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In recent years, three-dimensional (3D) food printing has seen substantial advancements, facilitating the production of highly customizable food products by integrating complex design and functional elements. This technology allows for fine-tuning visual characteristics, nutritional content, texture, and organoleptic properties according to individual consumer needs. Recently, 3D food printing has been used to encapsulate bioactive compounds to increase the nutritional value of food products. In addition, 3D printing has been explored for developing meat and cheese alternatives, cell-cultured meat, and scaffold development in cellular agriculture to obtain more efficient and personalized processes for food production. This review systematically examines recent progress in 3D food printing, focusing mainly on the applications in the domains mentioned above, and discusses the challenges and future research directions. Thus, this review can guide future research to achieve better 3D printed products using these emerging methods.
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1 INTRODUCTION
3D Printing (3DP) or additive manufacturing has become standard technology used worldwide for fabricating custom models using materials like polylactic acid, acrylonitrile butadiene styrene polymers, and metals. Compared to the conventional technique of molding, which is cost-effective for large-scale production of identical products, 3D printing provides customization, complex geometries, and integration of functional materials into products. Molding geometries are also confined, since only simple shapes can be extracted from the mold, especially restricting control over internal structures.
The inception of this technology dates back to the 1980s (Lipson and Kurman, 2013); however, it has become more accessible and versatile in the last 15 years. Compared to the typical process of subtractive manufacturing, such as computer numerical control (CNC) milling, which produces waste, the 3D printing process has minimal material wastage, except for supports and skirting features. During the initial days, 3D printing was developed for research purposes and prototyping; however, in recent years, it has been used in full-scale production by various manufacturers in construction, automotive, aviation, and medical devices (Real-World Applications of 3D Printing, 2024). The evolution of technology in 3D printers is receiving acceptance among hobbyists, do-it-yourself (DIY) enthusiasts, and engineers for prototyping and fabrication. Many startup companies like Metafold (https://www.metafold3d.com/), that explore 3D printing techniques are well funded (https://www.metafold3d.com/), and those that explore 3D printing techniques are reported to have seed funding of 1.78 million dollars (Metafold Secures, 2023). Also, Kickstarter companies are evolving into fully fledged independent ones like Snapmaker with advanced printers. Moreover, since the printer language is GCode (A language used to code the movement and process of 3DP), these devices are equipped with additional functionalities including laser cutting, engraving, and CNC cutting. Among various printers made in the initial days, RepRap was one of the most affordable and self-replicable open-source systems developed by Adrian Bowyer in 2007 (RepRap contributors, 2023).
3D food printing (3DFP) was adapted from 3DP (Sun et al., 2015), using food ingredients/products such as sugar (Holland et al., 2018a), gelatine (Wang Y. et al., 2023), dough (Guénard-Lampron et al., 2023), chocolate, etc. (Mantihal et al., 2020) as raw materials. The 3D food printers use edible materials as ink rather than plastic derivatives used in a general 3D printer. One pioneering multi-material extrusion printer was the Fab@home developed at Cornell University, which could print food materials (Malone and Lipson, 2007). Researchers are still optimizing various food materials to make more materials suitable for 3DFP. Another advancing area is geriatric food using 3D printing, which has come a long way in recent years, capable of supplying energy and nutrients with easy swallowing capacity and absorption in the small intestine (Santhoshkumar et al., 2024). In the current market, exclusive 3D food printers and DIY extruder attachments could convert a standard 3D printer to a food printer. Table 1 lists the 3D printers currently available on the market, along with their 3D printing methods and company locations.
TABLE 1 | List of 3D food printers.	Manufacturer and model	AM technology	Headquarters
	byFlow Focus	Extrusion	Eindhoven in the Netherlands
	Choc Creator V2.0 Plus	Extrusion	Devon, United Kingdom
	Micromake Food 3D printer	Extrusion	China
	Mmuse Chocolate 3D printer	Extrusion	China
	Natural Machines Foodini	Extrusion	Barcelona
	ZMorph VX	Extrusion	Wrocław, Poland
	Cakewalk	Extrusion	Massachusetts, United States


Previous reviews on 3D food printing discussed the characteristics and formulation of printable materials (food inks), properties of printed food, various applications, and post-processing techniques (Pant et al., 2021a; Hussain et al., 2022; Enfield et al., 2023; Waseem et al., 2024). They compared material properties and discussed specific case studies or technical challenges. They are limited to a general overview of the technology and discuss the early development stages, often not discussing its specific advancements and cutting-edge innovations that the technology has undergone in recent years.
The following sections provide recent applications in 3DFP technology, focusing on scaffold development, meat analogues, lab-grown meat, encapsulation, and cheese printing. These novel developments highlight the potential of 3D food printing to develop food alternatives and products with enhanced nutritional content. The developments in areas that focus on creating more advanced food products, with a focus on content delivery, alternative food sources, and sustainable food products. These technologies are important in the current era, where people adopt a vegan or plant-based diet. To add to 3D food printing customization, bioactive compounds (Bebek Markovinović et al., 2024), coloring agents (Wu et al., 2023), vitamins and minerals (Wang et al., 2022) were investigated for their suitability in food printing as well. Additionally, investigation of 3D printed space food is also taking place considering its benefits of safe, compact, balanced and delightful options to astronauts (Santhoshkumar et al., 2024). Nevertheless, cost, regulatory and intellectual property concerns are still significant challenges in this field. The traditional meat industry produces large amounts of waste, which are the parts of animals which people generally do not eat. Also, depending on the geographical region, people prefer some animal parts over others, which increases the waste of unwanted parts in the market. The scaffolds can support the production of specific meat tissues with less waste due to their directional properties in culturing cells. The main goal of this review is to synthesize current research, identify challenges, and point toward future directions in this rapidly evolving field. This review will serve as a valuable resource for researchers, food technologists, and industry professionals looking to understand and leverage the capabilities of 3DFP in creating innovative, personalized, and functional food products.
2 PROCESS, WORKFLOW AND METHODS OF 3D FOOD PRINTING
3D food printing starts with creating a 3D design in a CAD program with the desired structure. Later, the model is exported to a slicing program (e.g., Cura, Voxelizer, Slicer), which separates the 3D structure into separate 2D layers depending on layer thickness. The 2D path is converted into a 3D printer language called GCode, which includes information for the axis movement, extrusion quantity, and temperature details. According to the sliced 3D model, the food material is printed layer by layer. Compared to moulding process, food printing provides opportunities for customization both in design and formulation. Moreover, among the different printer configurations, Cartesian coordinate printers are commonly used for research purposes (Thangalakshmi et al., 2021).
Recent advancements in 3D fabrication have led to the development of 4D, 5D, and 6D printing technologies with potential applications in food printing. The 4D printing is an extension of 3D printing technology by incorporating smart materials that undergo physical and chemical changes under external stimuli (Ghazal et al., 2023). These changes include structural changes, encapsulation, and controlled release mechanisms.
The 5D printing introduces two additional axes for rotation in addition to the X, Y, and Z movements. The advantage is the fabrication of more complex structures, with improved precision and reduced support. For example, circular parts always work best in printing, if the circle’s plane is perpendicular to the extruder nozzle, but now the additional axis will allow the user to reorient the model. When 5D printing is combined with smart materials that respond to temperature, pH, or electromagnetic radiation, that process is referred as 6D printing (He et al., 2020). The stimulus-response system offers a new area of research with dynamic sensory experience. In the context of food applications, 4D printing has seen significant development; however, 5D and 6D printing are largely unexplored.
The American Society of Testing and Materials (ASTM) has classified various additive manufacturing techniques into seven major groupings (Figure 1), including (1) powder bed fusion (2) directed energy deposition, (3) material extrusion, (4) binder jetting, (5) material jetting, (6) sheet lamination, and (7) vat photopolymerization (Standard ASTM, 2012).
[image: Flowchart of food printing showing relationships between printer configurations, printing technologies, and materials. Printer configurations include Cartesian, Polar, Delta, and SCARA. Printing technologies listed are Binder Jetting, Selective Laser Sintering/Hot Air Sintering, Extrusion, and Inkjet. Food printing uses food or smart materials. Outputs are 3D, 4D, 5D, or 6D printing, with various axes of motion and time-dependent changes for smart materials.]FIGURE 1 | Classification of food printing.The typical food printing techniques are binder jetting, selective laser sintering/hot air sintering, and extrusion printing (Thangalakshmi et al., 2021) (Figure 2).
[image: Diagram illustrating three methods of 3D printing. A: Binder jetting with a print head depositing binder ink onto a powder bed. B: Powder bed fusion using a laser or hot air to fuse material. C: Material extrusion with an extruder depositing material in layers.]FIGURE 2 | Various 3D printing processes. (A) Binder jetting, (B) Selective laser sintering, (C) Extrusion.In Table 2, the common 3D printing methods are compared to each other, discussing the material used in the process and respective advantages and disadvantages.
TABLE 2 | Common 3D printing methods and their comparison.	Category of additive manufacturing technologies	Materials used	Advantages	Disadvantages
	Binder Jetting (BJT)	Sand
Plastics (PMMA, ABS, PA, PC)
Ceramics
Metal (Stainless Steel, Titanium alloys)	Fast and affordable
Minimal material waste
Relatively large build area
Requires minimal printed part supports	Causes shrinkage
Before post-processing, parts are fragile and can crumble easily
	Directed Energy Deposition (DED)	Metals (cobalt-chrome, titanium, Inconel, tantalum, niobium, stainless steels)	Can add material to existing parts dense, strong parts that have great mechanical properties
Fast build times and minimal material waste	Support structures are difficult
Require post-processing due to poor process resolution
	Material Extrusion (MEX)	PLA
ABS
PC
PETG
PA
Carbon fiber-filled ABS
PEEK
Stainless steel
Tool steel
Copper
Nickel alloys	Low-temperature process
Fast printing times for single/small parts
Minimal post-processing required	No economies of scale, so high-volume runs are slow
The resolution relates to the filament warping and shrinkage.
	Material Jetting (MJT)	ABS
HIPS
Acrylic HDPE
PS	Very smooth surfaces parts with very high tolerances.
Can layer multiple materials
High-speed process	Build time is slow because it constructs one droplet at a time creates significant material waste.
	Powder Bed Fusion (PBF)	Metal (Aluminum, titanium, copper, cobalt-chrome, etc)
Nylon
Ceramics	Can produce parts with complex shapes
More than one part can be produced simultaneously
Used powder can be recycled
No minimum support structures are needed	Long print time and costly post-processing
Parts have varied surface texture quality
Parts can have thermal distortion
	Sheet Lamination (SHL)	Paper
Ceramics
Carbon fiber composites
Metal (Aluminum, copper, stainless steel, titanium)	Little to no pre-production; fast print time; relatively low cost
No support structures needed
Cut material can be recycled easily	Complex shapes are not possible
Requires time-consuming post-processing
Adhesive bonds deteriorate over time
	Vat Photopolymerization (VPP)	PLA
ABS
PC
PETG
PA
Carbon fiber-filled ABS
PEEK	One of the fastest AM technologies
Consistent repeatability
Biocompatible materials available
Can be watertight and/or airtight once cured
Very fine detail is possible	Relatively expensive resin and limited materials are available
Long post-processing time
Can become brittle, especially when exposed to prolonged sunlight


2.1 Binder jetting
This technology was exclusively used in the case of powdered materials like sugar. Here, an iterative process starts with spreading a layer of powder, adding a liquid binder on top of the first layer in areas that indicate the shape of the 3D object, and adding a second layer of powder. This process eventually creates a 3D object by binding/sticking together various layers. This method was least applied in food printing due to constraints in material properties. The current research uses Calcium Caseinate (CaCas), starch, and medium-chain triglyceride (MCT) powder (Zhu et al., 2022) and amorphous cellulose (Holland et al., 2018b). This particular technology has the advantage of adding various flavors to the 3D printed product in each layer, thus adding additional customization aspects. Since the layer height predominantly depends on the material size, the smaller layer height and iterative method take a lot of time compared to other AM methods. Also, post-processing treatment such as heating is required for retaining the structural integrity (Zhu et al., 2022).
2.2 Selective laser sintering/hot air sintering
This technique involves fusing of small material particles on their outer surfaces to form complex 3D structures. After a 3D object is sliced into layers, the first layer of powder is spread out. A laser or hot air is then applied to melt just the outer surface of this layer. Following this, the next layer of powder is added to the top, and the process is repeated layer by layer, following the design. This continues until the entire object is formed. 3D products with different food materials at different levels of a food product can be achieved using this method (Diaz et al., 2014). In the process, each two-dimensional layer created is stacked one on top of another to obtain the 3D product output. The method could be used with powdered materials and require minimal post-processing to retain structural integrity, unlike binder jetting. In food materials, starch and sugar are explored for the sintering process (Jonkers et al., 2022; Kim et al., 2022).
2.3 Extrusion printing
Among various methods in 3D food printing, the commonly explored method is extrusion printing due to its versatility. Materials with shear-thinning rheological behavior are generally suitable for extrusion printing. Semisolid viscous materials like doughs were found ideal for food printing using extruders. Also, temperature change can directly influence the viscosity of products, as in chocolate printing applications (Lanaro et al., 2017). In hot melt extrusion, the printer nozzle is heated to melt materials like chocolate, similar to the process used for plastic polymers in conventional 3D printing. Previous research has explored various materials for extrusion printing through optimization of both material combinations and printer parameter setups. The extrusion 3D printing used rice-based doughs (Liu Y. et al., 2019), fruits and vegetables (Ricci et al., 2018), pectin-based food (Wedamulla et al., 2023), meat (Dick et al., 2019), and fish (Wang et al., 2018). Furthermore, this method relies upon the self-supporting ability of materials to support the load of new layers.
3 3D PRINTING APPLICATIONS IN CELLULAR AGRICULTURE
The meat grown from animal stem cells through tissue engineering has been termed with different names, including “cultured meat (CM),” “in-vitro meat,” “lab-grown meat,” “cellular meat,” “cultivated meat,” or “clean meat” (Santo et al., 2020). Recently, several companies have been reported to be interested in the 3D printing of lab-grown meat. Significant advantages of cultured meat printing are reduced risk of zoonotic, food-borne diseases, unharming animals, and reduced contamination faced by conventional meat production systems. Also, compared to traditional meat production, the land use efficiency is higher for bioreactors (i.e., food, biomass, or cells per unit area of land compared to traditional farming methods is high) (K. Handral et al., 2022) and 3D printing of cells. While 3D printing of cultured meat offers numerous advantages, infrastructure limitations, consumer acceptance, and nutritional aspects need to be addressed for widespread acceptance.
3D cell printing improves cell-cell interaction and topology compared to flat culture plates. The higher degree of control thus allows the creation of tailored cell responses. The degree of control in the 3D printing process enables the development of highly structured meat products and better composition control. Companies like Aleph Farms also take these concepts to space food (Space meat, 2022). There are different ways to produce real meat tissues or muscle constructs, including cell sheet engineering (Santos et al., 2023), cell fiber engineering (Rao et al., 2023), cell culture on 3D printed scaffolds (Koranne et al., 2022), and 3D cell printing (Choi et al., 2016; Costantini et al., 2017; Kang et al., 2021). These methods could produce geometries that are difficult to produce using casting or electrospinning techniques. The commonly used cell printing technique is extrusion printing, in which cells are deposited in predetermined positions to obtain the microarchitecture. In the 3D cell printing method, cells, growth factors, and bioactive compounds are mixed to form bioinks, which mimic cells inside the extracellular matrix (ECM). There have been attempts to create a proper ECM environment around cells to reconstitute the intrinsic cellular morphologies and functions, resulting in high cell viability (Pati et al., 2014). Also, much research in cell printing was aimed at organ/tissue development rather than food applications due to the complexity of the process and higher expense compared to the conventional method. The branch organ-on-a-chip investigates the creation of artificial organ development, exclusively focusing on human physiology, disease, and drug responses.
The steps involved in cultured meat production are 1. Harvesting of stem cells, 2. standard cell replication in nutrient-enriched media, 3. the replicated cells are placed into scaffolds for multicellular growth, and 4. upscaling using a larger reactor (Dekkers et al., 2018). Various cells developed during the process could be fat cells, fiber cells, endothelial cells, muscle cells, and edible scaffolds. (K. Handral et al., 2022). The stem cells are extracted and cultured on the 3D-printed scaffold materials. Later, using a bioreactor, the final meat product is obtained. These bioreactors facilitate cell proliferation and productivity by providing optimal growth conditions and nutrient-rich environments. Cells are seeded on the 3D-printed scaffold materials, which are then placed inside the bioreactors for further development. One reason for using scaffolds in 3D printing is to have a supporting structure for cell development where 3D printing is used. The technology, using a supporting bath-assisted 3D printing, was one in which the bio-ink gets extruded inside a hydrogel, thus ensuring structural support (Kang et al., 2021). Another method with a similar concept was the freeform reversible embedding of suspended hydrogels investigated by (Hinton et al., 2015), where a printed hydrogel gets embedded within the second hydrogel, which could be removed later during heating, indicating two cutting-edge research, which can benefit cellular agriculture using 3D printing. Researchers have recently been investigating in vitro meat (IVM) production, adopting the advantages of tissue engineering for providing a protein-rich food source. Food bioprinting was used to create beef steak from bovine satellite cells and bovine adipose-derived stem cells collected from beef meat (Kang et al., 2021). In previous work, the tendon-gel-integrated bioprinting (TIP-tendon gels anchor printed cell fibers) steak was constructed with 72 fibers comprising 42 muscle, 28 adipose, and two blood capillaries mimicking the microscopic structure of actual beef steak. Here, muscle stem cells, myosatellite cells, are grown into myotubes and myoblasts, which then combine to form muscle fibers. The previous research’s key takeaway was the combination of different cells and their integration in creating steak with the textural characteristics of actual beef steak. Food bioprinting and its extensive control over cell-cell ratio, cell density, and distribution are higher than other CM production methods. Since it uses different cell aggregates to simulate organ development in embryonic stages, the organs or animal parts are identical to real-world ones. Nevertheless, the technical challenge of using technology for food sources lies in the scale-up challenges. Lab-scale meat production is costly and thus does not have commercial value. This cost is related to the high-cost culture medium, microcarrier, and sufficiently large bioreactors. In addition, regarding the printers, very high resolutions of ∼3 μm are required to print capillary-like structures essential for various animal parts. Hence, research focuses on scale-up challenges like cost-effective resources and high-resolution printers required in the field for advancement in this area.
3.1 Scaleup challenges
The area of cultured meat printing addresses the ethical concerns of animal cruelty and uses plant-based growth media. Also, there have been widespread applications in medical and related industries in recent years. However, large-scale processing is essential for food applications since many techniques are adapted from lab-scale cell cultures. The challenge of higher costs in scale-up and public stigma also needs to be addressed. Hence, the research gap is in mechanical scaling and adding edible features. On the positive side, recent developments in bioreactors are towards cost-effective models showing potential for commercialization. In bioprinting applications, even though the cost is higher, it is justified by the smaller scale of production and a different set of goals compared to food applications. For the consumers, higher or equal protein delivery and proper regulation and control are possible ways to reduce skepticism. Various other technical limitations of bioprinting, like lower resolution of printers, difficulties in producing blood vessel networks, and ECM compositions, also exist. Engineers, scientists, and clinicians are working towards solving these problems, which would aid in scale-up.
4 3D-PRINTED SCAFFOLD DEVELOPMENT FOR CELLULAR AGRICULTURE
In the field of cellular agriculture, scaffolds are framework structures that can be used to create support structures for preparing complex food products or biomaterials. They help in the development of tissues into aggregates and later to specific tissue structures. Also, they act as mechanical frameworks on which tissue development takes place, thus giving the shape and structure, and performing like an extracellular matrix. Scaffolds can guide nutrient flow and cell structure. They must be biocompatible with the required physical and biological properties that support cell attachment and proliferation (Acevedo et al., 2015; Enrione et al., 2017). The 3D printing of scaffolds falls in a bottom-up approach, where the larger structure is fabricated starting from individual tissues. Hence, using 3D printing as a directional tool, we can control how and where the cell grows and model animal tissues in real-life scenarios. 3D food printing helps in customization in design, scalability, precision, and multi-material control in scaffold development (Koranne et al., 2022). Moreover, creating complex scaffold designs enabled the fabrication of complex cellular structures in later stages and improved the functionality and aesthetic appeal. Bioprinting scaffolds potentially allow control of cell-cell ratio, cell density, and positioning of cells (K. Handral et al., 2022). There are advancements such as decellularized extracellular matrix scaffolds, which could act similarly to the extracellular matrix, thus enabling tissue-specific stem cell lineage commitment and maintaining the phenotype of mature cell populations (Pati et al., 2014).
4.1 Material selection challenges
The 3D bioprinting extends beyond scaffold development, where cellular and acellular components are deposited on the scaffold to develop complex 3D structures (Singh et al., 2023). Here, microcarriers were introduced that impart charges, bonds, or crosslinking that facilitate large-scale tissue development (Singh et al., 2023). One major challenge in the 3D modelling of microchannels in scaffolds is the biocompatibility that arises when using external additives for cross-linking, hence, very high-resolution printing solutions are required (Jeong et al., 2022; Santos et al., 2023). 3D printing was able to produce scaffolds with various biopolymers, including protein-based (Liu et al., 2022), polysaccharide-based (Naranda et al., 2021), synthetic (Leukers et al., 2005), and natural biopolymers (Liu J. et al., 2019) with materials such as soy protein, alginate, calcium phosphates, and starch, respectively. Depending on the material used, the final product could either be edible along with the scaffold or need further processing steps to remove the scaffold. Materials such as pea protein isolate or soya isolates can serve as edible scaffolds.
Table 3 lists the common materials used in scaffold development using 3D food printing, relating them to their prominent investigation area, and the cell type used in the investigation.
TABLE 3 | Materials used in scaffold development using 3D food printing.	Material used	Prominent investigation area	Cell type	Reference
	Hydrolysed Collagen	Investigation of pore morphology and its control	-	Koranne et al. (2022)
	Hydroxyapatite	Bone tissue engineering	-	Leukers et al. (2005)
	Gelatine B (GB) and xanthan gum (XG)	Ca2+ crosslinking, Dysphagic diet	-	Zhang et al. (2022)
	Chitosan-pectin	Structural stability, homogeneous and amorphous structure	-	Zarandona et al. (2021)
	pea protein isolate (PPI) and soy protein isolate (SPI)	Cell recovery post-printing 80%–90%, low allergic risk	Bovine satellite cells (BSC)	Ianovici et al. (2022)
	Gelatine, sodium alginate, and soy protein/soy peptide powder	CaCl2 Crosslinking, promote cell as 3D templates that support cells to attach, proliferate, differentiate, and secrete	Endothelial cells	Liu et al. (2022)
	Sodium alginate	Promising potential for artificial plant tissue simulation and improves textural properties	Carrot Callus	Park et al. (2020b)
	carrageenan-xanthan-starch	Observed T-gelation and printing temperature	-	Liu et al. (2019c)
	abalone proteins and gelatinized starch	controlled texture for the elderly	-	Yun et al. (2023)
	Gelatin B (GB) and whey protein isolate (WPI), xanthan gum (XG)	Cellulose nanocrystal (CNC) addition improved self-supporting, thermal stability, and texture	-	Zhang et al. (2024)
	Gelatin methacryloyl	Microchannels introduced for stability, fibroblast differentiation was successful	Bovine embryonic fibroblast cells	Jeong et al. (2022)


Alginate is a typical material used for scaffold development, which can be further incorporated with pea protein isolate and soy protein isolate to obtain better structural characteristics (Ianovici et al., 2022). Soy protein isolate can provide the necessary structural integrity to the scaffold. Soy protein was a common material used in varying concentrations from 2% to 20% w/v basis (Ianovici et al., 2022; Liu et al., 2022; Carranza et al., 2023). Also, cellulose nanocrystals were added to gelatine, xanthan gum, and whey protein isolate combinations for better structural properties for the scaffolds (Zhang et al., 2024).
4.2 Effect of formulation and temperature on scaffold 3D printing
Zhang et al. (2022) were able to develop 40-layer scaffold of printed construct using 3 wt% gelatin B and 10 wt% xanthan gum. The mix performed better in rheological properties with the addition of Ca2+ ions or a lower temperature of 4°C, thus retaining the shape for 96 h. This comes with a cost of over-gelation of food ink; hence, filament irregularities need to be tackled. In general, gelation or similar mechanics of interlinking were beneficial for layer-by-layer adhesion, and optimization of this property is a key influencing factor. Liu Z. et al. (2019) found that a combination of carrageenan, xanthan gum, and starch, having a gelation temperature of 38.2°C, resulted in relatively better 3D printing properties when the nozzle temperature was 40 °C. Changing these temperatures directly affects print quality, causing deformations in the products. Furthermore, the crosslinking property of Ca2+ was previously explored using a coaxial print head that prints pectin-based food ink with an outer coating of CaCl2, thus enabling the Ca2+ crosslinking for better structural integrity (Vancauwenberghe et al., 2018). Although Ca2+ can provide crosslinking at high concentrations, “syneresis” could occur, resulting in the shrinking of the object during printing, causing defects. Moreover, using a regression model, this study attempted to create a model that could find suitable print settings corresponding to given textural properties. 3D printing has investigated textual properties and mouth feel; thus, creating products that can produce the desired mouth feel was a significant advancement in the area.
4.3 Sensory, mechanical and structural properties of scaffolds
The 3D structure of the scaffold could influence the sensory properties of tissue aggregates, including wetness, tenderness, and texture (Singh et al., 2023). To achieve high viability and cell growth over 35 days, callus-based printing successfully exhibited unique texture and simulated artificial plant tissues (Park et al., 2020a). Here, the combination of typical material, such as alginate, with callus tissues improved the overall qualities of the scaffold. Moreover, modification of factors such as infill properties changed the textural properties of printed products (Zhang et al., 2022). Yun et al. (2023) created 3D printable abalone scaffolds by adding potato starch for textural modification and printability. Generally, adding starch that can cause gelatinization increases the storage modulus during rheological analysis, suggesting an increase in viscosity, directly influencing the materials' printability. To obtain these characteristics and proper development, high vascularisation and attachment were provided by pore structures in a scaffold that increases surface area per volume (Leukers et al., 2005; Chng and Wan, 2023). The pores were usually in the 300 µm range (Leukers et al., 2005), and their size depends on the required characteristics for cell development. Furthermore, freeze-drying was one of the methods for creating such structures (Koranne et al., 2022), and additive manufacturing was able to provide more intricate and regulated pore designs.
4.4 Scaffold design, formulation, and printing methods
Previously, the mix of hydrolyzed collagen, soy lecithin, canola oil and distilled water was found to be a food-grade bioink suitable for scaffold manufacturing (Koranne et al., 2022). Here, the freeze-drying technique was used to create a pore structure where the cell grows. Also, modification of freeze-drying conditions leads to the development of different pore sizes needed for various cells. However, there is a need for food-safe additives to better cure scaffold structures. Another advanced method in creating scaffolds with multiple pore sizes is by using viscous thread instability, which can create pore sizes less than the resolution of the printer (Lipton and Lipson, 2016). Although specialized studies on 3D printed scaffolds are limited, much cell culture-related research has presented the printing of scaffolds. The scaffold design becomes essential since muscle cells proliferate and differentiate according to the design of the scaffold, to be more specific, they adhere to the direction patterns of the scaffold (Rao et al., 2023).
More advanced technologies, such as electrohydrodynamic (EHD) printing using prolamins, were used to create exact scaffold designs (Su et al., 2023), creating 400 µm pores. This technology does not require the usual crosslinking material addition, such as Ca ions. Since prolamins are edible, there is no need for scaffold removal, similar to the usage of hydrolyzed collagen with soy lecithin, which does not require any scaffold removal steps (Koranne et al., 2022). Overall, sensory and quality properties of cultured meat dried using EHD showed promising outcomes in the production of meat slices (Su et al., 2023). Another study reported the printing of both scaffold and bioink using alginate-gelatin hydrogel along with bovine myosatellite cells for making lab-grown meat (Dutta et al., 2022). The researchers were able to produce fat-free meat with sustainability aspects and potential for mass production in future.
The recent advancements in scaffold printing show promising results and thus applications in cultured meat production. The ability to control printed food products' composition, structure, and nutritional content not only enhances food safety and sustainability but also opens new avenues for personalized nutrition and dietary solutions. Also, the advancements in 3D printing scaffolds have optimized many new materials that add to the general advancements in 3D food printing. Many 3D printers are not designed for 3D food printing, and thus, there is a need for toxicity studies of the materials involved in the process. Scaffolding plays a crucial role in cellular agriculture, and improvement in this area would reduce cost as well as increase the feasibility of artificial meat development. Upcoming technologies like 4D printing, which could mimic the dynamic nature of tissues, could be a possible research area along with new material and their combinations.
5 3D PRINTING MEAT ANALOGUES
3D Printing of meat in different forms, like paste and powder, is well explored, and the current trend towards plant-based alternatives shows an emerging trend towards meat analogues. Printing meat analogues or alternatives has been one of the major areas of research. Various natural and plant-based materials have been used to mimic meat texture and sensory properties. Israeli et al. (2023) compared protein isolates from canola, chicken, pea, and potato combination with soy protein isolate to study their protein properties. Although properties like texture, water, and oil absorption capacity were measured, there was no comparison with real meat products. Previous research works established some correlations of physicochemical and functional properties, which later could be used to create compositions with these proteins and other materials to form meat-like products. Researchers used various methods to characterize meat analogues, which helped interpret their properties (Table 4). The major characterization was done using rheological studies and a texture profile analyzer. The rheological characterization is usually done to understand the viscoelastic properties and thus optimize the consistency and stability of the product. The dynamic rheology finds complex viscosity (η) and the variation of storage (G′) and loss modulus (G″), thus finding the range in which the material behaves ideally for printing (Herold et al., 2021; Thangalakshmi et al., 2021; Nam et al., 2023). For example, in the case of raw chicken meat mix a G’>7000 Pa and η > 170 Pa for shear stress τ = 10 Pa, and a frequency of f = 10 Hz for better printing (Herold et al., 2021).
TABLE 4 | Materials used in meat analogues and characterizations investigated.	Materials used	Characteristics studied	Reference
	Carrageenan (CG), sodium alginate (SA), and glucomannan (GM)	Frequency sweep, curing test, and temperature sweep, shrinkage, cooking loss, tensile strength, breaking time, mechanical property, confocal laser scanning microscopy (CLSM)	Ko et al. (2021)
	Soy protein, biosurfactants (acetylated starch, octenyl succinic anhydride starch, ethyl (hydroxyethyl) cellulose, and dodecenyl succinylated inulin)	Coil-overlap concentration (c*), intrinsic viscosity (η), and coil-overlap parameters c, macromolecular characteristics, steady and dynamic rheological properties, creep and creep-recovery test, three interval thixotropy test, droplet size, CLSM, textural profile analysis (TPA), protein solubility assay, differential scanning calorimeter (DSC), scanning electron microscope (SEM), X-ray diffraction (XRD), oral tribology, temporal dominance of sensations	Shahbazi et al. (2021c),2021a
	Pea protein fibrils, microbial Single Cell Protein (SCP) and hydrocolloids locust bean gum and/or sodium alginate	Dynamic rheology measurements, TPA, Appearance	Calton et al. (2023)
	Pea protein isolate (PPI) and soy protein isolate (SPI) with RGD-modified alginate	Micro-CT scanning, and porosity analysis, liquid uptake, mechanical measurements, in-vitro degradation, seeding efficiency, viability analysis, cellular metabolic activity, DiI staining, coverage analysis, RNA extraction and qPCR.	Ianovici et al. (2022)
	Mung bean protein isolate (MBPI) and wheat gluten (WG)	Viscoelasticity and yield stress, dimensional stability and printing characteristics, fourier-transform infrared spectroscopic (FTIR), water holding capacity (WHC), scanning electron microscopy (SEM), TPA, electronic tongue analysis, electronic nose analysis	Chao et al. (2024)
	Mung bean protein isolate, methylcellulose, beet red, xylose	Shear modulus, dimensional stability, visual appearance, colour measurement, TPA, SEM, FTIR.	Wen et al. (2022a)
	Soy protein isolate (SPI), wheat gluten (WG), and rice protein (RP)	Steady state and dynamic rheology, low-field pulsed nuclear magnetic resonance (LF NMR) analyzer, CLSM, TPA, SEM.	Qiu et al. (2023b)
	Soy protein (80% protein content), coconut oil, commercial vegan meat analogue	Dynamic rheology, TPA, SEM, amino acid profile analysis, cooking loss, sensory analysis	Demircan et al. (2023)
	Surimi paste	Dynamic rheology, cooking loss, water-holding capacity, dimensional stability, TPA.	Kim et al. (2021)
	mung bean protein	Dynamic rheology, TPA, cooking losses, shrinkage, TPA, SEM.	Wen et al. (2022b)
	T. molitor larvae	Proximate composition, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), FTIR, dimensional stability, TPA.	Kang et al. (2023)
	G. bimaculatus with soy protein isolate	SDS-PAGE, dynamic rheology, thixotropy test, dimensional stability, mechanical properties, SEM.	Nam et al. (2023)
	Egg albumen, pea protein, and gellan gum	TPA, dynamic rheology, DSC, SEM.	TSAI and LIN (2022)


The texture profile analyzer (TPA) is used in two ways for characterization. In the first method, it is used to quantitatively evaluate mouth feel through hardness, adhesiveness, gumminess, springiness, chewiness and cohesiveness (Zarandona et al., 2021). However, this can only be used when printing the same designs, since the force variation recorded will depend on the 3D design. The second method is by using a Forward Extrusion Cell coupled with a TPA, in which we are interpreting the extrusion force vs. time/displacement characteristics of the material (Martínez-Monzó et al., 2019). Extensive research on texture studies aided in creating a similar experience to meat by tuning in gumminess, springiness, and chewiness. In addition to these microstructure analyses, proximate analysis, sensory, and nutritional analyses are evaluated depending on the product. Based on current progress, the method of meat analogue printing can be faster to achieve compared to cellular agriculture scale-up.
5.1 Efforts to achieve meat characteristics for meat analogues
Wang and Liu (2021) reported the development of starch, sodium alginate, Tween-80, shiitake mushroom powder, and cocoa butter composite to create fibrous architecture, as a potential meat alternative (Wang and Liu, 2021). Soy protein was reported to be better than pea proteins due to its better rheological characteristics. Much other research also found the potential of soy protein isolates as a possible meat alternative. Techniques, including coaxial printing, were used in which the fibre solution was surrounded by soy protein paste. The resulting product was reported as a good alternative to meat products based on curing tests, texture properties, and confocal microscopy results (Ko et al., 2021). But various food components, such as pea protein, alginate gel, transglutaminase or κ-carrageenan, could not exactly match the texture properties of food products (Leelapunnawut et al., 2022). Hence, the challenge exists in matching various textures and sensory properties together.
Certain specific characteristics of meat were able to be reproduced in previous research, but achieving all the properties remains a challenge. The approach by Leelapunnawut et al. (2022) compared real meat (pork tenderloin, chicken breast, salmon and Spanish mackerel) with 3D-printed meat alternatives, which did not incorporate fat and fibre as infill materials, which contributes to the actual meat properties and taste. Chen et al. (2021) reported that meat texture could be matched when textured soy protein with hydrocolloid combinations were used with various infill characteristics, i.e., infill pattern and infill rate. The material combinations were able to create intricate infill patterns like grid, triangle, wiggle and honeycomb, and there was a significant difference observed in the cross-section of products after frying. The texture was similar to the control (i.e., fried chicken breast piece) and had identical hardness, gumminess, and chewiness (Chen et al., 2021). Vegan plant meat was prepared using potato starch, maltodextrin, xanthan gum, and beetroot extract to create a meat analogue with added mushroom fortification (Demircan et al., 2023). The design used for 3D printing resulted in good accuracy. The addition of various mushrooms improved the textural and rheological properties of products as well (Demircan et al., 2023). Similarly, another approach using mung bean protein isolate (MBPI) and beet red (Wen et al., 2022a) also showed the same appearance, which resembles meat colour and thus plays a crucial role in consumer acceptance. The structural variation was observed during various 3D printing trials, which was significantly reduced by adding xylose by increasing the shear modulus (Wen et al., 2022a). Xylose also plays a role in imparting brown colour during cooking; thus, balancing both rheological and sensory properties was required. The textural property variations, i.e., hardness and chewiness, could develop intermediate formulations, thus giving the possibility of elderly food (Tsai and Lin, 2022). The researchers used gellan gum and found its potential for protein replacement, and it is mainly preferred for people with renal disease. MBPI and wheat gluten (WG) were combined for fibre replacement with L-cysteine to obtain fibrous characteristics (Chao et al., 2024). Optimal use of 0.4% sulfhydryl-containing cysteine affected protein structural modification, causing bitterness reduction and favourable taste due to modification of hydrophilicity and polarity (Chao et al., 2024). Another attempt was using MBPI, methylcellulose and transglutaminase at different concentrations in creating a meat analogue. The addition of transglutaminase was found to modify the rheological properties and hardness of the product (Wen et al., 2022b). Table 4 summarizes the materials used for meat analogue printing and important characteristics used in the study for product evaluation.
There have been approaches in creating better printer mechanisms using peristaltic pumps, which can extrude continuously without refills and solve the problem of solid-liquid separation (Liu et al., 2018). However, the samples had poor print quality compared to those with similar approaches, which could be rectified using materials with suitable rheological properties. Another method involved adding temperature control to the print unit, where the extrusion head could be maintained between 30°C and 100°C and the platform between 4°C and 10°C (Liu et al., 2023). This was further supported by the fact that gelatin, a common 3D printing material, has high-temperature fluidity and low-temperature gelatinization; hence, temperature control results in better printing.
3D printing of meat is an upcoming area under development, and the challenge is exactly reproducing meat texture and sensory properties. Previous works were able to reproduce some of the textural properties of meat, but achieving all key properties is necessary for the overall success of the product. Also, the biological variation challenges the reproducibility of results; hence, a dynamic method that can account for small variations needs to be developed. Different cooking methods produced different hardness to the meat analogue, indicating that suitable characteristics like actual meat could be achieved by selecting the appropriate cooking method, which is also a factor to be considered.
In appearance, the 3D printed products had clear boundaries with distinct layers on edges than the actual meat, thus, deformations after cooking were always observed on those portions of the product. Real meat paste has also been used in meat printing, and similar optimization steps are always required when any other 3D food printable material is used (Wilson et al., 2023). Also, there are options where 3D printing can be combined with other technologies, like extrusion, to increase the fibrous nature of the product. In the era of plant-based products, meat alternatives are gaining more attention in 3D printing research.
6 CHEESE PRINTING USING 3D PRINTERS
3D Printing of cheese was one of the upcoming research areas in food printing and certainly comes with its own set of issues. The significant one is the matter of getting the right rheological properties, as the cheese must be able to go through the printer nozzle smoothly, yet not lose its shape once it is placed. Moreover, with the current printing technology, it is challenging to replicate and create the intricate textures and consistencies of the variety of cheeses that go from soft to elastic to hard. The temperature should be carefully controlled as well, because cheese is quite heat sensitive, and melting or getting torn up during the printing process could happen. Different cheese types have different ingredients and compositions, thus, the printer head needs to be very adaptable to cover the whole range. In the same context, a few cheese products, when printed, will need further processing, for example, aging or curing, and this will lead to the production process no longer being simple. However, interest in 3D-printed cheese remains strong due to its promising advantages. In recent years, the development of plant-based cheese alternatives and customized solutions for lactose-intolerant individuals have gained attention, keeping the topic highly relevant in both food innovation and personalized nutrition.
Wang D. et al. (2023) found that the addition of whey protein isolate nanofibrils (WPNF) could increase the printing performance as well as the antioxidant properties. Also, WPNF was able to hold layers together and help in continuous printing, which is essential in 3D printing. Compared to general 3D food printing practices, this study used complicated designs, such as a swan and a rabbit models with several overhangs, which challenge structural integrity. These shapes were printed with reasonable accuracy, which can be attributed to the ink’s rheological properties—such as the significantly higher storage modulus compared to loss modulus in WPNFs than in WPI—along with better uniformity in ink formation (Wang D. et al., 2023). Additionally, the apparent viscosity, yield stress, and elastic modulus of the formulation are also critical parameters for 3D printing cheese products (Bareen et al., 2021).
For the custom printer, a viscosity range of 7.55 and 10.94 Pa s was suitable to produce good prints and high-temperature printing, in the case of fat droplets could potentially resist compressive forces and become harder as well (Ross et al., 2021). They also found that processed cheese printing was highly interlinked with pH and structural protein content (Ross et al., 2021). Similar observations were made in rennet-induced high protein food printing in which pH, temperature and concentration of Ca2+ ions had an influence (Uribe-Alvarez et al., 2021). These factors ultimately change the storage and loss modulus, thus affecting the printing performance and structural integrity.
The printing process and temperature influence the disruption of fat globules, shearing and solidification, thus creating significant differences in structural properties (Le Tohic et al., 2018). Also, the shear rate was inversely proportional to the size of fat globules. For obtaining printable rheological properties, substances such as whey protein isolate and maltitol were added to heat acid-coagulated milk (Bareen et al., 2021). The formulations need to have high adhesiveness and lower firmness for better printability. Since the formulations were shear-dependent on liquids, the process parameters in the study were kept constant; thus, optimizing those along with the formulation parameters was one of the major challenges in 3D food printing.
Many trials have been made to produce cheese lookalikes, i.e., products that replace the usual milk, fat, or protein parts with emulsifying agents, additives, preservatives, or flavoring agents. The main task of these trials has been to come up with a low-fat version of cheese as a replacement for the traditional type. This has involved replacing fats or oils with micro-surfactants while striving to maintain the original textural and sensory properties (Shahbazi et al., 2021b). The research extensively investigated textural properties and oral tribology and depicted the close resemblance to cheese.
Cheese printing is an area where there are more opportunities for research and development. Even though there are advancements in textural properties of 3D printed products, creating stable formulations with fat, milk, and protein proves challenging in cheese printing. Usually, the formulations are directly adjusted with water or rheological modifications like gums, but that flexibility is not there for cheese due to its inherent nature. Dairy products are generally constrained in 3D printing due to the properties of the product and printer parameters; hence, suitable chemical or physical methods of modifying cheese need to be implemented for better performance.
7 ENCAPSULATION OF BIOACTIVE COMPOUNDS
Encapsulation is a technique used to protect an active substance inside a protective material to control its release, increase its stability, and increase bioavailability. For example, materials such as β-carotene with high perishability were stabilized by encapsulating them in β-cyclodextrin and strengthened using chitosan (Wang et al., 2022). Bioactive compounds (BC) are complex compounds with intricate structures and various biological benefits. Incorporating them into our diet could offer potential health benefits, culinary delights and therapeutic interventions. These effects are through biochemical processes, influencing metabolic pathways, antioxidant activity, anti-inflammatory properties, and enhancement of cognitive functions. 3D printing can be utilized to encapsulate bioactive compounds, with the main challenge being the need to achieve high encapsulation efficiency, while maintaining good printability of the materials. The advantage of 3D printing here is the control over spatial placement of bioactive compounds, real-time process, and co-encapsulation of synergistic compounds with control.
Two major methods for BC encapsulation are: 1) Preparation of bioactive compounds and encapsulation through conventional methods and later printing them using any existing 3D printing techniques such as extrusion, and 2). Encapsulation coincides with 3D printing, like coaxial nozzle printing (Ahmadzadeh et al., 2023). The different extruder designs for direct and coaxial printing are presented in Figure 3. As shown in Figure 3A, the bioactive substances, which are pre-encapsulated, are already part of the printing raw material before the printer carries out the process. These capsules had been made through traditional methods like spray drying or coacervation and added to the printing ‘ink.’ On the other hand, the system deposits the active ingredient as well as the coating material at the same time, as presented in Figure 3B. Thus, microcapsules are being formed at the same time that the layering structure is being built. One other variation of this setup uses dual nozzles, where two different extruders contain different materials and take turns in printing, each one depositing a layer that can encapsulate or coat the previous one (Ahmadzadeh et al., 2023).
[image: Diagram illustrating encapsulation processes. Panel A shows a vessel with arrows indicating the flow of “Encapsulated Product,” which gets deposited after extrusion in a cylindrical shape. Panel B displays a similar structure with arrows pointing to labelled sections: “Core Material” and ‘Wall Material,‘ which combine to form an encapsulated product.]FIGURE 3 | Extruder design for direct printing (A) and coaxial printing (B).The direct method changes the nozzle of 3D printers and creates designs in a way that coaxial or multilateral printing can be done, where the wall material is extruded along with the core material, as its outer protective coating. This method is a complex process since both materials need to be optimized for the simultaneous and uniform extrusion of the outer and inner core. Materials like curcumin and phycocyanin are encapsulated using this method (Park et al., 2024), and these liposomes were stable and suitable for use. Coaxial extrusion performed well in mimicking crab meat properties using surimi gel and potato starch (Kim et al., 2021). Although the process is complex, it has advantages like accurate control over gelation and textural properties (Vancauwenberghe et al., 2018).
The indirect method uses conventional encapsulation techniques such as drying, fluidized bed coating, emulsification, coacervation, and molecular inclusion (Sahu, 2014) and later combines it with any 3D food printing process (Gutiérrez, 2019). An advanced printer in the second category is TNO’s (TNO is a 3D printing company based in the Netherlands) encapsulation printer, which produces micro-sized core particles that then pass through a liquid film where the wall materials get coated around the core (TNO The future of food, 2024). This method can be seen as 3D printing of already encapsulated products.
The 3D printing of already encapsulated materials using extrusion printing was widely explored. Vancauwenberghe et al. (2017) created bio-ink which could incorporate live plant cells in food materials. Similarly, low-methoxylated pectin was used as the food material. The pectin served as the core material that provided the mechanical strength of the products, and adding encapsulated cells to 15 g/L of pectin decreased both Young’s modulus and yield strength, making it suitable as a printing ink. However, since pectin adds viscosity to the product, large concentrations reduce cell viability. Wang et al. (2022) investigated dual encapsulation and produced 3D printing ink with suitable material behaviors for 3D printing, such as shear-thinning and thixotropic behavior, pseudoplastic properties, satisfactory yield stress, and excellent thermal stability. This proved a great example of encapsulating materials with antioxidant and provitamin A activity. Additionally, the long, complex chains of chitosan, which could not easily be untangled, the optimal concentration of chitosan provided high encapsulation efficiency with 3D printing properties (Wang et al., 2022).
7.1 3D printing of encapsulated probiotics
Previously, an encapsulation experiment was carried out on probiotics like B. lactis, Lactobacillus acidophilus, Lactiplantibacillus plantarum, Arthrospira platensis (Zhang et al., 2018; Vieira et al., 2020; Yoha et al., 2021; Kuo et al., 2022). Materials such as alginate-gelatin combination were used for encapsulating Bifidobacterium lactis and L. acidophilus, whereas composite floors with green Gram, barnyard millet, fried Gram, and ajwain seeds along with probiotics were also successful, indicating an all-in-one meal concept. Further, the cell viability was >96% (Yoha et al., 2021) during the whole process (Kuo et al., 2022), indicating high efficiency of probiotic delivery. A combination of encapsulation, 3D printing, and freeze-drying was used to create shelf-stable snacking products. Cell viability during storage depended on the strain utilized; however, overall, no loss of more than 20% during storage was observed.
Another approach in encapsulation was performed through Pickering emulsions (PE) and high internal phase PE. This method was generally used for flavour compounds and vitamins encapsulated in plant protein-based complexes. The major challenge in PE encapsulation was to maintain PE stability by preventing coalescence and creaming while simultaneously maintaining 3D printability with good encapsulation efficiency. Hence, pea protein isolates were combined with insulin to avoid phase separation (Lim et al., 2024). Investigation on cinnamaldehyde encapsulation in PE found that up to 25% concentration could be successfully encapsulated using PE but for 75% cinnamaldehyde, high internal phase PE was required to maintain 3D printing structural support (Feng et al., 2022). This method also had a minimal flavour loss rate of 10.02% ± 0.01% and 11.29% ± 0.01%, similar to encapsulation of cholecalciferol in PE, having 95.7%–102.4% encapsulation efficiency, indicating very minimal loss (Feng et al., 2022; Lim et al., 2024). Moreover, the characterization of PE-based food inks requires additional observations on interfacial storage modulus (G′) and loss modulus (G″) to find the adsorption of particles at the oil-water interface that influences the stability.
Food ink encapsulation with 3D printing can also be used for decorations using food colors such as gardenia blue. The addition of sorbitol, gelatine, and magnesium stearate created food ink with good 3D printing properties and UV irradiation stability (Wu et al., 2023). The addition of an appropriate amount of sorbitol was the reason behind the noncovalent addition with other materials, providing stability to the food ink (Wu et al., 2023). The décor applications using 3D food printing have high potential and market value due to their ease of use and ability to create complex designs. Encapsulation and controlled release of bioactive compounds from 3D printed complexes during storage and in response to external stimuli is an upcoming field. An investigation of gelatin-gum Arabic oil coacervate microcapsules added into buckwheat dough with yellow peach could change both aroma and color during microwave heating (Guo et al., 2021). Gelatin and gum Arabic oil were added to general food printing for rheological improvements. Hence, their release could also improve the 3D printing properties of dough. The release method of visual perception-triggering compounds indicates a new culinary experience to the consumer. Most compounds responsible for flavor and color are perishable without proper encapsulation; hence, activating or otherwise controlled release of them just before consumption could lead to new research areas in food design and 4D printing.
Research on coaxial printing is a more complex and less explored research area. As the name suggests, multiple nozzles are connected so that the wall material gets printed around the core material. Jeon et al. (2021) reported the encapsulation of curcumin nanoemulsion in starch-xanthan gum. The incorporation of 3% xanthan gum showed the highest shear modulus value (1792.0 ± 104.5 Pa) and the best shape support ability; however, increasing it beyond this resulted in extrusion issues, gelation, and printing performance. These properties were improved by the addition of carnosic acid to gelatin/polychromatic material microgels, which improved antioxidant properties, pigment retention rates, UV irradiation stability, rheological properties, and physical resistances (Wang et al., 2024). Also, improving these properties increases print speed and accuracy. One peculiar observation was that increased xanthan gum decreased the nanoparticle size and increased its antioxidant activity. Similar coaxial printing of lutein (a naturally occurring carotenoid pigment found in many fruits and vegetables) encapsulated in starch-ethyl cellulose at 10%–11% also exhibited the best shape fidelity (Ahmadzadeh and Ubeyitogullari, 2023). Leena et al. (2022) encapsulated both curcumin and resveratrol together inside the zein-PEG (encapsulating zein, a protein with polyethylene glycol)-core-shell and observed >79% of encapsulation efficiency. The optimization of 3D printing made it challenging to retain shape fidelity. The encapsulation had 70% lutein retention at room temperature, significantly higher than the crude lutein mixture. This was extended to oleoresins, like curcumin, which were highly perishable. Encapsulating curcumin in liposomes and phycocyanin offered double protection during the storage period (Park et al., 2024). These films also had Oro dispersible characteristics (easily disintegrating inside the mouth), giving additional sensory advantages.
Additionally, printing speed, material choice, optimization, pre- and post-processing, and food safety are technical challenges that must be addressed. Individually, the effect of each of these parameters is studied, but a system combining all these aspects has yet to be researched. As a future approach, creating a structured methodology describing 3D printer design, product design, nutritional control, and sustainability is one of the pathways ahead. Creating printers that can handle multiple materials and different pre- and post-processing conditions would ensure the goal of developing personalized nutrition. Also, the bioavailability after encapsulation and its economic viability for the public need to be evaluated to commercialize the technology. As a novel method combining bioencapsulation and 3D printing, adding new materials, process optimization, and equipment design will always add value to the research. At the same time, the focus can also be on its commercial aspects and scale-up studies in the future.
8 STRENGTHS, WEAKNESSES, OPPORTUNITIES, AND THREATS (SWOT) ANALYSIS OF 3D FOOD PRINTING
3D food printing offers several strengths, including the ability to customize food products to meet individual dietary and nutritional needs. As an innovative technology, it attracts potential investors and funding. Additionally, it promotes sustainability by using only the necessary materials, thereby reducing waste and offering plant-based and meat alternatives that help reduce animal cruelty. There are notable weaknesses, such as the high initial investment costs for printers and limited accessibility for common people and small businesses. The range of printable materials is also limited, and the technology requires specialized training in design development, slicing, and operation. Moreover, achieving the desired taste and texture in printed foods remains a challenge. Despite these weaknesses, there are significant opportunities, such as the potential for personalized nutrition and medical applications, including creating specialized diets for patients with specific nutritional needs or conditions like dysphagia. On the other hand, the technology faces threats, including the need for regulatory frameworks for printers and food safety, consumer acceptance issues compared to traditional products, potential intellectual property conflicts, and competition in sharing technology with other users.
9 INSIGHTS AND FUTURE DIRECTIONS
Presently, food printing is one of the emerging areas of food engineering. The current 3D food printing research explores various advanced application areas where the customizability and precision of food printing could be beneficial. Exploration of new materials for printing applications and improving the printability of these materials will be one of the primary research focuses. For example, many studies focus on improving the printability of starch, proteins and fibres, making more materials available for printing (Thangalakshmi et al., 2021). 3D food printing is generally a slow process, and improving printing speed in large printers without compromising the accuracy of the print is necessary for future scale-up and adoption of this technology on an industry scale. Modern-day plastic printers for prototyping excel in their accuracy, but when it comes to food applications, striking a balance of accuracy and speed is essential for their practical applications. Food safety standards, regulatory approval and hygiene protocols need to be developed for multi-material 3DFP, which are important for the commercialization of this technology. Further, labelling and nutritional standards are essential for consumer acceptance and market growth. A certain extent of 3D software knowledge is required for creating new models as well as optimization of the printing process. Thus, creating presets and turning the lack of models into an opportunity for designers and companies could be possible options in the future. Therefore, a challenge for the public to adopt the 3DFP could be an opportunity. In addition, the affordability and accessibility of 3DFP are other challenges for the public, which could be mitigated in the future. Although consumer acceptance and trust can be a continued challenge for 3DFP, like any other new food processing technology, the highlight of sustainable technologies and mechanization has always been well-received in the long run.
Although recent investigations have tried to replicate animal meat parts, the highly sophisticated procedure could cause economic concerns. However, it is still a potential alternative for creating organs or muscles in the medical field. The overall technology used for tissue engineering for health-related aspects is getting attention in the processing area. However, the transition to food applications requires some adaptation to make it cost-effective and to use large-scale methods. Although there were various claimed advantages, consumer perception of 3D printed cultured meat requires acceptance compared to its conventional counterparts.
3D printing of scaffolds has had many advancements, in the perspective of food production, the major obstacle of economical production methods that can outweigh the current meat production still needs to be investigated. One important leap was made in creating scaffolds with directional tissue growth, which aligns with the production of specific parts of an organism. Furthermore, scaffolds need to have specific requirements, one being a small pore size. Researchers try to develop various methods to create these high-resolution prints. Moreover, creating scaffolds that could act like an extracellular matrix and selecting materials with better biocompatibility are the upcoming research areas.
The growing demand for alternative meat and protein sources due to various reasons is a hot topic in food engineering. Unlike other printed products with single materials, meat products get distinct texture and taste from how the cell groups are grown, their direction, types and combination of cells, and fat layers. Although multi-material food printing exists, creating products that could mimic meat properties remains a challenge. Many plant-based materials as alternative materials were investigated, i.e., those that could provide meat flavour, like certain mushrooms. The most common protein sources used for these investigations were pea protein or soy protein, primarily due to their ability to contribute to the rheological properties required for a food ink. Most investigations either focused on sensory or textural perception, and both must be combined to satisfy basic food printing requirements. Typical 3D printing uses infill properties while retaining better strength. The infill properties could also play a critical role in governing the texture of products. These infill properties are thus used to create a meat texture similar to actual meat.
The post-processing of 3D-printed products also plays a crucial role in their similarity to actual meat, which was found to be lacking in much research. The printers used for research had different resolutions and parameter controls. Even though some claim to solve the problem of texture or sensory properties, whether the 3D printing ink can maintain shape fidelity with good rheological properties remains unknown. This points towards one of the biggest challenges in the food printing industry, which is the lack of standard print tests or comparison models. Food printers are designed to produce complex 3D shapes with high accuracy; however, during testing and quality evaluation, different studies often use varied model geometries and evaluation methods, leading to inconsistency in benchmarking performance. Some models with inherent stability (circles, cones) are easier to print than structures with overhangs. Hence, the shape fidelity quality of prints could not be compared with each other.
Cheese printing was another currently explored area. Due to the semisolid nature of cheese and its rheology, the printing of complicated structures was very successful compared to other 3D food printing materials. The inherent viscoelastic nature of cheese is highly suitable for extrusion printing. Thus, more opportunities are available where this could be used as a popular printing ink. Cheese is generally sensitive to temperature, which adds a new dimension to the printing process. Simultaneously, there were investigations into substituting cheese contents and creating analogues that could be an alternative to conventional cheese. Previous research emphasized the textural modification of printed products, and some used engineering techniques to make a print product, according to a given textural preference advancement with significant commercial potential. This also allows us to create food products for dysphagia patients, i.e., easy to swallow without compromising nutritional content or visual appeal. In such cases, the use of scaffolds and 3D printing applications for dysphagia diets also require the International Dysphagia Diet Standardization Initiative (IDDSI), which could add more value to the research (Dick et al., 2021; Pant et al., 2021b; Qiu L. et al., 2023).
The coaxial method used for the encapsulation of bioactive compounds and 3D printing is generally complex in 3D printing due to the requirement of specialized extruders with better optimization of materials and print parameters compared to conventional methods. Dispensing one material inside another while simultaneously maintaining the shape and structure of the print is a challenge. Commercial vendors are now trying to fabricate these types of food printers, such as TNO, and this method has proven to be a viable method for delivering essential bioactive materials in a more appealing form, both in terms of texture and structure.
The customization aspect of 3D printing allows the creation of better prints that could encapsulate and later facilitate controlled release of food constituents. Compared to other technologies, 3D food printing enables efficient encapsulation with less material waste, better probiotic survival, and controlled release of color and flavoring agents. This adds freshness to the products so that the consumer feels the higher quality of the product during their consumption. While creating a printable ink, the components other than the bioactive compounds govern the rheological properties of the materials. These materials sometimes also constitute health benefits, which is an additional advantage.
There have been investigations on the general economic importance of 3D food printing, which reported its potential in a wide range of applications. People may develop products using various materials and designs and share them as ready-to-print food ideas for small-scale applications. Since the commercial availability of food printers and materials is not yet effective, it is difficult to state the economic growth quantitatively. There are firms manufacturing food printers, but consumer data is not yet released to the public (Dabbene et al., 2018). Jayaprakash et al. (2020) conducted interviews with experts and consumer focus group discussions and found that food printing could potentially be a profitable model in public snacking places and hospitals without much need of scientific breakthrough innovations. Furthermore, research revolved around niche materials and products rather than commonly used food products; hence, popularizing the technology based on that would be a challenge. Some other value propositions, like sustainability, plant-based meat production, food security, and food waste reduction, need more projection for market penetration. This has become more important since 3D food printing has achieved nine sustainable development goals from the United Nations (United Nations, 2015). Many of these economic analyses have similar drawbacks of being a qualitative model (Ramundo et al., 2020). Investigations on the environmental, social and economic dimensions of 3D food printing stated that more social focus was given to consumer acceptance, food waste, and food security (Otcu et al., 2019). Moreover, from a microbiological standpoint, there is a potential for contamination, and standard protocol development is necessary (Baiano, 2022). Additionally, concerns such as high energy consumption during the production process and other operational inefficiencies must also be addressed to support broader adoption. This is in line with the fact that many research-based experiments were conducted on a lab scale.
Regarding food safety challenges in 3DFP, the existing difficulties for conventional food products may apply. For instance, food sources and production systems are essential since contaminated ingredients can introduce pathogenic microorganisms, mycotoxins and other food safety hazards to printers and final products. Hence, existing food safety risk assessments and appropriate hygiene protocols should be followed for large-scale 3DFP. Hygienic design principles should be considered for the design and development of 3D food printers and their use/cleaning. Post-processing methods and storage of 3D-printed foods also need to be considered for microbial safety of ready-to-eat products in comparison to those that require post-processing. Hence, pre- or post-processing becomes a significant aspect of ensuring food safety. The current modified 3D printers and prototypes used for food printing applications use plastic components, and most of them are not food grade. Thus, making them food grade is essential while keeping the cost minimal. Regarding the legal framework, labelling is one of the key aspects since it should convey information on how the 3D printed food product differs from a regular food product. The European Union and Canada have a new category called novel foods, which does not have a previous food safety history and is suitable for 3D printed food products. However, this will have a direct influence on customer acceptance.
10 CONCLUDING REMARKS
In this review, we summarize some of the emerging applications, advancements, limitations, and future directions of 3DFP. The alternative food sources and advancements in food printing customizations were discussed. Currently, food printing explores various methods for alternative meat production to replicate real meat sensory and textural properties. Starting from the innovation of scaffold development, various approaches for the cost-effective production of meat products have been studied previously. Reverse engineering the textural properties using modelling tools is a new stepping stone in customized food products. Similarly, encapsulating and delivering essential and perishable materials like curcumin, vitamins, and other bioactive compounds using 3DFP and later extending to 4DFP are current research developments. In addition, the current trend is shifted towards texture and sensory property simulations. Various materials, like cheese, are printed for the same reason. The major limitation of the technology is associated with the cost and speed of production, widespread availability of the technology, lack of qualitative data on 3D printing acceptance, and lack of regulatory standards. If the 3DFP technology can keep on improving along with adoption by various companies, there could be advancements in food engineering, health and medicine fields. The ongoing research advancements could eventually solve the limitations and make the 3DFP technology available to all.
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