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Three-dimensional (3D) printing has experienced a steady increase in popularity for direct manufacturing, where complex geometric items can be produced without the aid of templating tools, and manufacturing waste can be remarkably reduced. While customized medical devices and daily life items can be made by 3D printing of thermoplastics, microbial contamination has been a serious obstacle during their usage. A very clever approaches to overcome this challenge is to incorporate antimicrobial metal or metal oxide (M/MO) nanoparticles within the thermoplastics during or prior to 3D printing. Many M/MO nanoparticles can prevent contamination from a wide range of microorganism, including antibiotic-resistant bacteria via various antimicrobial mechanisms. Additionally, they can be easily printed with thermoplastic without losing their integrity and functionality. In this mini review, we summarize recent advancements and discuss future trends related to the development of 3D printed antimicrobial thermoplastic nanocomposites by addition of M/MO nanoparticles.
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INTRODUCTION

Three-dimensional (3D) printing has garnered great interest among not only manufacturers for quick prototyping but also amongst the general public (MacDonald and Wicker, 2016). According to Wohlers Report 2020, the size of the global 3D printing market is $13.7 billion, exhibiting 25% annual growth since 2014 (Wohlers Talk, 2020). The technology allows for end-use products with complex shapes to be precisely fabricated by a layered additive approach without templating tools such as molds (MacDonald and Wicker, 2016; Valino et al., 2019). Accordingly, customized production using this technique can remarkably reduce the cost for low-volume manufacturing and even provide opportunities for customers to make their own “mini factory” (Gibson et al., 2014; Memic et al., 2017; Poelma and Rolland, 2017). Moreover, traditional subtractive manufacturing causes massive materials waste, which can be reduced by as much as 90% when 3D printing is utilized (Valino et al., 2019). Due to these advantages, 3D printing has become a promising alternative for producing aerospace, automotive, healthcare and consumer devices (MacDonald and Wicker, 2016; Martin et al., 2017; Gerdes et al., 2020). However, current 3D printing potential is hampered by limited material choices that meet required performance specifications for a particular application (MacDonald and Wicker, 2016). Therefore, developing multifunctional advanced materials that can easily satisfy end-use needs has become one of the central foci for researchers in this field.

Thermoplastics can be inexpensive, easy to process, chemically stable, lightweight, and flexible materials making them very attractive for 3D printing applications (Poelma and Rolland, 2017; Blok et al., 2018). Many personal and medical devices are mainly made of thermoplastics (Blok et al., 2018; Valino et al., 2019), making them the main material source for customer-level desktop printing systems. Furthermore, they are easily used in 3D printing applications, and are printable via different approaches such as selective laser sintering (SLS), stereolithography (SLA) and fused deposition modeling (FDM). Among them, FDM is one of the most popular and cost-effective printing techniques and is almost unique for printing of thermoplastics (Valino et al., 2019). However, microbial contamination still represent a challenge for biomedical applications of 3D printing, especially for handheld and medical devices (González-Henríquez et al., 2019a; Memic et al., 2019). In general, contamination associated with medical devices has been a serious issue in clinical treatment. Bacterial contamination can pose a critical threat to patients and considerably increase the healthcare cost due to need for reoperation and/or replacement of infected devices (Vasilev et al., 2009; Tamayo et al., 2016). For example, urinary catheters, indwelling vascular catheters and mechanical ventilation are responsible for 95% of urinary tract infections, 87% of bloodstream infections and 86% of pneumonia cases, respectively (Richards et al., 1999; Weinstein and Darouiche, 2001). Accumulation of bacteria on polymeric substrates could cause the formation of biofilms in which bacteria are 1,000 to 10,000 times more resistant to antibiotics than those not in a biofilm (Vasilev et al., 2009; Gnanadhas et al., 2015). Thus, it is vital to develop 3D printable antimicrobial thermoplastic materials to minimize risk of infection during their usage.

The current standard to fight infections, namely the usage of antibiotics, is facing a challenge attributed to ongoing mutation of bacterial microorganisms. As mutations are constantly occurring, so is the development of resistance to antibiotics (Gold et al., 2018). Alternatively, integration of metals and metal oxides (M/MO) within thermoplastics is one of the most promising approaches to design flexible plastic devices with antimicrobial properties (Emamifar, 2011; Tamayo et al., 2016). Most of the essential metals such as copper, zinc, magnesium and their oxides have strong biocidal effects, while other non-essential M/MO including silver, gold and cerium oxide are popular antibacterial agents (Al-Shawafi et al., 2017; Gold et al., 2018). Recent advancements in nanotechnology have enabled the synthesis of M/MO in the nano-size range, which greatly enhance their antimicrobial performance (Martinez-Gutierrez et al., 2010; Gold et al., 2018). Low concentrations, ranging from 0.1 to 4% of M/MO nanoparticles added in the polymer matrix can be functionally sufficient for prevention of most infections; a concentration often compatible with mammalian cells with negligible toxicity (Martinez-Gutierrez et al., 2010; Diez-Pascual and Diez-Vicente, 2017). Additionally M/MO nanoparticles inhibit or stunt bacterial growth via various mechanisms dissimilar to antibiotics, which would require a specific type of bacteria to undergo multiple gene mutations to generate any kind of resistance, if any at all (Gold et al., 2018). Furthermore, M/MO do not chemically deteriorate or thermally degrade in the temperature range of 3D printing of thermoplastics (Rhim et al., 2013; Palza, 2015). To best of our knowledge, this is one of the first reviews to summarize the progress made in this sub-field.

In this mini review, we will summarize the latest progress, advances and trends related to M/MO induced thermoplastic composites fabricated using 3D printing. First, we will discuss general aspects of the antimicrobial mechanism of thermoplastic nanocomposites. Next, we will describe the incorporation of nanoparticles in 3D printing and discuss key factors affecting antimicrobial activity of thermoplastic composites. Finally, we will highlight the impact of 3D printed antimicrobial thermoplastics in different applications and give insights for future developments. The overall purpose of this mini review is to highlight the impact of antimicrobial thermoplastic composites on progressive application of 3D printing.



ANTIMICROBIAL MECHANISM OF THE NANOCOMPOSITES

Antimicrobial activity of metals such as silver and copper has been observed since ancient times, as they were used for water sterilization and wound healing (Palza, 2015; Tamayo et al., 2016). However, the broad potential of M/MO antimicrobial agents has more recently been recognized due to the advancements in nanotechnology (Hasan et al., 2018). Metals and their oxides can form nanoparticles through numerous top-down and bottom-top synthesis approaches including sol-gel, co-precipitation, electrochemical, green synthesis, microwave, and sonochemical amongst other approaches (Salah et al., 2019). M/MO nanoparticles exhibit significantly superior antibacterial performance compared to the micro/macro particles or the bulk surface, often correlated with their smaller size and their high surface area that aid in their bioactivity and mechanism of action discussed below (Gold et al., 2018). Additionally, M/MO nanoparticles have advantages including the prevention of biofilm formation by inhibiting planktonic growth, altering lipids and proteins, damaging DNA, and interfering with enzyme activities of bacteria (Gold et al., 2018). Hence, antibiotic-resistant bacteria could be effectively inhibited by M/MO nanoparticles, as they exert antimicrobial activities via other mechanisms different from ones exerted by antibiotics (Raghunath and Perumal, 2017). However, over-dosage and/or an immediate release of the nanoparticles could cause injuries to certain eukaryotic cells (Gold et al., 2018).

Incorporation of M/MO nanoparticles into polymers could improve overall antibacterial efficacy of the nanocomposite, due to the synergetic polymer and nanoparticle effects (Tamayo et al., 2016). In most M/MO thermoplastic nanocomposites, the antimicrobial mechanism is mainly associated with toxicity of M/MO nanoparticles (Sánchez-López et al., 2020). On the other hand, polymer matrix as a support regulates the release behavior of the nanoparticles and ions as a response to bacterial adhesion on the composite surface (Supplementary Figure S1). Namely, water molecules could diffuse from the bacterial medium into the polymer matrix, and cause release of metal ions. Although antimicrobial mechanisms of M/MO are still a subject of meticulous research, owing to the continuous mutation of bacteria, there are three major mechanisms (Gold et al., 2018).


Metal Ion Limitation

Metal and metal oxide nanoparticles can inhibit bacterial growth by attacking the electronegative phospholipid bilayers of the bacterial cell wall with electropositive metal ions (Chandrangsu et al., 2017; Raghunath and Perumal, 2017). They release cations to the anionic sites of the cell membrane and neutralize charges within the cell via electrostatic interaction. This charge difference favors accumulation of metallic ions, which in turn permeates the cell membrane and recruit intrinsic metals to be adsorbed into it (Raghunath and Perumal, 2017). In response, the homeostatic system in the cell releases more ions from its storage to make up for the loss. This cycle continues until the cell is starved of its essential metals and metal-dependent metabolic processes come to a halt (Gold et al., 2018). This antimicrobial mechanism has been demonstrated in iron oxide and zinc-based nanoparticles (Raghunath and Perumal, 2017).



Biomolecular Interaction

Another bactericidal mechanism of M/MO nanoparticles is through interaction with DNA and cytosolic enzymes of various microorganism (Raghunath and Perumal, 2017). Metals and their ions could crosslink DNA and disrupt its helical structure halting bacterial proliferation. Furthermore, metals and their ions could directly bind to enzymes and disrupt their tertiary structures, which in turn disrupt digestion and respiration processes (Imlay, 2014). As a result, bacterial cells start to lose metabolic activity and die. Metal ions like copper (I), zinc (II), manganese (II), and iron (II) have been reported to exhibit this antibacterial mechanism (Skaar and Raffatellu, 2015).



Reactive Oxygen Species (ROS) Formation

Many transitional metals and their oxides have strong redox properties allowing them to gain electrons from reactive donor sites (Raghunath and Perumal, 2017). Hence the intermolecular interaction between M/MO nanoparticles and the bacterial cells initiates the formation of many ROS such as hydroxyl radicals (OH•), superoxide anion (O–2) and hydrogen peroxide (H2O2). Further propogation of ROS via different reactions increase their concentrations, causing oxidative stress (Nel et al., 2006). This stress mediates the damage of cell macromolecules, distortion of proteins and lipids, alteration of DNA/RNA, inhibition of enzymes activities, and eventually death of the microbe (Gold et al., 2018). For example, silver, gold (Zheng et al., 2017), zinc oxide (He et al., 2011) and magnesium oxide have been reported to prompt ROS formation (Gold et al., 2018).




3D PRINTING OF THERMOPLASTIC NANOCOMPOSITES

In general, 3D printing is a process to build a structure by adding materials layer-by-layer according to a computer aided design (CAD) model (Jiménez et al., 2019). Initially a CAD model can be created by various 3D design software and stored in a format adapted for 3D printing (Valino et al., 2019). Afterwards, the designed model is transferred to slicer programs to set the printing options such as the thickness of the model, the height of the layers, filling ratio and printing speed, which can be saved as a G-code file (Jiménez et al., 2019). Finally, various types of 3D printers use the G-code file to build the models to be ready for post-manufacturing removal of supports, sanding and filing processes (Guo et al., 2019).

Fused deposition modeling (FDM), one of the most common 3D printing techniques, applies thermoplastic based polymers and nanocomposites (Figure 1). In this technique, filaments are heat-melted and extruded from a nozzle and allowed to solidify in a printing bed. The hot nozzle commonly moves in X and Y direction to build the first layer, while succeeding layers are continuously being built by moving the nozzle up in the Z direction (Ngo et al., 2018; Jiménez et al., 2019). Addition of M/MO nanoparticles is usually achieved during formation of filaments prior to 3D printing. Melt-blending, solvent-casting and surface coating (Supplementary Figure S2) are few of the approaches to mix the nanoparticles with thermoplastics (González-Henríquez et al., 2019b).
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FIGURE 1. Schematic illustration of 3D printing of M/MO incorporated thermoplastic nanocomposites using FDM process. Composite filaments can be made by extruding mixture of the M/MO nanoparticles with the thermoplastics. Then filaments are heat-melted and extruded from a nozzle and allowed to solidify in a printing bed. Pre-programmed computer aided design (CAD) model is used to control the printing process.


Another approach to print thermoplastic nanocomposites is SLS, in which a laser selectively sinters the particles of a polymer powder and fuses them together, building the intended part layer-by-layer (Mazzoli, 2013). The process starts with the powder and the build area being heated to just near the melting temperature of the polymer. Then, a recoating blade spreads a thin layer of powder over the build platform (Paul and Anand, 2012). Next, a laser fuses powder polymers together. After scanning each cross-section of the component, the power bed is lowered down to the next layer, and another layer is built on top. This process is repeated until the intended model is completed (Paul and Anand, 2012; Valino et al., 2019). For this approach, addition of powder M/MO nanoparticles with the polymer powder is done by mechanical mixers such as rotary tumblers (Turner et al., 2020). The mixing process is easier and can result in a more uniform distribution of nanoparticles when compared to FDM. Yet another method utilized to create antibacterial thermoplastic nanocomposite 3D printed models is SLA. In this method, M/MO nanoparticles are first dispersed into the monomer solution prior to its polymerization (Totu et al., 2017). The resin is then deposited layer-by-layer based on the designed model. In final step the polymerization is effectuated by UV or other light sources (Weng et al., 2016). In addition, liquid deposition molding (LDM), solvent-cast 3D printing (SCP) and melt electrowriting (MEW) can also be used to print the thermoplastic nanocomposites (Hewitt et al., 2019; Nonato et al., 2019). However, regardless of the printing approach and method of nanocomposite preparation much research remains to be done.



FACTORS INFLUENCING ANTIMICROBIAL PROPERTIES OF NANOCOMPOSITES

As discussed above, M/MO nanoparticles can play a key role in the antibacterial properties of the thermoplastic nanocomposites, in which, their size, ionic status and concentration, strongly influence the antimicrobial performance of the nanocomposite (Salah et al., 2020). Moreover, ionic release of M/MO nanoparticles is critical to the balance between immediate antimicrobial activity and long-term efficacy of the nanocomposites. Accordingly, polymer properties affecting the ionic release of M/MO nanoparticles such as hydrophilicity, density and crystallinity should be carefully considered in the design of antimicrobial nanocomposites for different applications (Tamayo et al., 2016).

Antimicrobial performance of nanocomposites can significantly differ depending on the M/MO incorporated into the same polymer matrix. For example, Muwaffak et al. (2017) suggests that silver in polycaprolactone (PCL) exhibits a superior antibacterial effect against Staphylococcus aureus when compared to copper or zinc. Studies also showed that antibacterial activity of the nanocomposite can be greatly enhanced by size reduction of these nanoparticles. For example, polylactic acid (PLA) filled with 10% silver wires can inhibit only 50% of Escherichia coli growth when the wire diameter is 330 nm (Walker et al., 2020), while 100% inhibition of the same bacterial strain can be achieved by adding only 1% silver nanowires with the average diameter of 60 nm (Bayraktar et al., 2019). Furthermore, oxidized or ionized metal particles are recommended for higher antibacterial efficacy over pure metal particles. For instance, Delgado et al. (2011) investigated the effect of adding copper or copper oxide on antimicrobial activity of polypropylene nanocomposite. Their study revealed that copper oxide fillers are much more efficient at eliminating bacteria when compared to copper fillers, when tested against Escherichia coli (Delgado et al., 2011). Finally, increasing concentration of the antibacterial nanoparticles is a common strategy to enhance overall antibacterial efficiency of the nanocomposites (Kalakonda et al., 2017). Nonetheless, it is important to consider other effects of the printed nanocomposites, such as biocompatibility and environmental safety according to their potential applications.



APPLICATIONS

3D printed antimicrobial thermoplastic nanocomposites have ample application potential in the medical and healthcare fields, as they can provide an on-demand support for the customization and personalization of medical devices (Zuniga and Cortes, 2020). Specifically, they are very attractive for surgical prosthesis since some of the thermoplastics (e.g., PLA, PCL) have been extensively studied for tissue engineering and regenerative medicine application (Table 1). With the integration of M/MO nanoparticles, bacterial infection can be avoided during surgical implantation, which otherwise could affect tissue growth, postpone surgical recovery, upsurge risks of complications, and even cause death (Abudula et al., 2020). For example, Zou et al. (2020) prepared nanocomposite scaffolds containing poly(lactic-co-glycolic acid) (PLGA), copper/zinc based zeolitic-imidazolate-frameworks (Cu@ZIP-8) by FDM-based 3D printing for infected bone repair application. They suggested that a sustainable release of Cu@ZIP-8 in aqueous media ensures long-term antibacterial efficacy of the developed scaffolds (Zou et al., 2020). Afghah et al. (2020) developed a PCL-poly propylene succinate (PCL-PPSu) composite with silver-doped biocidal properties, which can be printable by FDM. They suggested that the printed scaffolds can be potentially applied for skin tissue engineering due to their inhibition effects against various microorganism, a good cyto-compatibility and biodegradability (Afghah et al., 2020). Similarly, Totu et al. (2017) developed an antibacterial poly methylmethacrylate/TiO2 nanocomposite that was employed for the fabrication of complete denture sets prototyped by SLA 3D printing. Although the composite only contained 0.4% of TiO2 nanoparticles, it exhibited sufficient antimicrobial activity against Candida species. They also tested these nanocomposites with real patients and demonstrated that this manufacturing approach is a promising treatment option for patients diagnosed with complete edentulism (Totu et al., 2017; Cristache et al., 2020). Turner et al. (2020) introduced a SLS printing of antibacterial nanocomposite by mixing polyamide 12 with 1% of commercially available B65003 silver additives to make delicate, complex, and personalized devices for medical and healthcare applications (Turner et al., 2020).


TABLE 1. Examples of 3D printing of metal/metal oxide incorporated thermoplastic nanocomposites with antibacterial properties for various applications.

[image: Table 1]
Likewise, tuning the mechanical properties by incorporation of M/MO nanoparticles could be of great benefit especially to the food-packaging industry. More specifically, nanocomposites can be a versatile alternative to traditionally manufactured plastics for reducing food contamination and provide safer degradable options for packaging. For example, Tiimob et al. (2017) incorporated silver nanoparticles into a polymer blend composed of 70% poly butylene-co-adipate-terephthalate and 30% PLA to design 3D printed nanocomposites by FDM. Their research suggested that the developed composites can be used for food packaging due to their robust mechanical properties and ability to control growth of microorganisms in food (Tiimob et al., 2017).

Finally, 3D printed antibacterial nanocomposites can also be widely integrated in daily-life products (Huang et al., 2016). Many of the devices and tools that are used routinely in day-to-day tasks can be made with antibacterial materials to reduce the potential negative effects of pathogenic bacteria and fungi. Notably, objects associated with public use can be made safer by 3D printing with antimicrobial nanocomposites. Yang et al. (2020) fabricated a particleboard wood flour/PLA composite filament reinforced by copper-zinc alloy nanoparticles for FDM-based 3D printing. They suggested that the developed filament can be used to print personalized furniture, public benches and toys, owing to its good antimicrobial properties and environmental safety (Yang et al., 2020). In short, these examples provide a clear vision of how 3D printing of antimicrobial nanocomposites can be applied to make imaginative and customized products.



CHALLENGES AND FUTURE SCOPE

In conclusion, M/MO nanoparticles as antimicrobial fillers can greatly increase the value of 3D printed thermoplastic products. Nonetheless, challenges remain in commercializing these thermoplastic nanocomposites for a wider range of applications. For example, one of the critical issues related to their clinical application is that many antibacterial tests have been performed in vitro, in which some factors that influence antibacterial performance in vivo, such as inflammation, are neglected (Wang et al., 2016; Jiao et al., 2019). A similar challenge is having comprehensive compatibility testing of these nanocomposites that are essential for their use with the human body. Long-term exposure and biosafety remain a major challenge when consider their application in the medical field, particularly toxic effect of M/MO on a wide range of cells and tissue need to be assessed. For example, Ickrath et al. (2017) suggested cytotoxic and genotoxic effects of zinc oxide nanoparticles after long-term and repetitive exposure to human mesenchymal stem cells. Therefore, currently reported short-term, single cell-line reference data is often not enough to provide a generalized biocompatibility profile of the developed materials in many if not most cases (Tamayo et al., 2016; Rtimi et al., 2019). In addition, burst-release of antimicrobial agents (i.e., metal ions or particles) can represent a significant limitation of the 3D printed composites. One way to overcome this challenge would be by entrapping antibacterial particles with an additional polymer layer using coaxial nozzle configurations (Yao et al., 2019). Meanwhile, release properties of antibacterial components could be also controlled by stimuli-responsive materials, especially if the nanocomposites can be release in response to bacterial adhesion to the material (González-Henríquez et al., 2019b). In addition, controlled release of nanoparticles as ions or metallic particles from the polymer matrix is often key to maintaining the balance between antimicrobial performance and mammalian cytocompatibility (Tamayol et al., 2017; Mas-Moruno et al., 2019).

Other challenges include addition of M/MO nanoparticles into 3D printed thermoplastics often through a multistage process. For example, the nanoparticles first need to be synthesized, then homogeneously dispersed into the polymer matrix and finally 3D printed. This not only increases the total manufacturing cost, but can also deteriorate 3D print quality by inducing filler defects, poor adhesion and particle agglomeration or uneven distribution. Alternatively, in situ synthesis of nanoparticles could possibly be a way to overcome such challenges (Palza, 2015). The concept of in situ printing has recently emerged, in which personalized healthcare devices and prosthesis can be directly printed on the defected tissue or organ without 3D scanning and computational design. Particularly, robotic assisted in situ printing could be one of the most exciting techniques introduced in the future, which would elevate novelty of 3D printing to a new level (Ma et al., 2020). Finally, there are many possible application areas yet to be studied using 3D printed nanocomposites, particularly considering their capacity to tailor the product design on a personal level (Ishack and Lipner, 2020). Specifically, there is a lot of potential for developing personal protective equipment, including masks, ventilators tubes, gloves, which could be especially important during the current global pandemic (Zuniga and Cortes, 2020).
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