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Abstract

:

Additive manufacturing (AM) or 3D printing (3DP) is arguably a versatile and more efficient way for the production of solid dosage forms such as tablets. Of the various 3DP technologies currently available, fused deposition modeling (FDM) includes unique characteristics that offer a range of options in the production of various types of tablets. For example, amorphous solid dispersions (ASDs), enteric-coated tablets or poly pills can be produced using an appropriate drug/polymer combination during FDM 3DP. The technology offers the possibility of evolving personalized medicines into cost-effective production schemes at pharmacies and hospital dispensaries. In this review, we highlight key FDM features that may be exploited for the production of tablets and improvement of therapy, with emphasis on gastrointestinal delivery. We also highlight current constraints that must be surmounted to visualize the deployment of this technology in the pharmaceutical and healthcare industries.
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1. Introduction


Three-dimensional printing (3DP) is an additive manufacturing (AM) technique whereby material is gradually added up, layer by layer, to construct a 3D geometric representation of a digitized imagery [1]. Since its inception in the 1980s, AM technology has evolved exponentially due to its unique features, such as an amenability for constructing complicated geometries with composite materials mimicking body parts, organs or pharmaceutical dosage forms, therefore eliminating traditional manufacturing processes that are time-consuming and convolute [2]. Thus, 3DP has an untapped potential in biomedical, pharmaceutical and industrial applications [2]. The 3DP market has boomed over the last decade, largely buoyed by cost-effectiveness, increased printing speed and precision on printed prototypes [3]. Therefore, for industrial production processes aimed at increasing industrial efficiency, 3DP techniques offer a formidable scope for product design and expansion. Three-dimensional printing technology is utilized in the automotive, aerospace, medical, food, electrical and construction industries [4]. Its application in the pharmaceutical industry has only begun to gain traction within the last decade due to the attributes presented above and, especially, the possibility for customization and affordability [5,6,7,8,9]. Various dosage forms, such as orally administered tablets [10], transdermal patches and microneedles have been successfully fabricated using AMTs [11]. Furthermore, AMTs have also been implicated for clinical use, including cardiology [12], neurosurgery [13], otolaryngology [14], pulmonology [15], podiatry [16], gastroenterology [17] and radiotherapy [18]. In light of its potential applications within the pharmaceutical industry, 3DP technology is likely to advance the sector’s scope of products output and applications, especially in the realm of personalized medicines [19].



Pharmaceutical production methods like capsule filling and tableting have advanced in the last few decades, especially in the provision of modified drug-release profiles through novel drug-delivery formulations, including polymeric matrices, nanoparticles, functionalized liposomes and biomimetic particles [20]. However, these formulations go as far as to provide doses to patients based on label claims. They do not account for the variations in dosage requirements amongst patients imposed by genetic or metabolic predispositions and, therefore, cannot be tuned for the requirements of personalized medicines. This is mainly due to process restrictions within conventional production modalities. Absorption of active pharmaceutical ingredients (APIs) following oral administration of conventional dosage forms is associated with a variability in the release of APIs from the dosage form and unpredictable pharmacokinetics. AMT provides scope for the design of patient-centered dosage forms with programmable release capable of minimizing unpredictability in the absorption and maximizing therapy [20].



The first and only 3D-printed tablet currently on the market (Spritam® by Aprecia Pharmaceuticals, Blue Ash, OH, USA) received Food and Drug Administration (FDA) approval in 2015. The tablet is administered via the oral route and is used in patients with dysphagia [21]. Liquid dosage forms may also be used in dysphagic patients; however, these offer diluted dosing and promote instability of the API [22,23]. Interestingly, T19 is another 3D-printed drug produced by Triastek, a Chinese pharmaceuticals and 3D printing technology firm, that has received an investigational new drug (IND) approval from the FDA. T19 is been designed for treatment in rheumatoid arthritis [24].



Several approaches have currently been applied to improve the solubility of drugs, including particle size reduction, nanosuspension, salt formation, pH adjustment, use of surfactants and use of amorphous solid dispersions (ASDs) [25,26,27,28,29,30]; however, solubility enhancement techniques tag along peculiar constraints [31,32], as presented in Figure 1.



Three-dimensional printing technology has emerged in recent years as a possible tool for the production of ASDs, with the inclusion of variable doses of APIs in solid dosage forms [33]. In the context of customizing 3DP technology for individual patient needs, this dual approach of 3DP and ASD may be useful at dispensaries and pharmacies, with scope for the improvement in solubility of APIs and the production of variable doses of medications [33]. Furthermore, the approval of Spritam® has set the precedence for the utilization of 3DP in the manufacture of newer drug-delivery systems [34].



Three-dimensional printing offers different types of feed mechanisms (technologies) such as material jetting, powder bed fusion, direct energy deposition, binder jetting, light photopolymerization and extrusion. These types of 3DP technologies enable the 3D printing of materials such as fluids, waxes, powder and solids [35]. Thus, there is flexibility in the choice of the appropriate material as per requirement.



Aptly, AM techniques offer robust and potent platforms that can be largely employed by pharmaceutical companies for the manufacture of various doses and dosage forms as alluded to above. However, fused deposition modeling (FDM) is an extensively used extrusion-based approach, with consequential outcomes in the pharmaceutical industry due to the similarity to other extrusion techniques already utilized in the industry, i.e., hot melt extrusion (HME) [36]. Moreover, FDM offers the possibility of utilizing biodegradable thermoplastic polymers commonly employed in the formulation of drug products [37,38]. FDM technology is affordable, amenable to modifications, and is simple and may be adapted for desktop usage [39]. Therefore, there is potential for its adoption and evolution in pharmacies and dispensaries toward the provision of personalized medicines [40,41]. In this review, we expound the potential of the FDM 3D printing technique in the pharmaceutical industry along with the challenges it faces.




2. Key Elements of Fused Deposition Modeling (FDM)


In FDM, the print material, usually a thermoplastic filament, is deposited selectively onto a build platform as it melts and oozes out of a nozzle or orifice. The platform and nozzle move in synchrony to allow the layer-by-layer construction of a 3D model [42]. Materials including plastic prototypes and low-volume functionality components can be fabricated using FDM extrusion-based approaches. For instance, FDM is the most extensively used extrusion-based approach for modeling, prototyping and fabrication [43,44]. FDM 3D printing utilizes a variety of thermoplastic polymers including polylactic acid (PLA), acetonitrile butadiene styrene (ABS), polypropylene (PP) and polyvinyl alcohol (PVA). These polymers facilitate fabrication processes and the fabricated object may provide feedback on the efficiency of the filament for the printing [45].



The production of a filament for the FDM process can be achieved through HME, whereby the polymer is heated and squeezed through an extruder to produce the filament. Once the filament is formed, a 3D-printed object may be fabricated using an FDM 3D printer [36,46].



With regard to the potential applications of FDM by the pharmaceutical industry and pharmacies, the need for incorporation of an API in the filament is very crucial. An API may be incorporated in the filament via impregnation (IMP) after the filament is formed or during HME of the filament [47]. However, API loading via IMP after formation of the filament is inefficient because it results in very low drug loads. Maximum drug loading is achievable through incorporation during HME [47,48]. This approach also allows the incorporation of other additives, including plasticizers or polymers (as in the formation of ASDs) [48]. As previously reported, HME may also be used to produce ASDs of poorly water-soluble drugs, whereby the API is presented in an amorphous configuration [48]. This amorphous configuration of the API ensures improved solubility.



The HME mixer also ensures that the API is homogenous within the extruded filament. Mixing can be carried out on a double or single screw mixer [46]. Subsequently, the fabricated filament is fed into the FDM printing machine to print a tablet [48], as shown in Figure 2.



The coupling of HME with FDM-based 3DP allows for the production of pharmaceutical-grade filaments for the printing of medicines [49]. In this light, HME is favored for obtaining drug-loaded filaments, which are used as starting materials for the 3D printing of tablets and other dosage forms [50]. The use of HME to produce filaments with defined shapes and properties is crucial for the success of 3D printing in pharmaceutical applications [51]. The continuous and cost-efficient nature of HME makes it an attractive manufacturing process for drug-delivery systems [52]. Moreover, the use of HME in combination with 3D printing technology also supports the development of personalized medicine and targeted drug-delivery systems [53]. The production of filaments through HME is a critical step in the fabrication of 3D-printed dosage forms, enabling the incorporation of drugs into the matrix and ensuring the smooth structure of the filaments for successful 3DP [53].



However, the potential applications of HME coupled with FDM-based 3DP may be limited, especially in the bioprinting of thermolabile drugs. However, alternative strategies have been suggested in order to overcome such limitations. One approach involves reducing the FDM printing temperature to accommodate low-melting and thermolabile drugs, as demonstrated by a certain study [54]. Furthermore, the use of natural products in the preparation of 3D-printed drug-delivery systems has been investigated, providing a valuable potential for the fabrication of thermolabile drug-containing tablets via FDM [55]. In addition, inkjet printing of thermolabile model drugs onto FDM-printed substrates has also been explored, offering a potential alternative strategy for drug formulation and evaluation [56]. Moreover, the use of polymer blends to improve the printability and to regulate drug release from pharmaceutical solid dispersions prepared via FDM 3D printing has been investigated, indicating a promising approach to address the challenges associated with printing thermolabile drugs [57]. These alternative strategies demonstrate the ongoing efforts to overcome the limitations of FDM-based printing of thermolabile drug substances, offering potential solutions for the fabrication of patient-tailored dosage forms and drug-delivery systems.



Similarly, other 3D printing techniques such as selective laser sintering (SLS) and stereolithography (SLA) have also been evaluated as suitable alternatives to FDM-based printing. These techniques involve the loose packaging of polymers, ultimately giving rise to porous structures that serve as enhanced drug-delivery systems. However, due to the use of high-energy lasers in such manufacturing processes, damage to especially sensitive drugs is a huge possibility [58]. Therefore, these techniques may not be frequently employed in the manufacturing of drug-loaded formulations. Moreover, in comparison to FDM-based 3DP, they may prove to be less cost-efficient. For example, FDM processes require lower initial investment and operational costs, as compared to SLA. FDM printers are generally more affordable, and the materials used in FDM are often cheaper than SLA resins. In addition, the binder-jetting 3D printing technique can be used to produce amorphous dosage forms for heat-sensitive drugs with high speed using a liquid binding agent to bond thin layers of solid powder [58].




3. Polymers Utilized in FDM-Based 3DP


Commonly used filaments in FDM 3DP techniques include acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) [4]. ABS is a thermoplastic polymer manufactured from petroleum, through combining acrylonitrile, butadiene and styrene. Owing to its toughness and impact resistance, it has found numerous applications in the automotive industry and in the production of marine components and toys [5]. However, due to its nonbiodegradability and mild toxicity, it is not the preferred choice in pharmaceutical industries [3].



In comparison, polylactic acid (PLA) is another thermoplastic polymer that has an advantage over ABS, due to it being biodegradable [5]. Accordingly, it has received approvals from both the FDA and the European regulatory authorities for its application in the medical and food industries [59]. The utilization of PLA is linked to several advantages, including biocompatibility [60].



Likewise, owing to the growing interest in FDM-based 3DP, many studies have investigated the use of various other polymers in the fabrication of filaments for use in FDM-based 3D printing. Consequently, a particular study demonstrated the potential of pharmaceutical-grade polymers such as polyvinylpyrrolidone (PVP), polyvinyl alcohol (PVA), Kollicoat® IR (KIR), Soluplus® (SLP), polyethylene oxide (PEO), hydroxypropyl methyl cellulose (HPMC), Eudragit® L (ERD L), Eudragit® RL (ERD RL) and ethyl cellulose (EC) as filaments for 3DP [61]. Interestingly, this study reported that drug release is largely dependent on the type of polymers used in the manufacture of the filament and differs based on their water solubility. For example, polymers such as PEO and KIR offer an almost immediate drug release, while on the other hand, HPMC, PVA and SLP are used for sustained or extended drug release [61]. Conversely, the use of poorly permeable hydrophobic polymers such as EDR RL and EC often results in an extremely slow release of the drug [61]. Similarly, other agents, like “Ticagrelor”, a blood-thinning drug, and “Tacrolimus”, a macrolide inhibitor of calcineurin used in organ transplantations, have also been developed using 3DP techniques [62,63]. In addition, another slow-release drug, in the form of pH-responsive tablets for colon drug-delivery applications, have been developed through the use of 3DP technology [64]. Evidently, an array of polymers is currently available for use in the application of FDM-based 3DP in pharmaceutical industries. However, the choice of polymer is tightly governed by the specification of the type of drug, its biological target and the duration of the therapy [61].




4. FDM 3D Printing and Amorphous Solid Dispersions (ASDs)


ASDs may be defined as a solid dispersion that involves the melting of a solid mixture of API and a suitable vehicle, usually polymers that form eutectic mixtures [51,65]. The polymer or “solvent”, interferes with the ordered arrangement of the crystalline API and thereby transforms the mixture into an amorphous solution [51,52,65,66]. The use of FDM in conjunction with ASDs of APIs with low solubility has shown that 3D-printed tablets derived as such show considerable improvement in the solubility of the API [67]. However, the type of polymer used in the printing is very crucial. In a particular study [57] on the formation of felodipine ASDs using FDM 3DP, they observed that the drug-release rate can be altered by varying its miscibility in the polymer blend. The polymer blending technique is an efficient formulation strategy widely used in the plastic and polymer industries to improve the processibility of the material [57]. In addition to the miscibility of the API in the polymer blend, the printability of the blend using FDM is equally crucial. A separate mixture of Eudragit EPO and Soluplus with PEG (polyethylene glycol), PEO (polyethylene oxide) and/or Tween 80 resulted in excellent printability of the blends, as opposed to only Eudragit EPO or Soluplus used alone, which exhibit poor fluidity as well as a high-melt viscosity. This is despite the fact that Eudragit EPO and Soluplus are extensively used in the HME, but are clearly not suitable for FDM 3DP [57]. Furthermore, the ratio of the API to the excipient in the filament can also affect the printability of the filament using FDM. In a study by Kissi et al., HME-extruded filaments containing naproxen were discovered to be amorphous and by increasing the API ratio from 0–10% to 10–20%, the filament brittleness was reduced and printability improved without a compromise on ASD stability. This was due to the plasticizing effect imparted to the filament by the API [68]. In another study, Tan et al. also showed that the configuration of the API in the filament and FDM-printed tablets remained amorphous and the polymeric solvent controls the ductility and flexibility of the formed filament, which, in turn, affects the efficiency of printing using FDM [69]. In the same study, the dissolution behavior of theophylline from 3DP tablets using FDM using hydroxyl propyl cellulose (HPC), polyethylene glycol (PEG) and Eudragit® RL/PO showed that both HPC and PEG tablets were fully disintegrated/dissolved, but not the Eudragit® RL/PO tablets, retaining its shape because of the insoluble nature of the Eudragit matrix [69]. Consequently, the rates of theophylline release from the HPC and PEG tablets were higher than from the Eudragit® RL/PO [69]. The retention of tablet shape or disintegration of matrices during API release will also dictate the release mechanism. In the case of the Eudragit® RL PO, the matrices are permeable but not soluble; thus, release is likely a diffusion-mediated profile. Furthermore, biodegradability of a polymer in physiologic media will also impact the rate of the release mechanism of the API from the printed tablets; for example, polylactic acid (PLA) has a degradation half-life of approximately 210 days, hence the biodegradation-mediated release of API will be a slow process [70,71]. Tagami et al. showed that by increasing the hydrophobic filler component consisting of PLA and decreasing the hydrophilic component containing a hydrophilic API, e.g., calcein, a slow release profile was obtained and vice versa from the FDM polymer composite [72], as illustrated in Figure 3a–c (reproduced with permission). Thus, through careful choice of polymer blends, and printing geometries, we can modulate the rates of API release from FDM-printed ASD. In a related study, Jamróz et al., 2018 [73] separately utilized Kollicoat® IR (water-soluble polymer) or PLA (water insoluble) to construct tablets using FDM, whereby the tablets formulated with the PLA polymer presented a prolonged release profile of up to 70% after 6 h. On the other hand, the tablet constructed with Kollicoat® IR showed 90% of drug release within 45 min [73]. This shows that polymer combinations can be very useful for tailoring the drug release from the FDM 3D-printed tablets [73,74].



However, some single water-soluble polymers are not printable; for example, Kollidon® VA64 (PVP-VA) due to brittleness [75]. Furthermore, some hydrophobic polymers such as PLA impede API release from the FDM 3D-printed tablets, which is exacerbated when the API is completely miscible in the polymer [76].



In addition, alternate strategies to FDM-based 3DP have been developed in order to eliminate the need to produce filaments for subsequent fabrication into 3DP tablets using FDM; for example, direct powder extrusion (DPE) may be used to prepare ASDs [77], whereby ASD/3D-printed tablets are produced in a single step, with effective improvement in the solubility of a poorly soluble API [77]. However, when compared to FDM, DPE is less reliable in the formation of ASDs due to the possibilities of recrystallization of API from the ASD. On the other hand, DPE is useful in the formation of ASDs of thermolabile APIs [39].




5. FDM-Printed Tablets for Targeted Gastrointestinal Drug Delivery


Since FDM-printed tablets are almost certainly destined for oral administration, this section is dedicated to relevant pharmaceutical technologies that may be employed in conjunction with FDM designs for effective gastrointestinal drug deployment. In addition to the possibilities of forming ASDs, the FDM technique may be used to produce individualized doses to match the severity of a disease or patient predispositions [78]. Combined ASD/FDM technologies can potentially be used for the production of poly pills in chronically ill patients, with the added provision of improving the solubility of APIs [78]. With regards to the oral administration of 3DP tablets, it is important to recognize the physiological and anatomical constraints along the gastrointestinal tract as well as features that can be exploited to maximize absorption. The enzymatic milieu, acidic environment of the stomach and neutral to alkaline pH of the small intestine and colon all provide challenges and opportunities for successful deployment of APIs from FDM-printed tablets [79]. In this regard, the careful selection of polymer/excipients in FDM design and production can be tuned to achieve targeted drug delivery.



For example, despite the low absorptive surface area of the colon, it may be optimal for the absorption of many API drugs due to low enzyme/proteolytic activity and extended transit of dosage forms [80]. Thus, colon-targeted delivery of APIs is recognized as a potential strategy for systemic deployment of protein and gene products [80]. FDM design may incorporate enteric polymers such as Eudragit® FS30 D or cellulose acetate phthalate as a printed coating, which dissolves at a pH of about 7, and is therefore ideal for shielding acid-labile drugs from the acidic pH of the stomach or for a colon-targeted delivery of therapeutics. The use of these polymers as coatings in conventional tablet dosage forms is well established. However, FDM printing technologies provide scope for the incorporation of additional polymers for pharmaceutical or therapeutic applications in a relatively simpler manner. Finally, there is more flexibility for the evolution of FDM tablet designs aimed at achieving targeted gastrointestinal delivery [81,82].




6. FDM-Based Bioprinting of Implant Transplantation Devices and Prosthetics


The applications of AMT in the biomedical sector are diverse. In this light, the role of FDM-based 3DP in personalized medicine is fundamental because customized patient therapy is growing into the future of targeted medicine.



The bioprinting of tissues and organs for suitable transplantation into the host is one such application with a high demand. This process utilizes a digitally guided pipette in order to layer living cells to artificially engineer living tissue according to a prespecified blueprint [83]. Currently, bioprinting has been used to develop tissues of the bone such as cartilaginous structures, and heart tissues such as vascular grafts, in addition to multilayered skin grafts and tracheal splints [84]. Interestingly, some studies [34,85] have also explored the embedding of drug-delivery systems inside the generated implants in order to facilitate enhanced surgical recovery and complete restoration of intended activity. In recent times, implant dosage forms engineered through the utilization of 3DP platforms is indeed gaining momentum for its crucial application in the pharmaceutical industry. Interestingly, this technology is able to produce implants in both micro- and macro-architecture settings. Accordingly, a particular study demonstrated that drug implants fabricated through 3DP have more clear advantages, as compared to implants engineered through conventional compressing-based methodologies [86]. This is particularly because 3DP techniques facilitate the generation of implants with a higher porosity, thereby offering a complex and sophisticated release profile that is difficult to achieve through other conventional methods. In this light, a variety of implants have been generated using 3DP technologies, namely, implants with the pulsed, bimodal, immediate, sustained, delayed and complex drug-release profiles [86,87].



Similarly, artificially generated organoids and tissues generated through the use of 3DP platforms have also found their application in medical research, due to their ability to mimic organs in vitro, thus offering an economical and sustainable experimental platform [83]. The use of medical models is fundamental in medical training, pre- and postoperative planning as well as in patient education [84,88]. However, more recently, through the use of AMTs, it is now also possible to engineer life-sized organ implants and anatomical models that have found their application in surgical practice and training, as well as in assisting medical diagnosis [89,90,91,92,93]. These models are often created from two-dimensional images like X-rays, CT scans or MRIs that are generally patient-specific, thereby offering ideal and realistic structures of intricate anatomical parts of the human body. In addition, 3DP has also found its application in the generation of tissue scaffolding and mechanical bone replicas [94,95]. Distinct techniques like electro-spinning, freeze-drying, emulsification and solvent casting are often employed in the development of tissue scaffolds [83]. Biomanufacturing is yet another technology that utilizes AMTs in combination with tissue engineering [96]. This process is often used to generate biocompatible structures to compensate for osteo defects [97].



FDM-based 3DP has also found its application in the development of medical devices that significantly enhance surgical and clinical procedures. It is now utilized to construct orthopedic instruments, and dental and surgical guides that can follow the patient’s unique anatomy with high levels of precision [98]. Such tools are purposed for application in complex and intricate surgeries, thus providing enhanced safety to the patient [99]. These are often engineered according to patient-customized dimensions, such as in drilling guides [100]. Also, in the area of dental practice, FDM-based 3DP has been exploited in the development of dental pieces like bridges and crowns [101,102]. Currently, the generation of customized instruments for use in dental surgery are commonly preferred [103,104].



Another stratum of biomedicine where the use of AMTs is imperative is in the development of prosthetics. Prosthetic limbs can be engineered and personalized to the fit of the patient. Three-dimensional printing is extremely efficient in the generation of customized prostheses like cranial, maxillofacial and mandible implants, thus helping in the resolution of various orthopedic impediments [105]. For example, a particular study [106] used 3DP to design and develop joint prostheses that have been engineered on the basis of surgically resected tibial osteosarcomas. Similarly, another study [107] discussed the implantation of femur modular prosthesis in a patient with osteosarcoma that was generated through the use of AMT. The study stated that the patient was able to attain complete painless recovery with perfect weight-bearing capacity. The process of development of prosthetics usually begins with medical imaging and segmentation, followed by three-dimensional scanning and finally 3D modeling [108]. In certain cases, manufacturing techniques involving AMTs can also be computer numerical control technologies [109].




7. Challenges


There are some significant challenges associated with the use of FDM. This technique may be best suited for small-scale prototyping, although larger printers are in use in various industries. In this light, although FDM-based 3D printing may identify as an easily operable technique with less postprocessing requirements, it is also commonly associated with certain limitations [110]. First, it is a relatively slow and expensive method of production of final articles owing to the limited availability and high cost of raw materials [111]. Second, it often requires skilled labor in order to achieve precise and accurate end-products. Consequently, despite the fact that materials used in 3DP may last longer as compared to the conventional pharmaceutical and industrial manufacturing procedures, a higher level of precision is often demanded in order to achieve desirable results, thereby slowing down the duration of the process [112]. However, in foresight, a gradual decline in the costs of the materials and machinery is expected in the near future.



Moreover, in comparison to traditional processes of drug manufacture, FDM-based 3DP is led by a three-dimensional modeling of drugs that is largely software based [113]. As a result, an infinite amount of product variability is achievable without an additional cost, as compared to conventional technologies of drug manufacture that demand a detailed architecture of products and multistep processes for customized end products [113]. Thus, FDM-based 3DP may be the best-suited option for personalized therapies, where drugs are often produced/dispensed in relatively smaller quantities.



Further, under certain circumstances, such product schemes identify with a tradeoff for lack of precision. There is also inaccuracy in the nozzle temperature, in effective solidification and in poor layer adhesion [114]. FDM produces low-resolution finishing, and twisting/wrapping problems [115]. Thus, there is the need for post-manufacture processing, or worse, structural demolition to achieve the desired configuration of the prototype [114]. Moreover, the volume capacity of the printer sets a restriction on the size of the printed object [114].



With regards to FDM-based 3DP for pharmaceutical dosage forms, thermolabile drugs are likely to be degraded during printing [116]. Inadequate API loading in filaments and, subsequently, in printed tablets is a key constraint in the use of FDM leading slow rates of API release [116]. On the other hand, an increased API content modifies the crystallographic, thermal and rheological properties of the filament, with the possibility of rendering them unprintable [116]. Since FDM is a mechanical process, failure within moving parts can affect the printing process [117]. Crucially, there is only a handful of suitable thermoplastic polymers suited for use in FDM 3DP pharmaceutical dosage forms [72]. Use of a hydrophobic polymer such as PLA may cause a slow drug release from printed tablets. Innovative designs aimed at increasing the surface area of printed tablets exposing the drug to the media only marginally improved the rate of release [118]. These constraints have negatively impacted the utilization of FDM in the pharmaceutical industry [118]. However, with key advances in polymer chemistry and pharmaceutical technology, it is the view of the authors that these constraints are not insurmountable.




8. Conclusions


We conclude that FDM-based 3DP offers a huge potential to the pharmaceutical industry for the fabrication of a variety of solid dosage forms, particularly those intended for gastrointestinal delivery. It is versatile and permits the incorporation of several pharmaceutical excipients in relatively fewer production steps. The formation of ASDs is noteworthy, where improvement in the solubility of APIs is an added output. Furthermore, the technique provides a framework for polymer combinations in tablet designs, including gastrointestinal targeted. The FDM 3D printing technique also provides insights into the production of personalized medicines due to the efficiency in production. Notwithstanding, there are regulatory and production constraints, but these are not insurmountable. It is our view that research should focus on the production of biocompatible/biodegradable thermoplastic polymers that also promote API release from printed tablets, because this may shorten the trajectory to the realization of FDM 3DP tablets on the market.
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