is set for EPD on 5mm steel substrate and a coating is obtained (d,e). A dense coating of PEEK/GO is obtained after dry and thermal treatment (f,g). Reproduced from [103] with the permission from Springer™.



[image: Surfaces 04 00018 g021]







[image: Surfaces 04 00018 g022 550] 





Figure 22. Scratch tracks of the semi-crystalline (a) and amorphous (b) Si3N4/PEEK 708 coatings on the Ti-6Al-4V alloy, as per SEM. Reproduced from [106]. 
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Figure 23. Polarization curves obtained by using Dulbecco’s modified eagles medium (DMEM) at 37 °C for bare SS and PEEK/BG coatings sintered at 400 °C. Reproduced from [93]. 
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Figure 24. PEEK/BG coatings sintered at 400 °C: (A) SEM image after treatment in SBF for 7 days; (B) EDX analysis after treatment in SBF for 7 day; (C) XRD patterns before and after treatment in SBF for 3, 7, and 14 days; and (D) FTIR spectra before and after treatment in SBF for 3, 7, and 14 days. Reproduced from [107]. 
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Figure 25. (A) NIR image showing the photothermal effect of P/G10-HA in vivo; (B) photograph showing tumor-bearing mice in different treatment groups; (C) tumor volume in each treatment group as a function of time; (D) H&E staining of extracted tumor tissues from different treatment groups on day 7. Reproduced from [92] with permission from ACS Publications™. 
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Table 1. EPD parameters for chi (No. 1–9)-, zein (No. 10–14)-, and PEEK (No. 15–33)-based coatings.






Table 1. EPD parameters for chi (No. 1–9)-, zein (No. 10–14)-, and PEEK (No. 15–33)-based coatings.





	
No.

	
Suspension Composition

	
EPD Parameters

	
Ref.




	
Anode Material

	
Cathode Material

	
Voltage (V)

	
Time (min)

	
Interelectrode Spacing (cm)






	
1.

	
0.5 g/L chi + 20 vol % distilled water + 1 vol % acetic acid + 0.5 g/L BG powder + 0.5 g/L lawsone

	
316L-SS

	
316L-SS

	
110

	
2

	
0.5

	
[74]




	
2.

	
(0.5 g/L chi + 1 vol % acetic acid+ 20 vol % distilled water + 79 vol % ethanol) + (1 g/L gelatin powder + 20 vol % distilled water + 1 vol % acetic acid + 79 vol % ethanol)

	
316L-SS

	
316L-SS

	
15, 30, 45

	
3, 5, 7

	
1

	
[75]




	
3.

	
(0.5 g chi + 0.2 L DI water + 10 m L acetic acid + 0.79 L ethanol) + (1 g of gelatin type B + 0.2 L DI water + 10 m L acetic acid + 0.79 L ethanol)final composition: 33 wt % chi + 67 wt % gelatin + 2 g/L SiGe NPs

	
316L-SS

	
316L-SS

	
18

	
5

	
1

	
[76]




	
4.

	
0.5 g/L chi + 20 vol % distilled water + 1 vol % acetic acid + 79 vol % ethanol + AgSr-HA powder

	
316L-SS

	
316L-SS

	
10, 20, 30, 40

	
3, 5, 7, 9

	
1

	
[77]




	
5.

	
(0.5 g chi + 0.2 L DI water + 10 m L acetic acid + 0.79 L ethanol) + (1 g of gelatin type B + 0.2 L DI water + 10 m L acetic acid + 0.79 L ethanol) + 2 g/L Ag-Mn MBGNs

	
316L-SS

	
316L-SS

	
30

	
5

	
0.5

	
[78]




	
6.

	
0.5 mg/mL chi + 1 vol % acetic acid in water + 5 mg/mL BG + 1 mL of gentamicin sulfate

	
Au

	
316L-SS

	
10

	
7, 13

	
1.5

	
[79]




	
7.

	
0.33 wt % chi solution in DI water and acetic acid

	
-

	
316L-SS

	
2.5

	
7

	
varied

	
[80]




	
8.

	
chi + 1 g/L BG in ethanol and distilled water

	
316L-SS

	
Ti

	
10 to 50

	
1 to 3

	
1

	
[81]




	
9.

	
1 g dm−3 chi + 4% aqueous citric acid

	
Pt

	
Ti15Mo

	
2.5, 5, 7.5, 10

	
18 s, 1, 3, 5, 10

	
1.5

	
[82]




	
10.

	
0.05 wt % Zein + 0.05 wt % BG + 74.9 wt % ethanol + 25 wt % DI water

	
316L-SS

	
316L-SS

	
5 to 40

	
5 to 25

	
1

	
[83]




	
11.

	
0.15 g/mL zein + 50 mL of 90 vol % aqueous ethanol-glycerol

	
316L-SS

	
316L-SS

	
3, 5, 10

	
30 s, 1, 2, 5, 10

	
1

	
[84]




	
12.

	
6 wt % zein + 74 wt % ethanol + 20 wt % distilled water + acetic acid + (1.25 g/L and 5 g/L) HA powder

	
316L-SS

	
316L-SS

	
3, 5, 7, 9

	
6, 9, 12, 15

	
1

	
[85,86]




	
13.

	
6 wt % zein + 20 wt % distilled water + 74 wt % ethanol + 5 g/L BG

	
316L-SS

	
Mg

	
14.5 V/cm (electric field)

	
5

	
-

	
[87]




	
14.

	
2.5 wt % CuO + 75 wt % zein solution in ethanol, glycerol, DI water + 10 g/L BG

	
-

	
316L-SS

	
10

	
5

	
1

	
[88]




	
15.

	
(0.1, 0.2, 0.3) g Al2O3 + 1.5 g of PEEK powder + 50 mL ethanol

	
316L-SS

	
Ti-13Nb-13Zr

	
30, 40, 50, 60, 70

	
(10, 20, 30, 40, 50) s, 1

	
1

	
[89]




	
16.

	
1–6 wt % PEEK + 0.5 wt % HCl + NaOH

	
SS

	
NiTi

	
3–50

	
2–20

	
2

	
[90]




	
17.

	
5–50 wt % PEEK + CTAB + anionic surfactants + distilled water

	
C/Cu

	
C/Cu

	
2–60

	
10

	
2–5

	
[91]




	
18.

	
STAC + HA

	
C

	
PEEK/G10

	
55

	
90

	
-

	
[92]




	
19.

	
2 wt % PEEK and 6.67 wt % BG + 13.34 wt % citric acid + ethanol

	
316L-SS

	
316L-SS

	
110

	
2

	
0.5

	
[93,94,95]




	
20.

	
0.2 g Al2O3 +1.5 g PEEK +50 mL ethanol

	
Ti-6Al-4V

	
316L-SS

	
20, 40, 60, 70, 80, 100

	
40 s

	
1

	
[96]




	
21.

	
1.5 g PEEK + 50 mL ethanol

	
316L-SS

	
Ti-13Nb-13Zr

	
70–115

	
1

	
1

	
[97]




	
22.

	
(0.02, 0.05, 0.1)Si3N4 + 1.5 g PEEK + 50 mL ethanol, and(0.02, 0.05, 0.1)Si3N4 + 1.5 g PEEK + 50 mL colloidal solution of chi

	
316L-SS

	
Ti-13Nb-13Zr

	
30, 40, 50, 60, 70, 80

	
(20, 30, 40, 50, 60, 70, 80) s

	
1

	
[98]




	
23.

	
2 wt % PEEK + 3.3 wt % BG + Ag NPs

	
316L-SS

	
316L-SS

	
200 V/cm

(electric field)

	
2

	
-

	
[99]




	
24.

	
3.3 wt % BG + 2 wt % PEEK + 0.5 wt % h-BN + 6.6 wt % citric acid

	
316L-SS

	
316L-SS

	
90

	
2

	
0.5

	
[100]




	
25.

	
Varying conc. Of PEEK/TiO2/PEEK + TiO2 in ethanol

	
316L-SS

	
316L-SS

	
8–56

	
1–10

	
1.5

	
[101]




	
26.

	
10–30 g/L PEEK + ethanol

	
C

	
316L-SS

	
0.167 mA/cm2

	
-

	
2

	
[102]




	
27.

	
3 wt % PEEK + 95 vol % ethanol + 5 vol % isopropanol + (0.5, 1, 3) wt % GO

	
316L-SS

	
316L-SS

	
10, 30

	
1–5

	
1

	
[103]




	
28.

	
5 g/L (MBGNs/Ag-MBGNs + BG) + 20 g/L PEEK in ethanol

	
316L-SS

	
316L-SS

	
100 V/cm

(electric field)

	
0.5

	
-

	
[104]




	
29.

	
(1, 2, 4)g/L G + 30 g/L of PEEK in ethanol

	
Ti-6Al-4V

	
SS

	
10–100

	
40 s

	
1

	
[105]




	
30.

	
0.5 g/L Chi + 0.02 g Si3N4 +1.5 g PEEK in ethanol

	
316L-SS

	
Ti-6Al-4V

	
10–110

	
1.5

	
1.5

	
[106]




	
31.

	
3.3 wt % BG + 6.6 wt % citric acid in ethanol + 2 wt % PEEK + 0.5 wt % h-BN

	
316L-SS

	
316L-SS

	
90

	
1.5

	
1

	
[107]




	
32.

	
1st layer (6.67 wt % BG + 13.34 wt % citric acid in ethanol + 2 wt % PEEK) + 2nd layer (chi/gelatin/2 g/L Ag-Mn MBGNs)

	
316L-SS

	
316L-SS

	
80 (1st)

30 (2nd)

	
1.5 (1st)

5 (2nd)

	
0.5

	
[78,108]




	
33.

	
1st layer (6.67 wt % BG + 13.34 wt % citric acid in ethanol + 2 wt % PEEK) + 2nd layer 0.5 g/L (chi/BG/lawsone)

	
316L-SS

	
316L-SS

	
110 (1st)

50 (2nd)

	
2 (1st)

5 (2nd)

	
0.5 (1st)

1 (2nd)

	
[109]








Note: Some of the abbreviations and acronyms given in the table are described here. BG—bioactive glass, DI—deionized, MBGNs—mesoporous bioactive glass nanoparticles, SS—stainless steel, CTAB—cetyltrimethyl ammonium bromide, STAC—stearyl-trimethyl-ammonium chloride, h-BN—hexagonal boron nitride.
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